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Abstract

The Square Kilometre Array (SKA) is a multi billion dollar international project to create
a receiving surface of a million square metres, one hundred times larger than the biggest
receiving surface now in existence. The SKA core array will have to be located in a re-
mote area. Therefore countries interested in hosting the SKA core array were requested
to perform Radio Frequency Interference measurements at their site of choice. The sys-
tems that are to be used in the measurements must conform to a document called the “RFI
Measurement Protocol for Candidates SKA Sites”, the SKA Memo 37.

The RFI protocol divides measurements into two parts, Mode 1 and Mode 2. Mode 1
is defined for the observation of strong RFI and is relevant for SKA receiver linearity
analysis. Mode 2 is defined for the observation of weak interferences, which potentially

threatens to obscure weak signals of interest.

In Mode 1, the RFI protocol specifies a dwell time of 2 ps duration over a large 1 MHz
bandwidth in the 960 -1400 MHz band (L-band). The reason for this short dwell time
i$ to capture and characterize pulsed interference from radars and Distance Measuring
Equipment (DME) in this band. This kind of interference is expected, potentially with
very high peak power and short dwell time. Executing these measurements with the
spectrum analyzer is impractical because of the very long measurement times. It was
therefore proposed to build a dedicated FFT spectrometer from standard components,
state of the art FPGA board with a high speed 14 bit ADC.

The proposed system was designed by Dr. Adrian Tiplady and is called the RFI mea-
surement system 4. This thesis investigates whether system 4 measures impulsive RFI
as required by the protocol. This was done by simulating the receiver of system 4 and
feeding the receiver with simulated DME signals. The simulated receiver findings were
then compared to the real receiver findings when similar DME-like signals were injected

into the real receiver.

The practical system was found to be able to withstand high power signals from DME
systems without suffering from compression and inter-modulation distortion. The maxi-
mum signal that the receiver can handle under automatic gain control is 9 dBm, equivalent
to 8 mW into 50 Ohms. However, the automatic gain mode was found not to be desirable
for RFI measurements because of the unknown gain in the AGC. The simulated receiver
was found to measure RFI as expected by the protocol without any compression and inter-
modulation distortion. Manual mode is recommended for making level measurements in
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absolute terms.
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Chapter 1
Introduction

SKA stands for Square Kilometre Array. The SKA is a multi billion dollar international
project to create a receiving surface of a million square metres, one hundred times larger
than the biggest receiving surface now in existence [1]. 'The Republic of South Africa
(RSA) has been short-listed as one of the two countries that might host the SKA core array.
The SKA core array will have to be located in a remote area. This is because, relevant
radio emissions from the early universe arc in the range of a few hundred Mega IHertz,
a frequency band now crowded on earth with TV and cellular tclephone transmissions
[1]. Because of this extremely high sensitivity required by this instrument, we cannot
rely on the general spectrum protection criteria that the International Telecommunications
Union (ITU) Radio Regulations specify in RA 769 tor the several very specific parts of
the radio frequency spectrum. Therefore countrics contending for the core array must
perform Radio Frequency Interference (RFI) measurements. The REFFI measurements must
conform to a document called the SKA Memo 37, “RFI Measurement Protocol for
Candidate SKA Sites” [2], herein referred 10 as "the RFI protocol”. The RFI protocol
was established for the measurement and reporting of RI'T at a single site for the use in
the SKA site evaluation process by the SKA Site Evaluation and Sclection Commitice
(SSESC).

The RI circuitry of the SA RFI measurement systems was designed by Dr. George Nicol-
son based on the requirements of the protocol, and was assembled and constructed by
the Hartebeesthock Radio Astronomy Observatory (HartRAO) staft [3]. When this thesis
project was proposed the RFI measurcment sets were experiencing a number of design
problems. Among other problems, the 960-1400 MHz band (L.-band) measurements took
longer because of the spectrum analyzer readout time to the dwell time. An option to
build a dedicated FFT spectrometer was then proposed. The proposed system was to be
called the RFI Measurement system 4. This thesis project therefore investigates whether
the L-band receiver of the RFI measurement system 4 meets the requirements of the pro-
tocol and measures the desired man-made “external” REI as required by the REI protocol.

Therefore the thesis objectives are as follows.



1.1 Thesis Objectives

The objectives of this thesis project are as follows:

1. Review, understand and briefly describe the SKA RFI measurement protocol, both
the average and the burst mode systems.

2. Review the receiver design of the three SA RFI measurement systems that were
used for RFI measurements, by the SA RFI team, in the bidding process for the
SKA core array.

3. Review the specifications of the proposed RFI measurement system 4 for the 960-
1400 MHz frequency band which uses the Fast Fourier Transform (IFFT) spectrom-
eter. It is essential to note that the measurement of RFI using the FFT spectrometer
is not specified by the protocol.

4. Produce a simulation of the proposed L-band RFI measurement system 4 receiver
using Elanix’s SystemView package.

5. Comment on the performance of the simulated receiver by checking if the RF cir-
cuitry of the proposed receiving system meets the requirements of the SKA proto-
col.

6. Predict by way of research the likely burst mode interferences in the L-band.

7. Check using the simulation that the simulated RFI measurement system measures
burst RFI as expected by the SKA protocol.

8. If possible, check burst mode RFI measurements on the real RSA equipment.

The first objective is to be met by studying and comprehending the content of the SKA
Memo 37, the RFI protocol. This will be done in Chapter 2 as part of the literature re-
view. The second objective will be met by reviewing the relative material as documented
by the SA RFI team, this will also be documented in the literature review. The specifica-
tions of the components of the proposed RFI measurement system 4 will be researched
from the SA RFI team. From the specifications of the components as researched, the
receiver will be simulated in SystemView. The simulated receiver will be investigated
if it meets the protocol requirements. The burst mode systems operating in the L-band
will be researched, simulated in SystemView and injected in the receiver. Since the RFI
measurement system 4 has been built. It was desired to compare the practical system to
the simulated receiver. Similar tests done on the simulated receiver will then be verified
in the practical system. In essence, this will reveal if the simulated receiver replicates the

practical system and measures RFI as required by the protocol.



1.2 Background to investigation

The SKA core array will have to be located in a remote area, that is, a radio interference-
free area. Since the SKA is a radio telescope in nature, RFI measurements and reporting
are therefore the first requirements for countries contending 1o host the SKA. The Inde-
pendent Communications Authority of South Africa (ICASA) and Hartebeesthock Radio
Astronomy Observatory (HartRAQ) staff, on behalf of the National Rescarch Foundation
(NRF) and the Department of Science and Technology (DST), conducted the initial RE1
survey in South Africa for SKA sites. The proposed sites for the SKA in South Africa in-
cluded the Kalahari Site (the name of the desert on which it is located), the Namaqualand
Site (named after the Nama people who live there) and the Karoo Site (the large dry area
which dominates the centre of the country) [1].

Although the preliminary measurcments (in November 2003 and January 2004) were
using conventional communications REI instrumentation, the results were sufficient to
demonstrate that the sites being observed were relatively quiet over the 150 to 3000 MHz
frequency range. The equipment used for the survey lacked the sensitivity required for
radio astronomy RFI surveys [5]. Therefore, the South African SKA Steering Committee
decided to do a full test at the Kalahari site, which was found to be one of the quietest of
the three sites in the earlier studies [S5].

Based on the RFI protocol, the experience gained with the equipment used for preliminary
RFI measurements, as well as the proposal from ASTRON! and comments from cquip-
ment suppliers, the RFI Measurement System 1 was proposed, designed and assembled
[6]. This system is described in great detail in Chapter 2. The RFI measurement system 1
was deployed in December 2004 in order to satisly the original RFI measurement dcad-
line stipulated by the ISPO? [3]. The pressure to deploy the system and the relatively high
RFI environment near the HartRAO workshops did not allow thorough investigations of
self-generated signals radiated by the measurement set. The radio quiet environment at
the site revealed a number of self-gencrated RFI that were not previously apparent [3].
Also, the RFI Measurement System 1 failed to meet the protocol requirements specified
in Table 1 of the SKA Memo 37 in band 5 (L-band) because of the following reason. In
Mode 1°, a very short dwell time (2 micro-seconds) over a large 1 Mz bandwidth is
required in the 960 MHz to 1400 MHz band (L.-band). This is because this frequency
band is allocated to aircraft navigation used by Distance Measuring Equipment (DME)
and Secondary Surveillance Radars. The spectrum analyzer was not capable of scanning
as fast as the specified 2 ps dwell time would require. As a compromise the fastest sweep
time supported by the instrument was selected, and the sweep span was matched to the

entire {requency span of band 5 [3]. Furthermore, the number of times this entire band

"The Netherlands group responsible for the SKA Site Spectrum Monitoring for all candidate sites.

“International SKA Project Office hosted by Astron.

*Mode 1 is a set of measurements where strong interferences are investigated using short dwell times
and many repetitions.



is to be swept per measurcment cycle as specified in the RFI protocol could not be met.
This is because of the relatively slow sweep time of the spectrum analyzer. The number of
repetitions, N, = 18000, for the L-band was chosen (instead of 10° required) to match
the aggregate measurement time specified for this band in the Mode 1 measurements [3].
As an alternative to the usc of the spectrum analyzer, it was proposed that an L-band
dedicated FIFT spectrometer be built from standard components, state of the art Field
Programmable Gate Array (FPGA) board with a high speed 14 bit Analogue to Digital
Converter (ADC). This thesis project investigates the option and the capability of such a
system to correctly measure RFI as desired by the protocol. It must be noted however
that the RFI measurement system 1 and its duplicates discussed in Chapter 2 were used in
the final RFI measurements conducted in October 2005 due to deadline constraints. The
proposed RFI measurement system 4 was built independently from this thesis, and was
never used for RIT measurements in (he bidding process. The problems investigated in

this thesis project are listed below.

1.3 Problems to be investigated
The problems to be investigated in this thesis can be summarised as follows:

o Investigate the receiver design of the RFI measurement system 4.

o Investigate if the RFI measurement system 4 conforms to the protocol specilica-
tions in all respects and that it measures man-made radio frequency interference as

required by the protocol.

o Investigate Distance Measuring Equipment interference in the 960 - 1400 MHz
frequency band, with particular emphasis on the power levels they are likely to be
detected at, and then check if they saturate the measurement system.

1.4 Limitations and Scope of the Study

This thesis project investigates the L-band RIFl measurement system 4. Although the
RSA RFI measurement systems cover the frequency band from 70 MHz to 26.5 GHz,
the focus of the investigation is limited to the part of the RSA RFI measurement system
that processes the [.-band. This is because none of the existing RFI measurement systems
could measure RFI as required by the protocol. The 1215 - 1400 MHz band is also very
important to radio astronomers for spectroscopy of HI at high redshift, pulsar work and
SETI [8].



1.5 Plan of Development

Chapter 2 presents the literature reviewed in this thesis project. In the context of this
thesis project, literature review refers to the understanding of the electronics used in the
assembly of the proposed RFI measurement system 4. The difference between the pro-
posed system and the three systems used in the RFI measurements for the bid is briefly
covered. The three systems are called the RFI measurement system 1, system 2 and sys-
tem 3. System 1 and system 3 are similar, and are used for Mode 1 measurements. System
2 is similar to System 1 and 3, excepl for the extra low-noise gain block that is common
to all signal paths and whose function is to defeat the spectrum analyzer contribution to
the system noise temperature. System 2 is used for Mode 2 measurements at the core site
only [3].

The chapter begins with a summary of the protocol key issues, followed by a review of
the three RFI measurement systems, and finally a detailed review of the RF electronics

used in the RFI measurement system 4.

Chapter 3 discusses the simulation of the receiver of the RFI measurement system 4,
and the simulation of the DME signals found in the L-band. The receiver simulation is
presented first, followed by the DME signals simulation. The simulated DME signals are
injected in the receiver input as if they are the received signals. This means that the power
level of the DME signals is calculated as the received power assuming the antenna gain

of the RFI measurement system.

The receiver consists of what is called in this report, the receiver front-end (first RF stage)
and the receiver back-end (FPGA demodulating electronics). The receiver front-end is
made up of non-monolithic RF and Microwave components and the demodulator is a
Field Programmable Gate Array. This chapter describes the simulation of these two re-
ceiver parts. The simulation of each component (LNA, cable, wide-band amplifier, switch,
variable gain amplifier, mixer, local oscillator, baseband amplifier and filter) is thoroughly
described. The filters employed in the in-phase and quadrature channels are also justified,

followed by a description of the analogue to digital conversion.

The chapter ends with a discussion of the simulation of the Distance Measuring Equip-
ment (DME) signals in the 962 - 1213 MHz range. The DME signals are researched here
because they are expected with very high peak power and short duration and are suspected
to give problems to the receiving system.

Chapter 4 presents the tests performed on the simulated receiver and the parameters that
were calculated in order to characterise the receiver. The chapter begins with the basic
theoretical calculations that are important in finding out the receiver’s capabilities. For
instance, the minimum and maximum detectable signal power.

The system gain is treated first, and the receiver is found to have a minimum and maxi-
mum gain due to the VGAs. The gain values are verified in the simulation tests by looking

at the output power level of a known input signal power. Following that, is the vital noise



temperature of the receiver which must obey the protocol requirements. Using the noise
figure calculator of the AppCAD from Agilent Technologies, as well as the SystemView
simulation, the noise temperature of the receiver is computed. This is followed by the in-
vestigation of the dynamic range of the receiver. The receiver dynamic range is set by the
minimum and maximum detectable signal power. The investigation of the power levels
of these signals is carried out at maximum gain.

