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Abstract

This dissertation describes the development and construction of the Multi-frequency Interferometer
Telescope for Radio Astronomy (MITRA) at the Durban University of Technology. The MITRA station
consists of 2 antenna arrays separated by a baseline distance of 8 m. Each array consists of 8 Log-
Periodic Dipole Antennas (LPDAs) operating from 200 MHz to 800 MHz. The design and construction
of the LPDA antenna and receiver system is described. The receiver topology provides an equivalent
noise temperature of 113.1 K and 55.1 dB of gain. The Intermediate Frequency (IF) stage was
designed to produce a fixed IF frequency of 800 MHz. The digital Back-End and correlator were
implemented using a low cost Software Defined Radio (SDR) platform and Gnu-Radio software. Gnu-
Octave was used for data analysis to generate the relevant received signal parameters including total
power, real, and imaginary, magnitude and phase components. Measured results show that
interference fringes were successfully detected within the bandwidth of the receiver using a Radio
Frequency (RF) generator as a simulated source. This research was presented at the IEEE Africon

2013 / URSI Session Mauritius, and published in the proceedings.
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Chapter 1: General Introduction

1.1. Project background and overview

This project concerns the development of a Multi-frequency Interferometer Telescope for Radio
Astronomy (MITRA). MITRA is an international collaborative project between the University of
Mauritius (UoM) and the Durban University of Technology (DUT). MITRA functions initially as a
two element interferometer. Each element is a station of 16 antennas. The first element is
located at Bras d’Eau, Poste de Flacg, Mauritius and the second at DUT. Both elements,
separated by a distance of 2400 km, will be used to form a very long baseline interferometer
(VLBI). Each station will be independently controlled. The purpose of this research was to

develop the DUT station of the MITRA project.

1.2. Definition of concepts

A telescope for radio astronomy is defined as a radio system designed to collect electromagnetic
radiation from the universe so as to permit the radiation to be analyzed [1]. Radio telescopes
are used to study naturally occurring radio emission from stars, galaxies, quasars and other

astronomical objects at specific frequencies [2].

The frequency range in radio astronomy is defined by three factors: atmospheric transparency,
technology, and fundamental limitations imposed by quantum noise. The Earth’s atmosphere
absorbs electromagnetic radiation at most infrared, ultraviolet, X-ray, and gamma ray
wavelengths. There are only two atmospheric windows suitable for ground-based astronomy:

the radio wave band and the visible wave band. The two atmospheric windows constitute the



frequency ranges of the electromagnetic spectrum in which most radiation reaches the ground

[3].

The visible wave band is relatively narrow in terms of logarithmic frequencies or wavelengths.
Early astronomical observing was limited to visible objects: stars, clusters, galaxies of stars, hot

ionized gas, and objects shining by reflected starlight (planets, moons) [3].

The radio window is much wider than the visible window. It includes a wide range of
astronomical sources, including thermal and non-thermal radiation mechanisms. The
atmosphere is not perfectly transparent at any radio frequency. The Earth’s ionosphere
prevents ground-based observations at frequencies below 10 MHz (A = 30 m). Cosmic radio
waves having frequencies below 10 MHz are usually reflected back into space by the Earth’s

ionosphere. The radio window is exceptionally broad from 10 MHz to 1 THz [3].

The MITRA telescope is a multi-frequency interferometer. By definition, an interferometer is an
instrument that achieves high angular resolution by combining signals from at least two
separated telescopes or two antenna arrays [3]. The angular resolution of a telescope is the
smallest angle between two distinct objects that can be resolved. It is the ability of a telescope

to distinguish fine detail.[4].

Angular resolution is one of the basic requirements of a telescope. It depends on the size of the
telescope aperture. To be useful as a radio telescope, the antenna must have a large effective
aperture. The ideal radio telescope should have a large collecting area to detect faint sources [3,

5].