The maximum detectable signal power indicates the power level where harmonic dis-
tortion begins and inter-modulation products begin to show. This is also confirmed by
feeding the receiver with signals larger in amplitude than the maximum detectable signal.
This concept is further tested by tracing a small and a large amplitude signal in the re-
ceiver chain by means of a graph showing the signal amplitude at consecutive stages of

the receiver, taking into account both the minimum and maximum gain of the VGAs.

The chapter ends with two-tone testing, where the power level of the two-tone signal that
causes unacceptable inter-modulation products is investigated. Simple CW sinusoidal
waveforms are used in the two-tone testing. The other tests that are performed use the
simulated DME signals at various amplitude levels starting from -110 dBm and increasing

in 5 dB steps.

It must be stressed that, since the simulated receiver could not be automated, the following
tests assume manual mode. Also, only the minimum and maximum gain of the VGAs are

considered in the tests unless otherwise stated.

Chapter 5 presents the practical tests that were done on the RFI measurement system 4.
The purpose of the tests was to ensure that the simulated receiver replicates the practical
system and to confirm the simulated receiver predictions. And most importantly, to inves-
tigate if DME-like signals are correctly measured by the system and do not saturate the

receiver.

Because of the difficulty in injecting the signals at the LNA input or via the antenna,
it was decided to perform the tests on the demodulator and the digitiser. However, the
accumulated gain of the receiver front-end is accounted for in the signal processing. In
other words, the RF signal is injected at the RF input of the demodulator where the sig-
nal from the antenna mast would normally be connected. The accumulated gain in the
receiver front-end is then considered in signal processing to account for the full receiver
chain gain. Otherwise, in practise the receiver back-end (demodulator and digitiser) is
sufficient to demonstrate the receiver’s capabilities. The terms “receiver” or “system 4 *
are used in this chapter to refer to the receiver back-end being tested.

The receiver is tested using two types of RF signals: the continuous waveform (CW)
sinusoidal signals, and amplitude modulated waveforms with DME signal characteris-
tics. The tests using CW signals are presented first, followed by the amplitude modulated
waveforms with DME signal characteristics. The tests using CW signals are done to
demonstrate any difference in the way the receiver measures the CW signals to the DME

signals.



The receiver has two modes of operation: (1) manual mode and (i1) Automatic Gain Con-
trol (AGC) mode. The manual mode is where the gain of the variable gain amplifiers is
adjusted manually using a potentiometer. 'The receiver is tested for performance in both of
these modes of operation. The receiver is tested using CW signals in both modes, whereas
the DME-like signals are only tested in AGC mode. This is because, using CW signals
it was found that manual mode, minimum gain, is not good for making measurements of
this nature. In manual mode, only the minimum and maximum gain is considered as the
power level of the RF signal is varied.

Chapter 6 documents the conclusions made from the study and presents the recommen-
dations for better receiver performance, and particularly how to measure burst mode RIFT
in the L.-band.

This research has confirmed that the receiver under investigation, the RFI measurerment
system 4, can and will measure DML RFI without suffering from compression and inter-
modulation distortion. Manual mode and maximum gain is the preferred choice for REI
measurements, but care must be taken for interference sources closer than 11.5 kin as they
will saturate the receiver. In this case, moderate gain will have to be used and the data
calibrated accordingly. The mecasurement of RI'T in AGC mode is forbidden since the gain

of the AGC is unknown and thus calibration is impossible.



Chapter 2
Literature Review

This chapter presents the literature reviewed in this thesis project. In the context of this
thesis project, literature review refers to the understanding of the electronics used in the
assembly of the proposed RFI measurement system 4. The difference between the pro-
posed system and the three systems used in the RFI measurements for the bid is briefly
covered. The three systems are called the RFI measurement system 1, system 2 and sys-
tem 3. System 1 and system 3 are similar, and are used for Mode 1 measurements. System
2 is similar to System 1 and 3, except for the extra low-noise gain block that is common
to all signal paths and whose function is to defeat the spectrum analyzer contribution to
the system noise temperature. System 2 is used for Mode 2 measurements at the core site
only [3].

The chapter begins with a summary of the protocol key issues, followed by the review
of the three RFI measurement systems and finally a detailed review of the RF electronics

used in the RFI measurement system 4.

In Mode 1, the protocol [7] specifies a dwell time of 2 ys duration over a large 1 Mz
bandwidth in the 960 -1400 MHz band (L-band). The reason for this short dwell time is
to capture and characterize pulsed interference from radars and DME in this band. This
kind of interference is expected, potentially with very high peak power [9]. Executing
these measurements with the spectrum analyzer leads to very long measurement times
approximated at 5.5 hours readout time per measurement cycle [9].

For this reason alone, the required time grows from the estimated 3.3 effective days to 13.1
days if a million repetitions are to be made ([9], page 11). To avoid the long measurement
times, it was proposed to investigate the option of building a dedicated FI'T spectrometer
from standard components, state of the art FPGA board with a high speed 14 bit ADC.
This proposed system was called system 4 and its design (electronics) forms basis of this
chapter. The protocol requirements are reviewed next, followed by a description of the
three RFI measurement systems.



2.1 RFI Measurement Protocol for SKA sites

The RI'l measurement protocol is briefly discussed in this report because of the following

two reasons:

1. It is the document from the which the designed systems are striving to conform to
in terms of the instrumentation used, measurements requirements and site charac-
terisation. Therefore any protocol requirements not met by these systems can be

easily explained if the protocol is understood.

2. The proposed FIFT spectrometer must comply to the protocol requirements in every
aspects. Again, comprehending the protocol will ensure all of its specifications and

requirements are catered [or in the proposed RFI system 4.

The protocol spells out the instrumentation requirements, site characterization minimum
requircments, and the RFI measurcments requirements to be met. The purpose of the
protocol is to establish a standard procedure for the measurement and reporting of REI
at any given site for use in the SKA site evaluation process [7]. The protocol seeks o
identify RFI originating from terrestrial or airborne sources. Satellites and astrophysical
sources of RFI are considered to be more or less the same for all candidate sites, and thus
not of interest in this evaluation. For this reason the emphasis 1s on azimuthal coverage in
the plane of the horizon [7].

The protocol divides the measurements into two parts, Mode 1 and Mode 2. Mode 1,
with low sensitivity requirements, is defined for the observation of strong RFI and is rel-
evant for SKA receiver linearity analysis [7]. Mode 2, with high sensitivity requirements,
is defined for the observation of weak interferences, which potentially threatens to ob-
scure weak signals of interest [7]. The instrumentation requirements and measurements
requirements that are specified by the protocol for RFI measurements are summarised

below.

2.1.1 Instrumentation Requirements

The complete instrumentation requirements are specified in the protocol [7], relevant to

this project are the following:

¢ Discone antennas covering the band 70 MHz to 20 GHz. At lcast 3 antennas would
be required 1o span this range. The suggested convenient choice is the log-periodic
antennas for low frequencies and horn antennas at high frequencies. The frequency

range was later extended from 60 MHz o 26.5 GHz.

e Receiver temperature 1 < 3 x 10* K for Mode 1 and T < 300 K for Mode 2
measurements, defined for the purpose of the protocol to be measured at the antenna
terminals back (not from the receiver or spectrum analyser input) and thus include

low-noise amplifier (LNA), external filters, and cable losses.
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2.1.2 Measurements Requirements

Table 1 in the SKA Memo 37 [7] provides the specifications for Mode 1 “measurement
cycles” as determined by the Working Group on RFI Measurements and shown in Ta-
ble 2.1. RBW stands for resolution bandwidth and is also the spacing between centre
frequencies examined. Dwell is the length of time that a channel (one slice of spectrum
having width equal to the specified RBW) is examined. Reps is the number of times the
experiment should be repeated per iteration of the measurement cycle. Sy, is the ex-
pected flux density at zero-elevation (that is, along the horizon) for a signal matched in
bandwidth that generates -100 dBm at the antenna terminals. The flux density defines
the sensitivity of the instrument in each band if the specified parameters are utilised. A
detailed description of this flux density can be found in the Appendix A of the protocol.

The specifications in Table 2.1 were translated by the S.A. RFI team into spectrum ana-
lyzer settings and schedule parameters for use by an automated measurement system ([3],
page 23). It is essential to note that in the fifth frequency band in Table 2.1, a million
repetitions over a large 1 MHz bandwidth in a dwell time of 2 ys per measurement cycle,

are required.

Table 2.1: Mode 1 Measurement Cycles.
| Frequency (GHz) [ RBW (kHz) | SondB(Jy) | Dwell (ms) | Reps | Total (s) |

| 0.070-0.150 | 3 | -166 ] 10 | 5 | 1334 |
0.150 - 0.300 3 -159 10 1 500
0.300 - 0.800 30 -163 10 1 167
0.800 - 0.950 30 -155 10 20 1000
0.950 - 1.4 1000 -168 0.002 108 900
14-3 30 -150 10 1 534
3-20 1000 -158 10 1 170

|  TOTAL | [ 1 | | 4604 |

From the requirements stated in the SKA Memo 37, the South African RFI measurement
systems 1, system 2 and system 3 were designed by Dr. George Nicolson' and assembled
by the HartRAO technical staff. The three RFI measurement systems are briefly described
next, followed by the key protocol issues encountered during the measurements.

2.2 The RFI Measurement Systems

The description of the RFI measurement systems is written here as extracted from ([3],
Chapter 3), and is included in this report to give an understanding of the reasons be-
hind the proposed system. All three RFI measurement systems were designed for fully

automatic unattended operation in order to ensure data reliability and simplify logistical

'Dr. George Nicolson is an Emeritus astronomer at HartRAQO and a special adviser of SKA/KAT South
Africa.
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considerations. The measurement systems are all mounted on road trailers and are com-
pletely self-contained and mobile. The road trailers support the mast, an air-conditioned
cabin and a diesel generator. Table 2.2 lists the main components and sub-systems that

comprise each measurement system.

Table 2.2: List of major system components comprising an RFI measurement system.
| Ttem | Description |

1 Custom built road trailer with air conditioned cabin

Yanmar YDG5001SE 5kW air-cooled diesel generator

3 Pneumatic telescopic mast with 12 volt compressor

4 Yaesu G-5500 azimuth and polarization rotator

5 Mast Head RF Assembly

6 R&S HIL033 log-periodic low frequency antenna

7 R&S HLO50 log-periodic high frequency antenna

8 Sucoflex coaxial cable and multi-core control cables

9 Equipment rack in cabin (unshielded but minimum RFI leakage)
10 Agilent spectrum analyzer mounted in a ventilated EMC enclosure
11 Control PC mounted in ventilated EMC enclosure

12 Control circuitry mounted in ventilated EMC enclosure

13 | Laptop computer for system configuration, debugging and data downloading
14 complete set of tools

2.2.1 Mast Head Electronics

Figure 2.1 shows the layout of the electronics for measurement systems 1, 2 and 3. The
extra low-noise 14 dB gain block only applies to system 2. Heterodyne down-conversion
is used to reduce the frequency of signals coming down from the mast-head to the spec-
trum analyzer. The mast-head local oscillators are locked to the 10 MHz reference signal
produced by the Agilent spectrum analyzer. Various RF switches select the antenna, LNA
and mixer for the band being measured. The noise diode can be switched to any signal
path to replace the antenna, hence allowing the measurement of receiver temperature 7

relative to the antenna terminals.

System 1 and 3 easily achieve the T <30000 K specification required for Mode 1 mea-
surements. The additional gain block in system 2 ensures Tg <300 K for a wide frequency
range, as required for Mode 2 measurements. System 2 is used for Mode 2 measurements

only at the core site. Systemn 1 and 3 are used for Mode 1 measurements at all SKA sites.

Two Rohde & Schwarz log-periodic antennas are employed by each RFI measurement
system. The HLLO33 is used to cover the band from 70 MHz to 2 GHz, and the HL.O50
covers the 2 GHz to 26.5 GHz band. Both antennas are simultaneously mounted on the
mast-head assembly, pointing in opposite directions. The smaller HLO50 is mounted
directly on the mast-head RF enclosure to ensure short cable runs, and the larger HL.O33
is mounted on a boom extending out of the opposite end of the enclosure.

11
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Figure 2.1: Block diagram of the RFI measurement system 1, system 2 and system 3. The
extra low-noise 14 dB gain block only applies to system 2.

The mixers used are simple Double Side-Band (DSB) mixers, hence image rejection filters
were required. The required waveguide high-pass filters were built in HartRAO. Chapter
3 of reference [3] shows the constructed image rejection waveguide filters as well as their
frequency response graphs. The three RFI measurement systems were used by the SA
RFI team for the South African SKA bid. However, the protocol specifications could not
be met in the L-band using these measurement systems. The following section discusses
the problems encountered and how they were solved.

2.3 Mode 1 Protocol Key Issues

From the above brief description of the protocol requirements, the RFI measurements
were performed using the three systems, the following key issues were found by the S.A.
RFI team:

1. The strategy for determining spectrum analyzer settings was not possible for band
5 in Table 2.1, because the spectrum analyzer was incapable of scanning as fast as
the specified 2 us dwell time would require. As a compromise the fastest sweep
time supported by the instrument was selected, and the sweep span was matched to

the entire frequency span of band 5 [3].