For parabolic dish telescopes, the resolution depends on the dish diameter (see Equation 1.1).
The bigger the dish, the higher the resolution. The construction of a large diameter dish
becomes an engineering challenge, especially if the dish needs to be fully steerable because the

mechanical structure, control system, and maintenance become more demanding.

The angular resolution of single-dish radio telescopes is often inadequate. The radio band is too
wide (five decades in wavelength) to be covered effectively by a single telescope design [3, 5].

The angular resolution & is given by Equation 1.1 [6]:
A
0 = 1.22-5 [rad] (1.1)

The inadequateness of a single-dish telescope regarding the angular resolution can be

demonstrated using some practical examples.

The Hartebeesthoek 26 m diameter radio telescope is currently equipped with receivers to

cover the 18 cm, 13 cm, 6 cm, 5 ¢cm, 4.5 cm, 3.5 cm, and 2.5 cm wavelength bands [7].

At 18 cm wavelength, the telescope in this study should provide an angular resolution of 0.0084

radians or 1 742.44 arcsec.

The Green Bank Telescope (GBT) is the world largest fully steerable single-dish telescope. It is a
100 m diameter dual offset Gregorian reflector radio telescope operating in the frequency range
100 MHz to 115 GHz (wavelength = 3 m to 2.6 mm). For this telescope, the 18 cm wavelength is

covered by the L-Band (1.15-1.73 GHz) receiver [8].



At 18 cm wavelength, the GBT telescope should provide an angular resolution of 0.0021 radians

or 453.03 arcsec.

It can be seen that at the same wavelength, the angular resolution of the Hartebeestoek
telescope is 3.84 times lower than the resolution of the Green Bank Telescope. This is exactly

the proportion between 26 m and 100 m dish diameters.

The Very Long Baseline Array (VLBA) is an array of ten parabolic antennas at different stations
distributed over the United States. Several other radio telescopes often participate in VLBI
observing in conjunction with the VLBA. At the 18 cm wavelength band, the VLBA array provides

an angular resolution of 4.3 milliarcsec [9].

Using Equation 1.1, the VLBA telescope would theoretically require a parabolic antenna with a

diameter of 10 534 km. Building such a telescope would not be possible.

This distance (10 534 km) is approximately the baseline between the Mauna Kea (MK) station in

the USA and the Effelsberg (EB) station in Germany when the VLBA operates in VLBI observation

[9].

The surface brightness and angular size of radio sources span an even wider range, so a
combination of single telescopes and aperture-synthesis interferometers are needed to detect
and image them. It is not practical to build a single telescope that is even close to optimum for
all of radio astronomy. Interferometer techniques are used to provide larger dimensions to the

total aperture so as to improve the resolution [3, 5].



Radio telescopes vary widely, but they all have two basic components: a radio antenna and a
sensitive radio receiver. The sensitivity of a radio telescope is the ability to measure weak
sources of radio emission. It depends on the collecting area and efficiency of the antenna, and
the sensitivity of the radio receiver used to detect signals. For broadband continuum emission,
the sensitivity also depends on the bandwidth of the receiver. Because cosmic radio sources are
extremely weak, radio telescopes are usually large and only the most sensitive radio receivers
are used. Moreover, weak cosmic signals can be easily masked by terrestrial radio interference,

and great effort is taken to protect radio telescopes from artificial human related interference

[2].

As part of the specifications the MITRA telescope will not operate at a single frequency. It will be
operational for a range of frequencies from 200 MHz to 800 MHz. A number of interesting
astrophysical emissions and phenomena can be analyzed in this band: galaxy evolution, radio
galaxy physics, clusters of galaxies, black holes, relics of radio emission, gas and star formation

[10].

1.3. Briefscience case for MITRA

Presently most radio telescopes carrying out low frequency observations are found in the
northern hemisphere. Important objects for study, e.g. the centre of the Milky Way and the
Large and Small Magellanic clouds (LMC & SMC) are only visible from the southern hemisphere.
A large percentage of astronomical objects radiate more strongly at lower frequencies as
received from the southern hemisphere, which is where MITRA will operate from. The MITRA
telescope will be able to address the following areas of research [11]:

e Solar: flares, coronal mass ejections.



Solar flares and coronal mass ejections are important factors in the variation of space
weather and the danger they pose to satellites and power grids. This solar emission is
generally stronger at lower frequencies, where the low frequency array can observe and
monitor them.

The Milky Way and the galactic centre star forming regions.

It is important to study our galaxy, the Milky Way, as it is the building block of the large
scale structures in the Universe. It is speculated that a super massive black hole is found
at the galactic centre and radio observations suggest its existence. More low frequency
observations are required. Also low frequency observations of star forming regions can
give important insights into their formation and the chemistry of the Milky Way.

Clusters of galaxies.

Clusters are strong radio emitters. They can be used to trace baryonic matter in the
universe. More accurate maps of clusters may help to identify the underlying dark
energy in the universe.

Pulsars.

Pulsars are rapidly rotating neutron stars. Insights into condensed matter physics can be
derived from observations of pulsars. Pulsar profiles change with frequency. Monitoring
pulsars over a wide frequency range can lead to new discoveries of hitherto unknown
mechanisms, for example science from observations of the glitches occurring in the Vela
pulsar.

Supernova Remnants.



A better analysis of supernova remnants can be gained by observing the interaction of
shock waves with the cosmic plasma and dust using this low frequency array.
Furthermore, the interstellar medium can also be studied by this interaction.

Transient sources.

There is great interest in understanding transient sources. Low frequency target-of-
opportunity observations of such objects will provide data necessary to better
understand them.

Spectral and recombination line observations.

Spectral and recombination line observations afford observers the opportunity to study
the astro-chemistry of the Milky Way and other objects.

Study of spectral indices of sources.

Galaxy type identification is greatly improved through the study of spectral indices of
radio sources. Low frequency spectral index studies that can be performed by this new
array will provide statistical information on various galaxy populations.

Interstellar scintillation: lower end of spectrum.

Interstellar scintillation is important in the study of interstellar plasma.

Jupiter.

Radio emission from Jupiter peaks at about 22 MHz. Observations of Jupiter's emission
at higher frequencies can assist in the study of its magnetic fields.

lonospheric and Space Weather.

The radio study of ionospheric mechanisms can provide crucial data on space weather.



1.4. Proposed MITRA signal chain

The MITRA telescope was implemented following the general block diagram shown in Figure
1.1. The MITRA telescope signal chain consists of 2 segments. The outdoor segment or Front-
End segment consists of two antenna arrays separated by a distance of 8 metres. Each array is a
set of eight dual-polarized log-periodic dipole antennas (LPDAs). The LPDAs provide dual
polarized outputs which are filtered and amplified. The indoor segment consists of the
Intermediate Frequency (IF) stage and the Digital Back-End. Each antenna array is formed using

an 8-way combiner [12]. By grouping the antennas into an array, the directivity is increased [13].

After the combiner, a fibre optic transmitter is used to convert the RF signal to a fibre optic
signal. Four fibre optic cables are used to transport the signals to the indoor segment. The first

operation in the indoor segment is the optical-to-RF conversion using a fibre optic receiver.

Ant.1 Ant.8

Fibre optic

Fibre optic

Rubidium 10 MHz Wixer
Time Standard = LO I - == |IF Stage
o AL
. Digital

Back-End

1PPS

Figure 1.1. General block diagram of the MITRA telescope
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The IF stage is designed to have 800 MHz as the system IF. The Digital Back-End section was
implemented in Software Defined Radio (SDR) architecture. The Universal Software Radio
Peripheral (USRP) and Gnu-Radio software is used for the Digital Back-End. A GPS-disciplined

Rubidium time standard is used for time synchronization and phase coherence.