2. The specified 10° number of times the entire band must be swept, per measurement
cycle, proved impractical because of the relatively slow sweep time of the spectrum

analyzer.
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[t was therefore proposed that this band be processed by an FFT spectrometer. The pro-
posed RFI measurement system 4 was design and built by Dr. Adrian Tiplady?. The
system uses the AD8347 direct quadrature demodulator to down-convert RF signals to
baseband. The AD8347 is an integrated circuit that performs direct conversion quadrature
demodulation. The chip is a product of Analog Devices hence the name “AD”. The com-
plex signal from the AD8347 is then low-pass filtered by two filters (one for each channel)
with a total bandwidth of 100 MHz. The baseband In-phase and Quadrature signals are
then fed into a PCM 480 dual channel digitiser card, that samples the two channels at
105 MSPS. Finally a purpose written software performs the FFT on the sampled data and
produce a plot of the power level (in dBm) of the signal versus the frequency over a 100
MHz bandwidth, extending from -50 MHz to 50 MHz. The proposed RFI measurement
system 4 is discussed next.

2.4 RFI Measurement System 4

2.4.1 Receiver Front-end

The schematic diagram of the [.-band receiver front-end of System 4, implemented by the
SA RFI team, is shown in Figure 2.2 below. The signal is received by a linear polarised
directional antenna covering the 80 MHz to 2 GHz band, product of Rohde & Schwarz,
with a gain of 6.5 dBi. The 6.5 dBi means the antenna gains is 6.5 decibels more than the
isotropic radiator gain of 0 dB.

The Agilent 346C noise source contaminates the signal from the antenna with noise via a
Narda Microwave Group switch. The noise source is used to compute the noise temper-
ature of the system in a method called the Y-factor method ([12], Page 88). This means
the noise diode is generally switched off unless calibration is taking place.

The signal is then passed to the MiteqR LNA. The signal from the LNA is switched to a 14
dB wide-band amplifier and then switched to the FPGA where quadrature demodulation
takes place. The cables connecting the RF and Microwave components in the system have
losses as shown by Ls below. The quadrature demodulator is discussed next.
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Figure 2.2: Receiver front-end of the RFI Measurement system 4.

Dr. Adrian Tiplady is an assistant project scientist in the South African SKA team.
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2.4.2 Receiver Back-end

The AD8347 Quadrature Demodulator is a programmable chip as shown in Figure 2.3.
The demodulator RF and LO inputs connectors are located in the printed circuit board.
The RF input is ac-coupled to ground using 100 pF capacitors. The LO input is trans-
formed into a differential input by a very small transformer. The [LO inputs are differen-
tially driven for optimum performance [14]. A 200 € shunt resistor is placed between the
two differential LO signals to improve the match to a 50 €2 source [14]. The differential
outputs of the transformer are fed into LOIN and LOIP of the AD8347 (see Appendix A).

Demodulation of the RF signals is performed by mixing the RF signals with the LO sig-
nals. The RF signal is split into two in-phase signals (after some amplification) and then
fed into two mixers which down-converts the RF signal to baseband using two differential
LO signals (that are 90° out of phase to each other). The resulting baseband output signals
of the AD8347 are the In-phase and the Quadrature signals, from a differential baseband
amplifier. Therefore the In-phase and the Quadrature outputs are differential outputs. The
data sheet of the AD8347 is included in Appendix A.

The In-phase and the Quadrature differential outputs are fed into two (one for each chan-
nel) AD8130 buffer amplifiers of unity gain which transform their differential input into
single-ended outputs. The AD8130 is a differential-to-single-ended converter that oper-
ates up to 270 MHz,

The signals from the AD8130 amplifiers are low-pass filtered. The two silver rectangular
blocks on the bottom-right of Figure 2.3 are low-pass filters with a 3 dB cut-off frequency
of 55 MHz.

The filtered In-phase (I) and Quadrature (Q) output signals are then fed into a PCM 480
dual channel digitiser card, with two 14 bit Analogue to Digital converters that samples
the two channels at 105 MSPS. Two RF cables of equal lengths transport the two filtered
outputs into the PCM 480 digitiser card shown in Figure 2.4. The digitizer sampled data
is then routed to the Matlab program that does the FFT. Briefly, the data from the two
channels is combined to form a complex signal. Then FFT processing takes place where
the power spectrum is the final plot. The purpose written program can do either 128 or
512 FFT.

The AD8347 demodulator can operate in either automatic mode or manual mode. Notice
that a potentiometer is available for manual mode operation. The potentiometer is used to

adjust the gain of the AD8347 demodulator during manual mode.
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Figurc 2.3: Picture of the PCB depicling the ADB347 quadrature demodulator, the
ADEI30 unity gan buffer amphfiers, and the RF and LO SMA mpul connections.




Figure 2.4: The reur of a computer showing the PCM 480 card with the In-phase and
Quadrature connections from the demodulator.

2.4.3 ADS347 Theory of Operation

Figure 2.5 shows the schematic diagram of the AD8347, The ADE347 15 a broadband
Dipect BQ Demodulator with RE and baseband (1F) Auwomatic Gain Control (AGC) am-
plifiers. An RF signal in the frequency range of 800 MHz to 2700 MHz is directly down-
converted to the | and {) components at baseband using a local oscillator {LO) signad at 4
frequency 1) MHz below the RF signal [ 14).

The RF input signal goes through two stages of Vanable Gain Amplifiers {VGAs) before
splitting up to reach two Gilbert-cell mixers, The mixers are driven by a pair of LO signals
which are in quadrature. The outputs of the mixers are applied to baseband I and ) chan-
nel variable gain amplifiers. The cutpuls from these baseband variable gain amplitiers are
then applied to a pair of on-chip, fixed pain, baseband ampliners. These amplifiers gain
up the vutput signal by 30 dB3 to a level compatible with most A-10-12 converters. The RF

and baseband amplifiers provide approximately 69.5 d3 of gain control range | 14].

Local Oscillators (1.0}

The Local Oscillator (LO) quadrature phase splitter employs polyphase filters to achieve

high quadrature accuracy and amplitude balance over the entire operating frequency range.
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The polyphase phase splitters are RC networks connected in a cyclical manner to achieve
gain balance and phase quadrature ([14], page 16). For optimum performance, the LO
is driven differentially. A LO drive level of -8 dBm is recommended (/14], Page 18).
Although a single-ended drive is possible, it slightly increases the 1.O leakage. In the RFI

measurement system 4, the LO is differentially driven (see Figure 2.2).

Variable Gain Amplifiers (VGAs)

The V(GAs have a gain range of 69.5 dB, where the minimum conversion gain is -30 dB
and the maximum conversion gain is 39.5 dB. The minimum conversion gain occurs when
the gain control voltage is 1.2 V, and maximum conversion gain occurs when the gain
control voltage is 0.2 V. This means that the gain control function has a negative sense,
increasing the control voltage decreases the gain. In Figure 2.5, RF AMP1, RF AMP2,
and IF AMP1 (together with mixer) yield this 69.5 dB gain range mentioned above. This
means that the maximum gain at points X and Y is 39.5 dB. IF AMP2 has a gain of 30 dB
which totals the demodulator gain to 69.5 dB [14].

Mixers

Two double-balanced Gilbert-cell mixers, one for each channel, perform the in-phase and
quadrature down-conversion. Under Automatic Gain Control (AGC), the maximum al-
lowable mixer output power level is -6.5 dBm (600 mV peak-to-peak into 200 §2) [14].
In practise, under AGC mode, to ensure that the maximum allowable mixer output power
level is not exceeded, the mixer output pins are connected to an on-board sum of squares
detectors. The inputs to this rms detector are referenced to VREEF, the reference voltage.
Any difference between the mixer output level and VREF forces a compensating voltage
onto the mixer output [14]. The time constant of this correction loop is set by the capaci-
tors that are connected to the I and Q channel offset nulling points. For normal operation,
0.1 pF capacitors are recommended. The summed detector output drives an internal inte-
grator which, in turn, delivers a gain correction voltage to the VAGC pin, the Automatic
Gain Control Voltage pin. A 0.1 pF capacitor from VGAC to ground sets the dominant
pole of the integrator circuit [14]. The corner frequency of the compensation loop is
approximately given by:

40 .
f3dB = C—Ol:g(CopslnuF) (21)

where Cops is the value of the offset nulling capacitor [14). Therefore the corner fre-

quency of the compensation loop is:

fadB = 400 Hz

Therefore, the period of the compensation loop is 2500 us. This is how long it takes to do
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gain correction. The comer frequency of the compensation loop is set o be much lower
than the svinbol rate of the demodulated data in order o provent the loop [rom Lalsely
interpreting the dara sircam as a changing offsct value. The theary of operaton of the
AGC can be lfoond 1 relerence The ixer cotversion 1oss 15 esitmated al 6 dB, more on
this in Chapier 3,

Chutpul Amplifiers

The output amphlices gain up the signal from baschand VGAs by 30 dB. The owputs of
these amplificrs are diffeecntal. This 15 the owput of the ADE347. This complex oaipal
is fed into two (one for cach channel) AIYS 310 boffer amplificrs which convent the inputs
tnto single-ended owtputs. The buffer amplilics have a gain of 0 dB. ‘The single-ended
autputs are filtered and then sampled as described above.
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Figure 2.5 Block diagram of the actuwal Direct Conversion Quadrature Desnodulaior
ADR34T.

The L-band receiver fromt-gnd of Figure 2.2 and the quadramere domodulator shown in
Figure 2.5 above are simulaied in SystemView, The SvstemYiew amplifiers used, arc
single-cnded, therclfore the buffer amphlicrs are pot simulated. The low-pass [liees are
also incloded inthe simulation. The simelation 1s discussed in Chapler 3.

2.5 Suommary

This chapler has presented the literatuee that is applicable in the thesis project. The chap-
ter began with a discussion of the RFT mieasurement protocol requatements as found in the
SKA Memo 37, with particular conphasis on the instrumentation reguirenients and Mode
I measurement cycles requiremenss, The requirements for Mode | measurements in the
I-band were noted (o be a million repetitions per iteration of the measurement cycle, in
a dwell ume of 2 micro-sceonds over a Tarpe 1 MHz bandwidith. The three RFT mea-
surenients sels used by the SA REI team were then discussed, These three svstems were
found not 1o mect the protoesl specifications i the L-band for Mode | imeasarenients.
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The manner in which this problem was solved during measurements was then discussed.
The chapter ended with a discussion of the RFI measurements system 4, which was built
to address the problems encountered in the L-band by system 1, 2 and 3. System 4 uses an
FFT spectrometer to measure RFI in the L.-band. The receiver of system 4 and its theory
of operation were also presented. The next chapter discusses the simulation of the RFI

measurement system 4 discussed above.
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Chapter 3

L-band RFI Measurement System

Simulation

3.1 Introduction

This chapter discusses the simulation of the receiver of the RFI measurement system 4,
and the simulation of the DME signals found in the L-band. The receiver simulation is
presented first, followed by the DME signals simulation. The simulated DME signals are
injected in the receiver input as if they are the received signals. This means that the power
level of the DME signals is calculated as the received power assuming the antenna gain

of the RFI measurement system.

The receiver consists of what is called in this report, the receiver front-end (first RF stage)
and the receiver back-end (FPGA demodulating electronics). The receiver front-end is
made up of non-monolithic RF and Microwave components and the demodulator is a
Field Programmable Gate Array. This chapter describes the simulation of these two re-
ceiver parts. The simulation of each component (LNA, cable, wide-band amplifier, switch,
variable gain amplifier, mixer, local oscillator, baseband amplifier and filter) is thoroughly
described. The filters employed in the in-phase and quadrature channels are also justified,
followed by a description of the analogue to digital conversion.

The chapter ends with a discussion of the simulation of the Distance Measuring Equip-
ment (DME) signals in the 962 - 1213 MHz range. The DME signals are researched here
because they are expected with very high peak power and short duration and are suspected
to give problems to the receiving system.

3.2 Receiver Simulation

The simulation of the receiver was done in SystemView. Figure 3.1 is the block diagram
of the simulated receiver. In Figure 3.1, the simulated DME signal is injected at the LNA
input not at the antenna. This is because the power level of the simulated DME signal,
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already takes into account the gain of the antenna.
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Figure 3.1: System level block diagram of the simulated receiver.

System 4 uses a quadrature demodulator shown on the right-hand side of Figure 3.1 in-
stead of a spectrum analyzer. The simulated demodulator down-converts to an Intermedi-
ate Frequency (IF) of 10 MHz. The IF signals are sampled, and the sampled data out of
the two channels (In-phase and Quadrature) is then used for FFT processing. The specifi-
cations of the demodulator are obtained from Analog Devices [14]. Because the AD8347
quadrature demodulator is a monolithic integrated circuit (IC) chip, the parameters of
some of the components inside the chip could not be found even from the manufacturer.
After a very exhaustive study of the specifications as found in [14] (page 3), the demod-
ulator was simulated as explained in Sub-section 3.3.4 below. It must be emphasised
that the low-pass filters are not part of the demodulator. The filters are on the printed
circuit board, and the simulated filters are justified in Sub-section 3.3.5. The simulated
receiver components specifications are obtained from their respective manufacturers and
documented below.

3.3 Simulated Receiver Parameters

3.3.1 Cables and Switches

All cables and switches attenuate the signal by an amount as specified by their respective
manufacturer and introduce noise in the system equivalent to the loss of the attenuator.
The cables and switches are therefore simulated using SystemView’s attenuator tokens,
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with noise enabled. “Noise enabled” means that the token attenuates the signal by an
amount, [ (dB), and the attenuator has a noise figure F = +L (dB), where L is the loss of
the lossy element in decibels. There are three Narda switches in the receiver front-end
with losses 0.4 dB, 0.3 dB, and 0.3 dB respectively. Connecting components together in
the receiver front-end are four RF cables with losses 0.3 dB, 0.2 dB, 0.3 dB, and 0.3 dB
respectively.

3.3.2 The Low Noise Amplifier

The LNA is a product of Miteq whose product number is AFS4-00100600-13-10P-4. The
LNA is simulated according to the real data specifications from the manufacturer [16].
The LNA specifications are summarised in Table 3.1 below. The specifications are simply
entered into the SystemView amplifier token. The third-order intercept point P; of the
LNA is not specified by the manufacturer. The approximate rule that many practical
components follow is that, P is 12 to 15 dB greater than P, (the 1dB compression point)
assuming these powers are referred to the same point ( [12], pg 101, last paragraph).
This approximate rule is applied in simulating the third-order intercept point of the LNA,
P3 = P, + 12 dB is used in the simulation.

Table 3.1: Miteq LNA specifications used.
|  Frequency (GHz) [ 0.1-6GHz |
[ Gain (dB) | 36 ]
| Gain Flatness(£dBMax) | 125 |

[ NF (dB) | 13
| VSWR(in/out) | 2:1 |
[ Puw@IdBGCP | 10dBm |
| P; output | 22dBm |

3.3.3 The Wide-band Amplifier

The wide-band amplifier is a product of Miteq whose product number is AFS2-00001200-
25-8P-2. The wide-band amplifier is simulated according to its real specifications from
the manufacturer’s data sheet [16]. The specifications are summarised in Table 3.2. The
same rule applied in the LNA 3rd-order intercept point is applied in the simulation of
the wide-band amplifier’s third-order intercept point. The wide-band amplifier is the last
active component in the receiver front-end before the quadrature demodulator (other than
the Narda switch). The RF signal from the wide-band amplifier is fed into the printed
circuit board where the AD8347 Quadrature Demodulator is located. The AD8347 simu-

lation is discussed next.
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Table 3.2: Miteq Wide-band Amplifier Specifications
| Frequency (GHz) 0.1 - 12 GHz |

| Gain (dB) [ 14|
| Gain Flatness(+dB Max) | 1.25 |
[ NF (dB) [ 25 ]
| VSWR(in/out) | 21 |
‘ P, @1dBGCP ] 8 dBm l
| P output | 20dBm |

3.3.4 ADS8347 Quadrature Demodulator

It is essential to bear in mind that the following discussion focuses on one channel of
the quadrature demodulator, and automatically applies to the other. In practise, under
Automatic Gain Control (AGC), the mixer output is connected to a detector, whose output
drives an internal integrator which, in turn, delivers a gain correction voltage to the AGC
Voltage pin ([14], page 19). The mixer output has a maximum current limit of about 1.5
mA. This allows for a maximum allowable level at the mixer output of 600 mV p-p swing
into a 200 2 load ([14], page 6), that is -6.5 dBm. This corresponds to an RF input power
level of -40 dBm at maximum gain of 39.5 dB [14]. This means that the mixer conversion
loss is 6 dB, that is, the maximum allowable mixer power:

Pmixer~out - PRFin + Gvga—max - Lc = —40dBm + 39.5dB - 6dB = —6.5dBm

where Gyga.max 1S the maximum gain of the VGAs, and L. is the mixer conversion loss.
The manufacturer recommends a mixer local oscillator (LO) power of -8 dBm. The LO
leakage power at the RF port is -60 dBm, and the LO leakage power at the IF port is
-42 dBm [14]. The other mixer parameters are simulated from values estimated in the
graphs in ([14], Page 13). The compression point of the mixer referred to the input is
16 dBm [14]. The noise figure of the demodulator is 11 dB at maximum gain. Since
the mixer already contributes 6 decibels of this noise, it is apparent that the amplifiers
share the other 5 dB. The low noise figure of the VGAs comes at no surprise because
the AD8347 is a direct conversion quadrature demodulator intended for use as a receiver
in communication systems like cellular base station, radio links and satellite modems.
Therefore the first amplifiers must have low noise figures for better performance.

Figure 3.1 shows the simulated demodulator block diagram. RF AMP1, RF AMP2 and
IF AMP1 have a gain range of 69.5 dB as in the real system, only that the simulated
demodulator does not have the option for automation. However, since the power level of
the incoming RF signal is known in the simulation, calculations can be made such that
the mixer output power does not exceed -6.5 dBm. This means that the gain values are
manually entered into SystemView. These gain values depend on the RF signal power. For
nominal power levels not threatening to saturate the receiver, the maximum gain is used.
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The gain is decreased as the RF signal power increases to detrimental levels. Therefore in
a sense, the simulation replicates the practical system, with automation being the major

difference.

The specifications of the AD8347 quadrature demodulator are given in [14] and docu-
mented in Table 3.3, Table 3.4 and Table 3.5. For the RF and IF VGAs, the third-order
intercept point output values in Table 3.3 and Table 3.4, are calculated from the approx-
imate rule used for the LNA and wide-band amplifier. The second-order intercept points
are obtained from the data sheet. For the baseband fixed gain amplifier, the 1 dB compres-
sion point and the third-order intercept point are estimated from their respective graphs in
the specifications ([14], Figure 23/24) at a baseband frequency of 10 MHz. The graphs
values are given in dB Vrms, then converted to dBm by adding 13.01 dB.

Table 3.3: The RF VGA amplifiers specifications

[ COMPONENT | PARAMETER | Value |
| RFVGA | Gain Range | 46 dB B

Max Gain 26 dB

Min Gain -20 dB

2nd order Intercept -4.5dBm or 65 dBm

i | P; output@min or max Gain | -18.5 dBm or 51 dBm |
i | P\ output @min or max Gain | -32dBm or 9.5 dBm_|
| | Noise Figure @max Gain | 2.5dB |

Table 3.4: The IF VGA amplifiers specifications

| COMPONENT | PARAMETER | Value |
| RFVGA | Gain Range 23.5dB |
Max Gain 19.5dB
Min Gain -4 dB
2nd order Intercept -4.5dBm or 65 dBm
| P; output@min or max Gain | -18.5 dBm or 51 dBm |
Py output @min or max Gain | -32dBm or 9.5 dBm _|
Noise Figure @max Gain | 1.5dB |

Table 3.5: The baseband amplifiers specifications

| COMPONENT PARAMETER | Value |
| Baseband AMP Fixed Gain | 30dB |
Noise Figure 1.5dB
Bandwidth 65 MHz
2nd order Intercept -49 dBc
P; output@max Gain | 20 dBm |

| | P, output @max Gain | 13 dBm |
( | Noise Figure @max Gain | 1.5dB |
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3.3.5 Low-Pass Filters

In reference [14] page 21, the filter design considerations are given for the practical case.
Filtering can be conveniently done at the IF VGA amplifier output (mixer output) and the
baseband amplifier output can then be directly fed into an ADC. The practical system 4
however opted for filtering at the final demodulator output. The considered fourth-order
low-pass filter has a 3 dB cut-off frequency of 50 MHz. The simulated receiver down-
converts to an IF of 10 MHz. The filters employed in both channels are fourth-order But-
terworth low-pass Infinite Impulse Response (IIR) filters with a 3 dB cut-off frequency
of 50 MHz. The total baseband bandwidth is 100 MHz. The digitization of the complex
signal is performed by a 14 bit Analogue to digital converter at 105 MSPS. This is sim-
ulated by a quantiser in SystemView, which has the same function as the real analogue
to digital converter, except it does not need an external clock signal for synchronisation.

The sampling is explained below.

3.3.6 Analogue to Digital Conversion

The simulated receiver measures RFI in the 960 - 1400 MHz frequency band (but the
demodulator can operate from 800 MHz to 2.7 GHz). The maximum frequency in the 960
to 1400 MHz frequency band, is 1400 MHz, thus the sample rate of the simulation, f, >
2 fmax, must be twice the maximum frequency by Nyquist’s criterion. To accommodate
high-order products of the incoming signal, a system sampling frequency of 5 GHz was
chosen. The simulation run time or stop time was set at 24 us to allow the entire DME
pulse pair to the transmitted as will be explained in DME simulation below.

However, the simulated ADC samples at fapc = 105 MHz, implying a sampling period,
Tapc = 1 x 10785 for the ADC, thus the samples are Tapc seconds apart. Because the
sample rate of the simulated systemis f; = 5 GHz, but the ADC sampling frequency fapc
is 105 MHz, this means a re-sampler at fapc, must precede the ADC input. Therefore a
re-sampler at 105 MHz is employed before the ADC (quantiser). A decimator can also be
used to yield the same ADC sampling frequency of 105 MHz. The re-sampler still satisfies
the Nyquist criterion for the baseband signal at 10 MHz. The output of the digitiser is
saved in a SystemView text file and imported into Matlab for later signal processing. A
14 bit quantiser with a 2 Volts voltage span is used in SystemView for this operation.

A quantiser is chosen in the simulation for its easy of use. The SystemView ADC requires
a clock signal for synchronisation. Also, the ADC requires many text files (depending on
the number of bits) per channel to store each bit in binary format. For instance, one 14
bit ADC will require 16 text files to store the bit stream. The quantiser on the contrary
performs the same function as the ADC without any clock signal, and requires only one
text file per quantiser output. The subsequent section discusses the simulation of the DME

signal.
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3.4 DME Signal Simulation

Two systems of interest are known to be operational in the [.-band, namely: the Secondary
Surveillance Radars (SSR) at 1030 MHz (ground-to-air interrogation) and 1090 MHz (air-
to-ground response) and Distance Measuring Equipments (DME) in the 962 - 1213 MHz
range. The primary surveillance radars are being phased out of civilian use in South
Africa in favour of SSR and are therefore not of concern ([11], Chapter 2, page 40). The
use of DME systems will continue nonetheless.

The DME signals are researched here because they are expected with very high peak
power and short duration and are suspected to saturate the receiving system. The full
theory of operation of DME is documented in Appendix B.

3.4.1 DME Signal Characteristics

According to the research done by Fisher [9] at the National Radio Astronomy Obser-
vatory using the Green Bank Telescope, as well as DME equipment suppliers, the DME
pulses are approximately Gaussian in shape as a function of time, with a half-amplitude
full-width of 3.5 micro-seconds. The DME pulse is approximated by the following equa-
tion as found in [9]:

V(t) o 670.5@/0)2 _ 672.7726(t/W)2 (3.1)

where ¢ is time, and W is the full-width half-maximum pulse width in the same units as ¢.

The research done by Fisher [9] further reveals that the peak power from a DME trans-
mitter on a large jet aircraft is 300 Watts. However, smaller aircrafts use peak power on
the order of 50 Watts and ground transmitters have peak power between 100 and 1000
Watts depending on the station’s intended service. Manufacturers of aircraft transceiver
claim a useful range of 550 km for a DME transmitter with a peak power of 300 W [9],
but aircraft altitude and the separations between ground stations on the same frequency

will often limit the range to less than 300 km.

It is reasonable to assume that at 250 km (slant range), the received power is most likely
the smallest possible receivable power from the aircraft’s transmitter. The highest receiv-
able power being the one when the DME transmitter is closest to the receiving system.
The antenna of the RSA RFI measurement system for the [.-band has a gain of 6.5 dBi.
Therefore, for the worst case scenario, A equals 260.7 mm (1150 MHz) and the slant dis-
tance R equals 250 km, the received power by the RFI measurement system’s antenna
(neglecting atmospheric refraction, and assuming the main beam to be facing the trans-

mitter) is estimated at:

AT R
Py smaties: [dBm] = P, [dBm] + G [dB] + G, [dB] — 10 log(—7/r\—)2 (3.2)
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=49.42 dBm +0dB + 6.5dB -141.62 dB
=-85.7dBm

assuming the aircraft is 35 000 feet above sea level and the transmitting antenna gain is 0

dB. The transmitter power is obtained as the average power of the transmitter as:

Poye = 300 * % = 87.5W = 49.42dBm (3.3)
taking into account that the pulse width is 3.5 us and the pulse period is 12 ps. With this
useful insight of DME characteristics, the DME pulse pair is simulated as follows.

3.4.2 DME Pulse Pair Simulation

Using two SystemView’s custom-source tokens, two baseband Gaussian shaped pulses
were produced, with a pulse width of 3.5 us and the pulse period of 12 us. The second
pulse is shifted by 12 us in the time domain. The two pulses are then added together
producing a pulse pair that repeats after 12 us with a total run time of 24 us. The pulse
pair is then modulated with a sinusoid at a DME transmitter frequency fpme in the range
1025 to 1150 MHz. The output of the modulator is a high frequency Gaussian shaped
pulse-pair with all the DME characteristics defined above. The simulated power level of
the DME signal, differs depending on the scenario being simulated and the transmitter
frequency chosen. The power level of the signal is calculated using equation 5.1. Figure
3.2 shows the simulated DME pulse pair in SystemView. The sine wave is enclosed in
the Gaussian envelope and very high in frequency, hence the dark Gaussian shape. The
frequency of the sine wave in Figure 3.2 is 1025 MHz, and the power level is -87 dBm
which corresponds to 14 micro-Volts zero to peak.

The simulated DME pulse-pair is fed into the receiver low-noise amplifier input as if it
were the received signal. The simulated receiver is then tested for saturation and inter-
modulation distortion and the simulation performance is compared to the practical sys-
tem. The simulation tests are documented in Chapter 4 followed by the practical tests in
Chapter 5.

3.5 Summary

The simulation of the proposed L-band RFI measurement receiver can be summarised
as follows. The injected DME signals set the simulation stop time to 24 us. The system
simulation sampling frequency is 5 GHz to satisfy the Nyquist criterion and accommodate
products resulting from demodulating the input signals. The LNA, wide-band amplifier
and the Quadrature demodulator electronic components are simulated according to their
specifications as obtained from their respective manufacturers. Other components are

simulated from parameters derived from either the relevant theory, or the rule of thumb,
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Figure 3.2: Simulated DME pulse pair.
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or a well justified logic. For instance, the third-order intercept point P of the LNA is
not specified by the manufacturer. According to Pozar ( [12], pg 101, last paragraph)
many practical components follow the approximate rule that P; is 12 to 15 dB greater
than P, (the 1dB compression point), assuming these powers are referred to the same
point. This approximate rule is applied in simulating in all the 3rd-order intercept points,
P; = P, + 12 dB used in the simulation. Cables and switches attenuate the signal by
fractions of a decibel, and are therefore simulated using SV attenuators with appropriate

attenuation values.

The DME signals are simulated based on their characteristics as derived from reference
[9]. The power level of the DME signals is calculated according to the scenario being
simulated. The different scenarios assume different positions of the aircraft relative to the
receiving system. The DME signals are the input to the receiver. The simulated receiver
demodulates the DME signals into the in-phase and the quadrature using a local oscillator
with an input power of -8 dBm. The complex baseband signal is at 10 MHz with a
total bandwidth of 100 MHz. Two quantisers (simulating Analogue to Digital converters)
sample the two channels. The sampled data is saved into text files and exported into
Matlab for FFT processing. A plot of the signal magnitude in dBm versus the frequency
in MHz is produced using Matlab as will be shown in Chapter 4.
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Chapter 4

Simulation Tests

4.1 Introduction

This chapter presents the tests performed on the simulated receiver and the parameters
that were calculated in order to characterize the receiver. The chapter begins with the
basic theoretical calculations that are important in finding out the receiver’s capabilities.

For instance, the minimum and maximum detectable signal power.

The system gain is treated first, and the receiver is found to have a minimum and maxi-
mum gain due to the VGAs. The gain values are verified in the simulation tests by looking
at the output power level of a known input signal power. Following that, is the vital noise
temperature of the receiver which must obey the protocol requirements. Using the noise
figure calculator of the AppCAD from Agilent Technologies, as well as the SystemView
simulation, the noise temperature of the receiver is computed. This is followed by the in-
vestigation of the dynamic range of the receiver. The receiver dynamic range is set by the
minimum and maximum detectable signal power. The investigation of the power levels

of these signals is carried out at maximum gain.

The maximum detectable signal power indicates the power level where harmonic dis-
tortion begins and inter-modulation products begin to show. This is also confirmed by
feeding the receiver with signals larger in amplitude than the maximum detectable signal.
This concept is further tested by tracing a small and a large amplitude signal in the re-
ceiver chain by means of a graph showing the signal amplitude at consecutive stages of

the receiver, taking into account both the minimum and maximum gain of the VGAs.

The chapter ends with two-tone testing, where the power level of the two-tone signal that
causes unacceptable inter-modulation products is investigated. Simple CW sinusoidal
waveforms are used in the two-tone testing. The other tests that are performed use the
simulated DME signals at varying amplitude levels starting from -110 dBm and increasing
in 5 dB steps.

It must be stressed that, since the simulated receiver could not be automated, the following
tests assume manual mode. Also, only the minimum and maximum gain of the VGAs are
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considered 10 the tesis unless otherwise staed.,

4.2 System Gain

It is important to know the maximmm gam of 4 receiver because it imphcitly informs
the receiver designer and or user of the minimum detectable sipnal. ‘The pain of the
simulated L-band RIF mcasutemest receiver is caleulated and verificd below, Only the
minimum and maximum gain of the VGAs are considered 1n delining the receiver gain,
The accumnulgted gain o, and the accumulated loss L. in the receiver [ront-ead [rom
the RF components are calculated below:

Gag_- (_?],N_b. F (_-r\lwﬂ_*mp — .';ﬁ | 11 = 5ﬁ dB

Lau{' st‘it'hr,u + L‘av.lill:l'b:uhlcg | Lcahlcs

Loe(dBY - —|(0.4 4 0.340.3) 4+ {025 + (0.2 | 0.3 1 0.3 | 0.3) = —2.33dB (43
where (71xa 18 the pain of the LNA, (fypae 18 the gain of the wide-band amplifier, and
Lsitohess Lovwitchoabiees Locuaties afe losses due 1o the switches, the swilch cables and the cables
respectively. The gain of the receiver back-end (Quadrature demodulator clectronics) has

two values of interest because of the ViAs, Obviously other valoes arc possible but these
are not of concern al this stage, Therefore, the ADS347 main values are:

Canen(dB)  Grivoa — fe + Guvoa + G (4.4}

{rapsiron = 26— 6+ 19.5+30  69.5dR (4.5

Gapsgron =+ 20 -6 -4 | 30 =0dRB (4.6

where Crpvos 18 the gain of the R VGA, Gleyvgs is the pain of the IF VOA, Gy is the
gain of the baschand amplificr, and L. 1s the conversion loss of the mixer. Therefore the
maximum and minimuo gain of the receiver system 1s.

G!}'.&-man Ga&'r.' + GA.IJE.'MT-mux = JL'al:c = Lﬁlu:r i 10”"15 dB

Govmin Gwe T (apssarmin — Lae — Laner = 43.02 dB
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where Lape = 1.7 dB is the low-pass hilter loss. The maximum gain was verified by
setting the VGAs to maximum gain and then fecding the receiver with a signal w -90
dBm. The power spectrum of the output JF signal is shown in Figure 4.1, with the signal
power al 18 dBm. This means that the maximum gain of the receiveris 108 dB. a dB less
than the computed value,

Fower Soectrvm of DME algral
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Figure 4.1; Power spectrum of the 11 output signal at 10 MHz for an input RF signal at
-90) dBm. Fhe IF signal power is a1 I8 dBm.

4.3 Signal to Noise Ratio and Noise Figure

The nese figure of the simulated receiver is computed using the AppCAD (hy Agilent
Technologies) nmse figure caleulator as shown in Figure 4.2, 'The noise ligure caleulator
is similar to a spreadsheer thal replaces the long hand calculation required by equation
4.6

=k | Hy—k

Al 4.9,
Fr=vFya a3 +{?1Gg| (4.9)

where F,, is the noise figure of component number n, where n = 1.2.3.. In SysiemView
the noise figure calculator values were confirmed as follows. The simulation was ran
and the power spectrum plots for the input signal, the in-phasc output and the quadrature
output were obtained by using the Power Spectrum dffm into 50 Ohms calculator. The
signal 1o notse ratio at the input and output of the reeeiver was obtained by using the Plot
Statistics button m the Analysis window,

The noise figure of the each chains was obtained by subtracting the signal to noisc ratio at
the input to the signal to noise ratio af the output ol each chain. Thus the noisc temperature

ol the two receiver chains i$ given by equation 4 10 ([12] page §59-97);
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Figure 4.2: Noise Figure Calculator showing the noise lemperature of the receiver.

T=290(F—-1)=18621K {4101

where F refers to the lingar value of the noise figure. the noise factor. Since the receiver
is intended to measure RFE1 according to the Mode 1 measurements requircments, the cal-
culated receiver temperature meets the protocal specifications for Mode | measurements

of Tp < 30000 K. ‘The dynamic range of the receiver is discussed next.

4.4 Dynamic Range

The dynamic range ol a receiver is set by the minimum and maximum detectable signal
power. For the simulated receiver, the minimum delectable signal power at maximum
gain is 100 dBm as shown by the plot of Figure 4.4, When the RF signal power is
below -100 dBm, the signal is buricd in the noise as shown in Figure 4.3, The maximum
detectable signal powcer 15 cstimated at -39 dBm. meaning that any signal at a power level
exceeding this value, will salrate the receiver. Figure 4.5 shows the power spectrum of
the TF output for an input at -59 dBm. The undesired spike at -30 MHz confirms the
beginning of harmenic distortion already at -39 dBm. The other graphs showing the 1F

signal power spectrem as the RF signal power is increased are included in Appendix €.
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Figure 4.3: Power spectrum of the 117 output signal at 10 MHz for an input RF signal at
-110 dBm. The figure shows thal, power levels below - 1080 dBm cannot be detected by
the receiver.

Fomeer Sgzectrum of CME aignal
a T - - ' - . . v +

Fouwser rrd B

i R T TR C o A a0 40 50
Frequericy i Wbz

Figure 4.4: Power spectium of the 17 output signal at 10 MHz Tor an input RF signal at
-100 dBm.The tigure shows that -100 dBni is the minimum detectable signal.
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Figure 4.5: Power spectrum of the IF output signal at 10 MHz lor an input RF signal at
-59 dBm. The figure shows the maximum delectable signat,

Therefore the dvnamic range of the simulated receiver at maximum gain is given by ([12].
Page 343):

DR — Maximum Allowable Signal Power
" Minimum Deteciable Signal Power

= —59dBm — {—106dBm) = 41 dB

4.5 Compression and Third-order Inter-modulation

The power levels that exceed the 1 dB compression point £ of an amplifier will cause
harmonic distortion and power levels in excess of (the third-order intercepl point £ will
cause mter-modulation distortion [12]. Therefore it 1s nmporiant to track the power levels
through the stages of the receiver to ensure that ) and £ are not exceeded, This was
conveniently dene with a graph as shewn in Figure 4.6.

[t can be seen that 7 and Fy of the amphifiers and mixers are nol exceeded as illustrated
in Figure 4.6. The {7 values are not shown in Figure 4,6, because they are well above the
£y 1f £ cannet be exceeded, F5 cannot be exceeded as well [12). Vigure 4.6 also depicts

the smallest 1 B compression point,

4.6 Two-tone Testing
A device that adds inter-medulation disteriion {IMD) to its cutput signal will have un-
wanled frequency components generated at specific frequencies. The third-order prod-

uets will occeur at a frequency of (251 -12) and (2%£2 - f1). showing up as extra frequency

33



4
H - _—. R el - ettt e e S EEL LR
) Aus 2 T "
AR
l i

N e m P G i ap s e ke e e -

R o —— ; RG> R . e—

s B

Figure 4.6. Diagram of power and noisce levels at conscoutive stages of the receiver for 4
t

small and large amplitude mput signal.




components &8 above and below the two input frequencies. Fifth-order IMD will show
up as extra lrequency components above and below the thicd-order distortion, exactly A
apart. The other odd-order IMD products will follow swt.
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Figure 4.7; Power spectrum of the IF outpul signals showing the locations and power
levels of the 3rd-order products ler an input two-tone RF signal at -86 dBnu.

The simulated receiver was investigated for this behaviour with an inleresting guestion:
at what power level of the inpul signal will the IMD begeome severe? The power levels
of the ipul signal was initially set o =100 dBm and increased in 1 dB steps. The RF
frequencies are 1029 MH2 and 1030 MHr with 4 local oscillator frequency set al 10220
MHzx, The IMD power levels started becoming unacceptable for input power al -85 JdB3m,
Figure 4.7 shows the power spectrum of the [F signal for the two-tone input power of
-86 dBm. The two RF frequencies are down-converted into 9 MHz and 10 MHz, The
IMD are more than 40 dB below the camier. For the power level of the two-lone al -85
dBm, the third-order products jump o about 30 dBc as shown in Figure 4. 8. However.
a twao-lome signal with 4 power level above -85 dBm produces inter-modulation products
whose power level 15 cloge to the desired IF signals. The plots of the power spectrum lor
values above -85 dBm are included in Appendix C.
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Figure 4.8: Powcer spectrumn of the TF oulpul signals showing the locations and power
levels of the 3rd-order products for an input two-tone RFE signal at -85 dBm.

4.7 Summary

In summary, the following charseteristies of the receiver were investigated. The calculated
rmnirnum and maximum gain of the receiver is 45.95 dB and 109.45 dB respectively. The
maximum gain was verified 1n the simulation by setting the VGAS to maximun gain and
ihen feeding the receiver with a signal at -90 dBm. The output was found to he at 1§
dBm, meaning that the simulated receiver gain is 108 dB. which 15 1.45 dB below Lhe
calculated value. lollewing that was the noise calculations. The noise temperaiure of
the receiver was camputed at 7812 K which obeys the protocol requirements for Mode |

measurements. This 15 geod because the receiver s intended for Mode 1 measurements.

Then the minimum and maxinmun deteetable signal power were measured at -39 dBm
and -100 dBm respectively. This means that the dynamic range of the receiver is 41 dB.
Subscquently, the small and large amplitude signal were followed throughout the receiver

chann Lo further indicate the minimum and maximum detectable signal power.

Finally, the receiver was tested tor two-tone, third-order inter-modulation distortion where
it was found that, for a lwo-lone signal with frequencies 1 MHz apart, the maximum
allowable signal power is -85 dBm. I the two-tone signal has a power level above -85

dBm, the 3rd-erder products jump 1o unacceptahle levels,

The tests that were done on the practical receiver are documented 1n the next chapter.
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Chapter 5
Practical Tests

This chapter presents the practical tests that were done on the RI'l measurement system
4. The purpose of the tests was to ensure that the simulated receiver replicates the prac-
tical system and to confirm the simulated receiver predictions. And most importantly, to
investigate if DME like signals arc correctly measured by the system and do not saturate
the receiver.

Because of the difficulty in injecting the signals at the LNA input or via the antenna,
it was decided to perform the tests on the demodulator and the digitiser. However, the
accumulated gain of the receiver front-end is accounted for in the signal processing. In
other words, the RF signal is injected at the RE input of the FPGA where the signal from
the antenna mast would normally be connected. The accumulated gain in the rcceiver
front-end is then considered in the signal processing to account for the full recciver chain
gain. Otherwisc, in practise the receiver back-end (demodulator and digitiser) is sufficient
to demonstrate the receiver’s capabilities. The terms “receiver” or “system 4 ** will be used
in this chapter to refer to the receiver back-end being tested.

The receiver is tested using two types of RF signals: the continuous waveform (CW)
sinusoidal signals, and the amplitude modulated waveforms with DME signal character-
istics. The tests using CW signals are presented first, followed by the amplitude modu-
lated wavetorms with DME signal characteristics. The tests using CW signals arc done 1o
demonstrate any difference in the way the receiver measures the CW signals to the DME
signals.

The receiver has two modes of operation: (i) manual mode and (ii) Automatic Gain Con-
trol (AGC) mode. The manual mode is where the gain of the variable gain amplifiers is
adjusted manually using a potentiometer. The receiver is tested for performance in both of
these modes of operation. The receiver is tested using CW signals in both modes, whereas
the DME like signals are only tested in AGC mode. In manual mode, only the minimum
and maximum gain is considered as the power level of the RF signal is varied. The tests

using the CW sinusoidal signals arc presented next,
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5.1 Continuous Wave Signals

Two Rohde & Schwarz SMLO3 signal generalors (see Appendix D) arc used to produce
the RF and LO signals. The power level of the LOY oscillator signal is set o -8 dBm as
recommended for the ADS347. The RF signal power is increased in steps of 5 dB starling
from either - 100 dBm or -40 dl3m depending on the mode. In manual mode when the gain
of the VGOAS s set 1o mimimunt, the RE signal power starts l[tom -40 dBm. The frequency
of the RF and LO signal is 1030 MHxr and 1020 MHz respectively. The ADS347 s sel (o
manual mode by adjusting the jumper posilion on the printed cireuit hoard. The jumper

15 located next to the potentinmeter as shown in Figore 5.1.

Fipure 5.1: Printed circuit board showing the demodulating electromics. The jumper is to
the right of the hight blue potentiometer.

Figure 5.1 shows the jumper position under Auwtomatic Gain Control mode. Moving the
Jumper position Lo the right will set the demodulator to manual mode, The minimum gain
of the VGAs 15 obtained by turning the potentiometer fully anti-clockwise, and vice-versa

for the maximum gmn. The maneal mede tests are presented nexl.

5.1.1 Manual Mode

Under manual mode of the demoduolator, only the minimum and maximum gain conditions
are investigated, This s because any gain valuc 1n between the minimum and maximum

gain 1s what the VGAs usually lake under AGC mode. The recewver s tested for the
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folliwang charscleristics: the oinimum and maximum detectable signal. the dynamic
range, and saturation or compressiom. The noise figure and the SNR are dealt with in the
simulation as n 15 difficult (o calculate or estimate the SNR at the input in the practical
setup. The imer-modulation distortion 1s also considered in the simulared receiver, If
the simulation replicates the receiver, the tlests done in the simulation can be considered

accurate and a very closc estimation of how the real receiver would behave.

In all of the following plofs the LO frequency, 1020 MHz, represents O MHZ in the figure,
In other words, the zero fy at 1020 MHz such that the IF is focated 1 M2 away from
the LCHat 1010 MHz, The ved plot in all the graphs shown in (his chapter is the winimum

trace that is vet to cafch the dving transienis.

Power Spectnmn of the IF @ 10 MHz
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Figure 5.2: Power spectrum of the outpul [F signal at 10 MHz {or 1010 MHz in the hgure)
for an RF input signal power of -30 dBm.

Minimum Gain

The VGAS were set for minimum gain using the potentiometer as described above, and
the RF sigmal power was initially st to -40 dBm then the power spectrum of the outpm
IF signal was observed, The IF sipnal was burted in the noise and conld not be detected,
The power of the RF signal was then increased in steps of 5 dB and the minimum de-
fectable signal power was at -30 dBm. The power spectram of the IF output signal for
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the mimimum detectable signal power, -30 dBm, al minimum gain 1% shown in Figare 5.2

above,
Power Spectrum of the IF @ 10 MHz
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Figurc 5.3: Power spectmm of the output IF signal at 30 MHz (or 1050 MHz in the figure)
for an RF input signal power of 11 dBm.




The power level of the RF signal was increased again until the receiver started showing
saturation and producing inter-modulation products. The power spectrum of the IF output
signal for the maximum detectable signal power is shown in Figure 5.3 above. It is im-
portant to notice that the average noise level has jumped up to about 10 dBm from about
-10 dBm at the minimum detectable signal power. Any RF signal above 11 dBm causes
inter-modulation distortion. The red plot in figure above tracks the minimum traces in
order to catch the transients. The graphs showing the IF power spectrum as the RF signal
power increases are included in Appendix D. The findings of the receiver tests performed

using the minimum gain under manual mode are summarised in Table 5.1.

Table 5.1: Receiver tests findings using minimum gain under manual mode.
| Parameter | Value |
Min. Detectable Signal | -30 dBm
Max. Detectable Signal | 11 dBm
Dynamic Range 41 dB
Gain Receiver 38 dB

In terms of the main objective that the receiver was built for, the findings in the table above
can be interpreted as follows. The receiver is an L-band receiver designed to measure RFI
in this band, including DME. If the demodulator, under manual mode, minimum gain
operation, has a minimum detectable signal of -30 dBm. Then the smallest receivable
DME signal power calculated in Chapter 3 cannot be detected by the receiver. Therefore
the DME signals will only be detected when the aircraft is at the following slant range

distance from the measurement system (or closer):

P,_ [dBm] = P, [dBm] + G, [dB] + G, [dB] — 10 log(#)Q (5.1)

-30 dBm =49.42 dBm + 0 dB + 6.5 dB -lOlog(“l/\’i)2
R=410m

Since it is very unlikely to have transmitting aircrafts flying 410 meters to the receiver.
This means that this kind of a receiver setup is not desirable. Therefore, manual mode
of the AD8347 and minimum gain of the VGAs is not an option for detecting RFI in the
L-band and particularly DME interference.

Maximum Gain

The same tests that were done using the minimum gain of the VGAs were repeated for the
maximum gain. The dynamic range was expected to remain the same as in the minimum
gain, but of interest this time was the minimum and maximum detectable signal power.
The power spectrum of the IF output signal for the minimum detectable signal power at
maximum gain is shown in Figure 5.4. And the power spectrum of the IF output signal

for the maximum detectable signal power is shown in Figure 5.5.
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It essential fo ante that the practical system has a purpose-written software that does
FFT in Mattab and plot nat anly the power levelis) of the instantaneons signral(s), buf
alwe fracky the minimum fraces in order to cateh transtents at lower power levels. The red
plof in all the graphs shown in this chaper is the mintmum {race that is set to cafch the

dving fransienis.
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Figure 5.4; Power speerwum of the output IF signal at 14 MHz for an RF input signal
power of -98 dBm, This figure shows the minimum detectable signal power at maximum
pain.

The dvnamic range 1s calculated ar 39 dB which is at 2 dB below that for the minimum
gain. The gain of the recciver at maximum gain is 108 dB, which is more than twice the
receiver fain al minimom gain. It 13 interesting 1o note that this gain value corresponds
with the value obtained in the sirnulation. Table 5.2 summanses the Gndings.

Table 5.2: Receiver tests lindings using maxtmom gain under manual mode.

Parameter Value |
" Min. Detectable Signal | -98 dBm
Max, Detectable Signal | -39 dBm
Dynamic Range i dB
Gain Receiver 108 dB

This receiver setup will be able (o detect and measure REI caused by DME sipnals whose
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source 15 an aircralt 250 km away [rom the receiving systern and lurther away, However, a
maximum deteciable signal of -34 d3m means that any DME transmmitter ¢loser than 11.5
km will satraie the receiver. The closest known DME ground station is in Sutherland
which is more than 150 km trom the core site. [t is therefore very unlikely 10 have DME
transmitters as close as 11.3 km from the core. Thercfore, the receiver can be operated in
manual mode nsing maximum gain provided the interference source is 11.5 km away or
more, Ttis worth noting that these values comespond 1o the values found in the simulation

tests.

Power Spectrum of the IF @ 10 MHz
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Figure 5.5: Powcer specuuem of the output TF signal ar 1} MHz for an RE input signal
power of -39 dBm. This {igure shows the maximum detectable signal power at maximum
gain.

5.1.2  Automatic Gain Mode

Using a CW signal, the receiver was set 1o AGC mode. The RI signal power was varied
starting from -1 10 dBm where the oulput signal was burted in the noisc. At an RF power
level of -96 dBm the output 117 signal could be observed. The -96 dBm power is therefore
the minimum detectable signal power under AGC mode, Figure 5.6, In sieps of 3 dB,
the gan of the signal was increased and the output IF plots were saved into a disk and
are nchuded 1 Appendix D). Figure 5.7 shows the maximum delectable sighal power at

10 dBm. This mecans that the receiver's dvpamie range is 106 dB which 15 a very good
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dynamic range. The difference between the output and mput signal power gives the gain
which vanes with the amphitude of the input signal. "U'he gain varies with the amplitude of

the input signal between 34 and 106 dB.

Although the receiver gain and dvnamic range are relatively higher in AGC mode. The
changing gain is not appropriate for RFT measurements. This is because of the following
reason. The AGC compensation loop bas a time constant set by a (0. 1 pF capacitor to adjus!
the power output 1o the desired level. The real world interference on the other hand, will
be entering the receiver at random power levels, impulsively and very rapidly. This means
that the compensation loop will be constantly siriving to adjust the AGC ol the recerver,
as a result the power level measured at the outpul will nel necessarily be the true power
of the received signalis). Therefore. the raw data from the digitiser cannot be calibrated
since the gain of the AGC is unknown. In other words. power level measurements cannot
be made since an unknown AGC is switched on, It s therefore only appropriate to
perforin RFI measurenments under manual mode, moderate or maximum gain. In
this way the recciver can be calibrated before measurements, and the dala obtwned from

the digitiser can then be calibrated using a known receiver gain,
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Figure 5.0: Power spectrum of the TF signal at 10 MHz for an RF input signal power of
-6 dBm. This figure serves o show the nunimun detectable signal under AGC mode,
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Figure 5.7: Power spectrum of the outpwt IF signal at 10 MHz for an RF input signal
power of 10 dBm. This figure serves to show the maximum detectable stgnal under AGC
mode.




5.2 Amplitude Modulated Signals

A signal generator was used to produce amplitude modulated signals. The shape of the
modulated waveforms was square, with a pulse width of 3.5 us and a pulse period 12 us.
The carrier frequency was set to 1030 MHz and the local oscillator frequency was 1020
MHz. By default the minimum signal power of the generator used for these measurements
is -5 dBm. This means the minimum detectable signal power for the amplitude modulated
signals with DME characteristics could not be tested. The only obvious choice would be
to use an attenuator to drop the power level coming out of the signal generator. The
availability of such an attenuator was the only problem in pursuing this idea. The receiver
was therefore tested (without the attenuator) using an RF signal with a power level of -5

dBm. The power level was increased in steps of 1 dB.

The red plot tracks the minimum traces in order to catch the transients. The plot that
tracks maximum traces has been removed in all the graphs. This is because maximum

trace plot covers the plot of the signal of interest.

5.2.1 Maximum Detectable Signal

Using the amplitude modulated, DME-like signals, the maximum detectable signal in
AGC mode was investigated. Figure 5.8 shows the output IF when the input signal is at

the maximum detectable signal power.

The results obtained using the simulator and the practical receiver are discussed next.

5.3 Simulation vs Practical System

The simulation is not automated like the real system but under manual mode, maximum
gain, the simulation is a replica of the real system. This is because the gain, the dynamic
range, and the minimum and maximum detectable signal power values of the simulation
correspond to within 1 dB with the practical system values. Therefore conclusions on the
behaviour of the real system can be drawn based on the simulation behaviour. This means
that, DME signals of various amplitudes and frequencies can be simply investigated in
the simulation, and the results can be assumed in the real system provided the same mode
is assumed.

In manual mode, maximum gain, the results in Table 5.3 were obtained for the simulation
and the practical receiver. The maximum detectable signal is the signal, which corre-
sponds to a distance of 11.5 km in slant range. In other words, the RFI measurement
system will be saturated by interference sources closer than 11.5 km. It is very unlikely
to have L-band interferences closer than 11.5 km at the core site since the closest DME
ground stations are at Sutherland which is more than 150 km from the core site. However,
should the interference sources be closer than 11.5 km, then the gain of the VGASs can
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Figure 5.8: Power spectrum of the outpul bascband signal at 10 MHz for an RF inpul
signal power of 9 dBm. The figure shows the output of the maximum detectable signal
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be manually adjusted to a moderate value and the system can then be calibrated based on
that gain value.

It can therefore be concluded that manual mode is appropriate for RFI measurements
since the gain of the receiver remains unchanged. This forms a good basis for calibrating
the RFI measurement set and producing the required graphs in the RFI protocol. Table
5.3 clearly shows that the simulation and the practical system are exact replicas of each
other, at least in manual mode.

Table 5.3: Simulation versus the Practical System in manual mode maximum gain.

B Parameter | Simulation | Practical |
Gsys-max 108 108
Dynamic Range 41 39

Max. Detectable Signal | -59 dBm | -59 dBm
Min. Detectable Signal | -100dBm | -98 dBm

Table 5.4: AGC mode results using CW signals.
[ Parameter |  Value |
Max. Detectable Signal 9 dBm
Min. Detectable Signal -96 dBm
Dynamic Range 105 dB
Gain 34 to 106 dB J

In AGC mode, using CW signals the results in Table 5.4 were obtained. Even though the
minimum detectable signal power could not be investigated using DME-like signals in
the practical system. The value obtained using CW signals can be used as a guideline. In
AGC mode, CW signals tests, the minimum detectable signal is -96 dBm. This value is
most likely to hold for the DME like signals or vary by one dB. Therefore, the receiver
will still have about 105 dB of dynamic range when measuring DME like signals. The
dynamic range is best under AGC mode and the maximum detectable signal power is
higher. Up to about 8 mW could be detected before inter-modulation products are visible
and unacceptable. But the changing gain is undesired in RFI measurements based on the
protocol specifications, and thus AGC mode is undesirable in our intended application.

The next chapter draws conclusions on the work that was done.
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Chapter 6

Conclusions and Recommendations

This chapter documents the conclusions made from the study and presents the recommen-
dations for better receiver performance, and particularly how to measure burst mode RFI
in the L-band using this receiver.

6.1 Conclusions
The conclusions of this thesis project are as follows:

e The RFI measurement system 4, can and will measure DME RFI without suffering
from compression and inter-modulation distortion.

e Manual mode and maximum gain is the preferred choice, but care must be taken for
interference sources closer than 11.5 km as they will saturate the receiver. In this
case, moderate gain will have to be used and the data calibrated accordingly.

e The measurement of RFI in AGC mode is forbidden since the gain of the AGC is
unknown and thus calibration is impossible.

To summarise the thesis objectives and how they have been met, the following can be

said:

e The SKA Memo 37 was reviewed and its requirements were understood and sum-

marised in Chapter 2.

e The L-band RFI measurement receiver was simulated in SystemView and the sim-
ulation used the real receiver as the simulation gel.

¢ The receiver was found to conform to the requirements in Table 1 of the SKA Memo
37.

e The DME signals characteristics were researched and simulated in SystemView.

These signals were used as the input to the receiver.
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e The receiver was then investigated for minimum and maximum detectable signals.
Saturation was also investigated where it was found that the receiver can withstand
power levels up to 10 dBm in AGC mode and sources as close as 11.5 km in manual

mode.

o As a final conclusion, it was found that the receiver can measure impulsive RFI in
the L-band.

o The appropriate choice for the measurement of RFI was found to be manual mode.

6.2 Recommendations
The following recommendations are drawn from the study:

1. It is recommended that the receiver’s demodulator be operated in manual mode

when RFI measurements are to be made.

2. If the receiver is to be operated in manual mode, the minimum gain of the VGAs

must never be utilised.

3. The mismatch between the filters can be improved, this is suspected to reduce false
alarm in the detection of very low power transients.

6.3 Closing Remarks

The Square Kilometer Array must be located in a remote area. This requires a thorough
investigation of Radio Frequency Interference at the site of choice. The systems used to
measure the RFI must conform to the RFI Protocol compiled by the Working Group on
RFI. The use of a spectrum analyzer to measure in the I.-band does not agree with the
protocol requirements for Mode 1 measurements. As a result, an FFT spectrometer was
proposed and built. This thesis was investigating the capability of such an instrument to
measure RFI as required by the protocol. The proposed system was found to measure RFI
as expected. It is strongly recommended that the receiver be operated in manual mode,

maximum gain during RFI measurements.
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Appendix A

ADS8347 Demodulator Data sheet

This appendix documents the specifications of the AD8347 quadrature demodulator as
found in the data sheet that was obtained from the manufacturer. The data sheet can be
found from the Analog Devices website but is included here for completeness.
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ANALOG
DEVICES

0.8 GHz to 2.7 GHz Direct Conversion

Quadrature Demodulator

AD8347

FEATURES

integrated RF and baseband AGC amplifiers
Quadrature phase accuracy 1° typ

1/Q amplitude balance 0.3 dB typ
Third-order intercept (1IP3} +11.5 dBm @ min gain
Noise figure 11 dB @ max gain

AGCrange 69.5dB

Baseband level control circuit

Low LO drive -8 dBm

ADC-compatible 1/Q outputs

Single supply 2.7Vto 5.5V

Power-down mode

28-lead TSSOP package

APPLICATIONS

Cellutar base stations

Radio links

Wireless local loop

IF broadband demodulators
RF Instrumentation
Satellite modems

GENERAL DESCRIPTION

The AD8347" is a broadband direct quadrature demodulator
with RF and baseband automatic gain control (AGC) amplifiers.
It is suitable for use in many communications receivers, performing
quadrature demodulation directly to baseband frequencies. The
input frequency range is 800 MHz to 2.7 GHz. The outputs can
be connected directly to popular A-to-D converters such as the
ADS201 and ADY233.

The RF input signal goes through two stages of variable gain
amplifiers prior to two Gilbert-cetl mixers. The LO quadrature
phase splitter employs polyphase filters to achieve high
quadrature accuracy and amplitude balance over the entire
operating frequency range. Separate I and Q channel variable
gain amplifiers follow the baseband outputs of the mixers. The
RF and baseband amplificrs together provide 69.5 dB of gain
control. A precision control circuit sets the linear-in-dB RF gain
response to the gain contro] voltage.

¢ U.S, patents issued and pending,

Rev. A
Information fumishet by Analog Devices is believed to be acaurate and reliable Howevet, no
i of other

Ita vz, nox for ary

Kckrae s granted by implicaion or otherwise Under ary patent or patat ights of Analog Devices,
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FUNCTIONAL BLOCK DIAGRAM
Lo [T} ADB347 28] LOIP
ves1[7]

IOPN | 3

IOFS |13

vRer [i4]

ooars ocr

Baseband level detectors are included for use in an AGC loop to
maintain the output level. The demodulator de offsets are
minimized by an internal loop, whose time constant is
controlled by external capacitor values. The offset control can
alsa be overridden by forcing an external voltage at the offset
nulling pins.

The baseband variable gain amplifier outputs are brought off-
chip for filtering before final amplification. By inserting a
channel selection filter before each output amplifier, high level
out-of-channel interferers are eliminated. Additional internal
circuitry also allows the user to set the dc common-mode level
at the baseband outputs.

One Technology Way, P.O. Box 9106, Norwood, MA 02062-9106, U.S.A.
Tel: 781.329.4700 www.analog.com
Fax:781.461.3113 © 2005 Analog Devices, Inc. Alt vights reserved.




AD8347

SPECIFICATIONS

Vi=5V:Ta = 25°C; Fro = 1.9 GHz: Vvano = 1 V; Far = 1.905 GHz; Pro = -8 dBm, Ruoan = 10 k€2, dBm wilh respect ta 50 €2, uniess

otherwise noted.

Table 1.
Parameter Conditions Min Typ  Max | Unit
OPERATING CONDITIONS
LO/RF Frequency Range 08 27 GHz
LO Input Leve! -10 0 dBm
VGIN Input Level 0.2 1.2 v
Vsueewy (Vs) 2.7 55 v
Temperature Range -40 +85 °C
RF AMPLIFIER/DEMODULATOR From RFIP/RFIN to IMXO and QMXO (IMXO/QMXQ load > 1 k(3}
AGC Gain Range 69.5 dB
Conversion Gain (Max) Vvon = 0.2 V {max gain} 395 dB
Conversion Gain (Min) Vvan = 1.2V {min gain) -30 dB
Gain Linearity Vign=03Vto 1V *2 dB
Gain Flatness Flo=0.8GHzto 2.7 GHz, Fus = 1 MHZ +0.7 dB p-p
Input P1 dB Vven =02V -30 dBm
Vvan =12V -2 dBm
Third-Order Input Intercept {liP3) Frer = 1.905 GHz, +11.5 dBm
Frrz = 1.906 GHz, ~10 dBm each tone, {min gain)
Second-Order Input Intercept (lIP2) | Far- = 1.905 GHz, +25.5 dBm
Frr2 = 1.906 GHz, -10 dBm each tone, {min gain)
LO Leakage (RF) At RFIP -60 dBm
LO Leakage (MXO} AtIMXO/QMXO -42 dBm
Demodulation Bandwidth -3d8B +90 ; MHz
Quadrature Phase Error Fer = 1.9GHz -3 +1 +3 } degree
1/Q Amphtude Imbalance Fer = 1.9GHz +0.3 dB
Noise Figure Max Gain 1 dB
Mixer AGC Output Level See Figure 34 24 mVp-p
Baseband DC Offset AtIMXO/QMXO, max gain {corrected, REF to VREF) 2 my
Mixer Qutput Swing Level at which IMD3 = 45 dBc
Riowp = 200 (2 65 mvp-p
Riosp = 1 kO 65 mVp-p
Mixer Output Impedance 3 9]
BASEBAND OUTPUT AMPLIFIER From [AIN to iOPP/IOPN and QAIN to QOPP/QOPN
Riosn = 10 kO
Gain 30 dB
Bandwidth -3 dB (see Figure 22) 65 MHz
Qutput DC Offset (Differential) {Viow = Viom} —200 +50 +200 | mV
Common-Mode Offset (Viore + Viorn)/2 = Vivco -40 x5 +40 mv
Group Delay Flatness 0MHz to 50 MHz +1.8 nsp-p
Second-Order Intermod. Distortion | Fin1 =5 MHz, Fn2 = 6 MHZ, Vix] =Vin2 =8 mV p-p ~49 dBc
Third-Order Intermod. Distortion Fin1 =5 MHz, Fin2 = 6 MHZ, Va1 =Vin2 =8 mV p-p -67 dBc¢
Input Bias Current +2 pA
Input Impedance ni3 MQ)lpF
Qutput Swing Limit (Upper) Vs—13 v
Qutput Swing Limit {Lower) 04 \

Rev. A | Page 3 of 28
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AD8347

Parameter Conditions Min Typ Max | Unit
CONTROL INPUT/OUTPUTS
VCMQ Input @Vs=27V 1 "
@Vs=5V 0.5 1 25 \
Gain Control Input Bias Current VGIN <1 A
Offset Input Overriding Current |OFS, QOFS 10 HA
VREF Output Rioan = 10kQ 0.95 100 105 vV
RESPONSE FROM RF INPUT TO FINAL | IMXC and QMXO connected directly to 1AIN and QAIN, I
BB AMP respectively
Gain @ Vven =0.2V 655 695 725 dB
Gain @ Won= 1.2V -3 +0.5 +4 dB
Gain Slope ~965 -89 -82.5 | dB/V
Gain Intercept Linear extrapolation back to theoretical value at VGIN = 0 88 94 101 dB
LO/RF INPUT | (See Figure 30 through Figure 33 for more detail)
LOIP Input Return Loss Measuring LOIP LOIN, ac-coupled to ground with 100 pF. -4 d8
Measuring through evaluation board balun with termination -9.5 d8
RFIP Input Return Loss RFIP input pin -i0 d8
ENABLE
Power-Up Control Low = standby 0 05 v
Power-Up Control High = enabled Vs =1 +Vs v
Power-Up Time Time for final BB amps to be within 90% of final amplitude
@Vs=5V 20 us
@Vy=27V 10 [
Power-Down Time Time for supply current to be <4 mA
@Vs=5V 30 us
@V,=27V 1.5 ms
POWER SUPPLIES VPS1,VPS2,VPS3
Voltage 27 5.5 v
Current (Enabled) @sVv 48 64 80 mA
Current (Standby) @5V 400 HA
Current {Standby} @33v 80 WA

Rev. A| Page 4 of 28
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AD83417

THEORY OF OPERATION

VPS1  VPS2 VPS3  VREF INXO 1OFS
2 12 (21 (14, L) 13
ADB347
BIAS
ensL (S
CELL VREF
RFIN (8 [\/‘
AAP (1)
GAIN
VGIN (D coNTROL
INTERFACE

AN IOPP 10PN
D Q 3

VRAEF

S
VDT1 VAGC VDT2

QMX0 QAFs

2%
QAIN GOPP  QOPN

Figure 45. Block Diagram

‘The AD8347 15 a direct I/Q demodulator usable in digital
wireless communication systems including celtular, PCS, and

digutal video receivers. An RF signal in the frequency range of
800 MHz to 2,700 MHz is directly downconverted to the [ and
Q componcents at baseband using a local oscillator (LO) signal

at the same {requency as the RF signal.

The RF input signal goes through two stages of variable gain

amplifiers before splitting up to reach two Gilbert-cell mixers.

The mixers are driven by a pair of LO signals which are in

quadrature (90 degrees of phase difference). The outputs of the

mixers are applied to baseband I-channel and Q-channel
variable gain amplifiers. The outputs from these baseband
variable gain amplifiers are brought out to pins for external

filtering. The filter outputs are then applied to a pair of on-chip,

fixed gain, baseband amplifiers. These amplifiers gain up the

outputs from the external filters to a level compatible with most

A-to-D) converters. A sum of squares detector is available for

use in an aulomatic gain control (AGC) loop to set the output

level. The RF and baseband amplifiers provide approximately

69.5 dB of gain control range. Additional on-chip circuits allow

the setting of the dc level at the I-channel and Q-channel
baseband outputs, as well as nulling the dc offset at each
channel.

RF VARIABLE GAIN AMPLIFIERS (VGA)

These amplifiers use the patented X-AMP* approach with NPN
differential pairs separated by sections of resistive attenuators.

The gain control is achieved through a gaussian interpolator
where the control voltage sets the tail currents supplied to the
vanous differential pairs according to the gain desired. In the
first amplifier, the combined output currents from the
transconductance cells go through a cascode stage to resistive
loads with inductive peaking. In the second amplifier, the

VCMO

LOIN

LoiP

Ccom3
COM2
com3

com1

Py

differential currents are split and fed to the two Gilbert-cell
mixers through separate cascode stages.

MIXERS

Two double balanced Gilbert-cell mixers, one for each channel,

perform the in phase (I) and quadrature (Q) down conversion.
Each mixer has four cross-connected transistor pairs that are
terminated in resistive loads and feed the differential baseband

variable gain amplifiers for each channel. The quadrature LO

signals drive the bases of the mixer transistors.

BASEBAND VARIABLE GAIN AMPLIFIERS

The baseband VGAs also use the X-AMP approach with NPN
differential pairs separated by sections of resistive attenuators.

The same interpolator controlling the RF amplifiers controls the
tail currents of the differential pairs. The outputs of these amplifiers
arc provided off chip for external filtering. Automatic offset
nulling minimizes the dc offsets at both [- and Q-channels. The
common-mode output voltage is set to the same level as the
reference voltage (1.0 V) generated in the Bias cell, also made
available at the VREF pin (see Figure 45).

OUTPUT AMPLIFIERS

"The output amplifiers gain up the signal coming back from each of
the external filters to a level compatible with most high speed A-to-
D couverters. These amplifiers are based on an active feedback
design to achieve high gain bandwidth with low distortion

LO AND PHASE SPLITTERS

The incoming LO signal is applied to a polyphase phase splitter
to generate the LO signals for the 1-channel and Q-channel
mixers. The polyphase phase splitters are RC networks
connected in a cyclical manner to achieve gain balance and
phase quadrature. The wide operating frequency range of these
phase splitters is achieved by cascading multiple sections of

Rev. A] Page 16.0f 28
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AD8347

these networks with staggered RC constants. Each branch goes
through a buffer to make up for the loss and high frequency
roll-off. The output from the buffers then goes into another
polyphase phasc splitter to enhance the accuracy of phase
quadrature. Each LO signal is buffered again to drive the
mixers.

OUTPUT LEVEL DETECTOR

To create an AGC voltage (VAGC), two signals proportional to
the square of each output channel are summed together and
compared to a built-in threshold. The inputs to this rms
detector are referenced to VREE

BIAS

An accurate reference circuit generates the reference currents
used by the different sections. The reference circuit is controlled
bv an external power-up (ENBL) logic signal that, when set low,
puts the whole chip into a sleep mode typically requiring less
than 400 pA of supply current. The reference voltage (VREF) of
1.0V, that serves as the common-mode reference for the
baseband circuits, is made avaitable for external use. The VREF
pin should be decoupled with a 0.1 pF capacitor to ground.

Rev. A | Page 17 of 28

60




Appendix B

Distance Measuring Equipment Theory

DME stands for Distance Measuring Equipment. The DME is a medium range civil nav-
igation aid system. The DME system’s main components are shown in block diagram
form in Figure B.1. The DME system uses a time delay method for measuring the dis-
tance from an aircraft to a ground station. The aircraft begins determining its distance by
transmitting short pulse pairs at a maximum of 150 pulse pairs per second on the receive
frequency of the selected ground station. After a fixed 50 microseconds delay from the
received pulse time, the ground station transmits a pulse pair back to the aircraft on a
frequency either 63 MHz higher or lower than the aircraft’s transmission frequency. By
measuring the delay between the transmitted and received pulses, less 50 microseconds,
the aircraft’s DME unit can determine its distance from the ground station. This gives
the slant-range distance rather than horizontal distance, but the latter can be computed
from knowledge of the aircraft’s altitude and the elevation of the ground station. The 50
microseconds delay called the fundamental delay is introduced so that an aircraft which
is flying very close to the beacon can complete transmission of the encoded interrogating
pulse pair, and then deactivates its own transmitter, before its receiver begins receiving
the corresponding beacon reply pulses.

The DME system operates in the frequency range 962 to 1213 MHz. The ground-to-air
transmissions are confined in the 962 - 1024 MHz and 1151 - 1213 MHz bands. The
1025 - 1150 MHz is for the air-to-ground portion of the service. Sharing this band are
the radar transponder systems which use 1030 MHz for ground-to-air and 1090 MHz for
air-to-ground. Secondary Surveillance Radars (SSR) or radar transponders are located in
the ground and continuously transmit interrogation pulses. Any aircraft within range, that
contains an operating transponder listens for a SSR signal and sends a 4 digit transponder
code that identifies itself. The aircraft is then displayed as a tagged icon on the controller’s

radar screen.

Of interest to this project is the air-to-ground portion of the spectrum. This is because
any transmitting aircraft responding to either a DME ground stations or a SSR transponder
will interfere with any radio astronomy telescope in its line-of-sight.
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Figure B.1: DME System General Block Diagram.
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B.1 DME Frequency Channels

DME transmission frequencies are 1 MHz apart. There are 126 aircraft transmission
channels starting from channel 1 at 1025 MHz up to channel 126 at 1150 MHz. There are
two transmission modes for each aircraft transmission channel, that is Mode X and Mode
Y. In Mode X, the ground station transmission frequency is 63 MHz below the aircraft
transmission frequency for channels 1-63 and 63 MHz above the aircraft frequency for
channels 64-126. In Mode Y, the ground frequency is 63 MHz above the aircraft fre-
quency for channels 1-63 and 63 MHz below the aircraft frequency for channels 64-126.
Hence, in Mode Y the ground station transmissions are in the air-to-ground band. The
illustration in Figure B.2 shows the DME Channels reply and interrogation frequencies.
To render the system as immune as possible to errors caused by aircraft and ground sta-
tion transmissions on the same frequency and random interferences, pulses are always

transmitted in pairs.

AIR TO GROUND

TTT T+ TTTT l1025 1088 1089 1150 TTT T
NN R R R R RN RN *{U}g{:;}tﬂ_Ugg!{;;;;;w
R NN RN o SRR RN R R RN ARERt
\\\i;’!;‘\l\\\i!l‘l%\) | ‘\\\\\r!\\\[l\\\\vr \\\\\lli

EESERRRRRRRRRE :MOdeX Mode X VLt
SRR ER Below 63 Above 63 MHz AR RN R R AR R R R R
n

SR EERRREE EEREREERRREER

AR RERERRRRRRENEY EERERREN !
Phpirrtiriiiinni EEREEEERRRRNRARE I
HIEHRHEHHT N Below 63 MHz IR R RRR RN
}];“"1\\\\V‘i\\\\;!ll‘ui\i \‘\\wl\\\.\\\\\‘l\\\\\\\\\H
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SRR R R AR ER RS i i
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CHANNELS
Figure B.2: DME Channels Reply and Interrogation Frequencies.
In Mode X:

e the interrogating (aircraft) pulses are 12 microseconds apart, and the reply (ground

station) pulses are 12 microseconds apart.
In Mode Y:

¢ the interrogating (aircraft) pulses are 36 microseconds apart, and the reply (ground

station) pulses are 30 microseconds apart.
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B.2 DME Signal

B.2.1 Characteristics

According to the research done by Fisher [9] at the National Radio Astronomy Obser-
vatory using the Green Bank Telescope, the DME pulses are approximately Gaussian in
shape as a function of time, with a half-amplitude full-width of 3.5 microseconds. The
pulse is approximated by the following equation:

V(t) o e—O.S(t/a)2 _ 64.).7726(z/W)2 (B.1)

where ¢ is time, and W is the full-width half-maximum pulse width in the same units as ¢.

B.2.2 Power

The DME peak pulse power is different for each aircraft depending on the manufacturer.
However, the peak pulse power from a transmitter on a large jet aircraft is typically 300
watts [9]. The transmitter peak power for ground stations is between 100 Watts and 1000
Watts, depending on the station’s intended service [9]. The voltage amplitude of the pulse
in equation B.1 is one. Since peak pulse power for aircraft transmitters is 300 W, then
assuming a 50 €2 impedance, the corresponding peak voltage is:

Vieak = / Ppea [t = 122.5[V] (B.2)

where 7 is the impedance. Therefore, the transmitted pulse from the aircraft is given by:

V(t) = 122.5 x e 27728/ [y] (B.3)
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Appendix C

Simulation Tests Plots

The tollowing plots shew the power spectrum of the demodulated signal at different RE
power levels for the same local oseiliator frequency. The RE signal i all cases is the

simulated DME signal and the receiver is al maximum gain.

C.1 DME Signal for Maximum Gain

Fower Specietin af DME aignal

Pawel ocaBm
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Figure C.1: Power spectrum of the IF output signal at 1) MHz for an input RE signal
power at -90 dBn.
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Figure C.2: Power spectrum of the IF output signal at 10 MHz for an input RF signal
power at -80 dBm_
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Figure C.3: Power spectrunt of the 117 output signal at 10 MHz for an input RF signal
power at -70 dBm.
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Figure C.4: Power spectrum of the §F output signal at 10 MHz for an input RF signal
power at -60 dBn.

o =

ligure C.5: Power spectrum of (he IF output signal at 10 MHz for an input RF signal
power at -58 dBm. The inter-modulation products are unacceptable above -58 dBm as
described in Chaptler 4.




C.2  Two-tone testing
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Figure C.6: Power spectrum of the [V ouiput signals showing the locations and power
levels of the 3rd-order products for an input RF signal power at -90 dBm.
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Figure C.7: Power spectrum of the IF output signals showing the locations and power
levels of the 3rd-order products for an input RE signal power a1 -70 dBm.
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Figure C.8: Power spectrum of the IF output signals showing the locanons and power
levels of the 3rd-order products for an input RF signal power al -39 dBm. The 3rd-order

produets are very unacceptable,




Appendix D

Practical Tests Apparatus and Plots

D.1 Signal Generators Used

The following photographs show the signal generators that were used for the tests and

how the equipment was sel-up

Figure D_1: The two signal generators used 1o produce the RF and 1.0 signals. The bottom
generator produces the 1.0 signal.
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Figurc 13.2: The reeciver enclosure with the RE and LO connectns in the front. The
In-phase and Quadrature signals from the demaodulator are labelled Tout and Qout,

Figure 1.3 The back of the PC where the digitiser is located, The Tand Q signals are fed
inter the PCM 480 card that samples the two channels al 105 MSPS.
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Figure D.4: The power spectrum plots of the demodulated signal trom the purposc written
soltware.

The red plot traces the minimun transients, the bluce 1s the actual power level of the signal
and the grecn plot traces the maximum signal. If the trequency of the RF or LO is varicd

the location of the [F changes as shown by the green plot

D.2 Continuous Wave

The following plots serve to show the power spectrum of the IF signal for various RF
signal power levels. The plots further serve to show the RE signal power levels that
saturate the receiver under different modes and different receiver gain values.

D.2.1 Manual Mode

Minimum (sain

The LO frequency, 1020 MHz, represents () MHz in this tigure (or is used as a reference
taken to be equal to zera)
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Power Specirum of the IF @ 10 MHz
{RF power -25 dBm)
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Figure D.5: Power spectrum of the output 1F sipnal at 10 MHz {or 1010 MHz in the
figure) fur an RF input sipnal power of -25 dBm.
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Figure D.6: Power spectrum of the output IF signal at 10 MHz (or 1010 MHz in the
figure) for an RF input signal power of 10 dBm.
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Figure D.7: Power spectrum of the output IF signal at 10 MHz for 1010 MHz in the
figure) for un RF input signal power of 12 dBm.
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Figure 1.8, Power spectrum of the output IF signal at 10 MHz for 1010 MHz in the
figure) for an RI¥ input signal power of -90 dBm.
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Figure D.9: Power spectrum of the output TF signal at 10 MHz {or 101{) MHz 1n the
figure) for an RF input signal power of -70 dBm.
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Figure D.10: Power spectrum of the cutput IV signal at 10 MHz (or 1010 MHz in the
figure) for an RF input signal power of -537 dBm.




D.2.2 AGC Mode
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Figure D.11: Power spectrum of the oulput IF signal al 10 MHz {or [310 MHBz 1n the
figure} for a RE input signal power of -98 dBm.
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Figure D.12: Power spectrum of the ouiput IF signal al 10 MHz {or 1310 MBz in the
figure) for a RF input signal power of -80 dBm.
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Figure D.13: Power spectrum of the output 1F sipnal ar 10 MHz (or 1010 MHz in the
ligure) for a RF inpul signal power of -40 dBm,
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Figure D.14: Power spectrum of the output IF signal at 10 MHz {or 1010 MHz n the
figure) for a RTF npui signal power of -4t dBm.
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Figure D.15: Power spectrum of the output [F signal at 10 MHz (or 1010 MHz in the
figure) for a RF input sagnal power of 12 dBm.
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Figure D.16: Power spectrum of the cutput TF signal at 10 MHe {or 1000 MHz in the
figure} for a RF input signal power of -4 dBm.
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Figure 1.17; Power spectrum of the output 1F signal a1 10 MHz {or 1000 MHz in the
figure) for a RF put signal pewer of -1 dBm.
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Figure D.18: Power spectrum of the output IF signal ai 10 MHz (or 1000 MHz n the
figure) for a RF input sagnal power of 11 dBm.




Appendix E

Matlab Signal Processing

The Matlab code used to combine the In-phase and Quadrature data from the simulation
and produce a plot of the power spectrum of the IF signal versus the frequency is given
below.

I = in-phase; % this is the text file that contains the in-phase data
Q = quadrature; % this is the text file that contains the in-phase data
Com = complex(1,Q),

Y = FFT(Com,1024);

Pyy =Y *.conj(Y)/1024;

PyydBm = 10*log(Pyy)+30; % convert to dBm
f=100%(-512:511)./1024; % set the frequency range
plot(f,PyydBm),; grid on

title(’ Power Spectrum of DME signal’)

xlabel( ' Frequency in MHz’)

vilabel('Power in dBm’)
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