Chapter 2: Design and Construction of the Dual-polarized Log-periodic

Dipole Antenna (LPDA)

2.1. Introduction

This chapter focuses on the design and construction of the dual-polarized log-periodic antenna
(LPDA) for the MITRA array. The design process started with a single-polarized LPDA. The

concept of a dual-polarized LPDA was implemented in the construction phase [13].

The LPDA is a series-fed array of parallel wire dipoles of successively increasing lengths outward
from the feed point at the apex [14]. The LPDA introduces a radiation pattern and directivity
typically between 7 and 15 dBi. However the driven element shifts with the frequency. This is
why the LPDA offers a wide bandwidth. The reason for this antenna being called a log-periodic
antenna is that its input impedance is a periodic function of the logarithm of the frequency.
Other parameters that undergo similar variations include the radiation pattern, directivity and

beamwidth [15].

2.2. Fundamental considerations

Figure 2.1 shows the geometric dimensions of the log-periodic dipole antenna [15]. The LPDA
consists of many dipoles of different lengths. Each element is connected to the source. The
antenna is divided into the so-called active region and inactive regions. The role of a specific
dipole element is linked to the operating frequency: If its length, L, is approximately half a
wavelength, it is an active dipole and within the active region. If its length is greater than half a
wavelength, it is in an inactive region and acts as a reflector. If its length is less than half a

wavelength, it is also in an inactive region but acts as a director. The highest frequency is
10



basically determined by the shortest dipole length (Ly) while the lowest frequency is determined

by the longest dipole length (L;) [15].

Figure 2.1. Geometric dimensions of the LPDA

For the geometrical dimension analysis, the following notations are used:
Ls: the length of the boom before the first element,

L,,: the length of the element n, wheren =1, 2,3, ...

Sn: the spacing between elements nand n + 1;

d,,: the diameter of the element n;

Jn: the physical gap between the poles of the element n.

They are related to the scaling factor T in Equation 2.1.

L L S d
= L2 _ b1 on+1 _ Gna1 In+1 <1 2.1)
Ln Ln Sn dn gn

and the spacing factor o in Equation 2.2.

—Sl—S”<1 2.2
= 2L, 2L, (2:2)
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As shown in Figure 2.1, two straight lines through the dipole ends form an angle 2a, which is a
characteristic of the frequency-independent structure. The angle « is called the apex angle of

the log-periodic antenna, which is a key design parameter and can be found from Equation 2.3.

_ 1 Lp = Lpy) _ (1 —7) _ L (A-7)
a = tan™?! (T) = tan~! (T) = tan 1< pp ) (2.3)

These relations hold true for any n. From the operational principle of the antenna and the

frequency point of view, Equation 2.1 corresponds to:

Ln+1 — fn
Ln fn+1

T= (2.4)

Where f,, is the resonant frequency of element n. Taking the logarithm of both sides, we have:

lOg(T) = log(fn) - log(fn+1) (2.5)

log(fa+1) = log(f) — log(7) (2.6)

This means that the resonant frequency in log scale is increased by every |log(t)|. Thus, the
performance of the antenna is periodic in a logarithmic fashion, hence the name log-periodic

antenna.

The relation between the directivity as a function of the scaling factor T and the spacing factor o
is summarized in Table 2.1. This table can be used to compute the physical dimensions. It is
apparent that the higher the directivity the larger the scaling factor and spacing factor, but the

smaller the apex value.
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Another important aspect of the design is the antenna input impedance which can be tuned by
changing the diameter d of the element and the feeding gap g between the two poles [15].

g = d.cosh(Z,/120) (2.7)

Where Z, is the characteristic impedance of the feed line.

Table 2.1. Optimum design data for the LPDA

Directivity (dBi) | Scaling factor T | Spacing factor ¢ | Apex angle a
7 0.782 0.138 21.55°

7.5 0.824 0.146 16.77°

8 0.865 0.157 12.13°

8.5 0.892 0.165 9.29°

9 0.918 0.169 6.91°

9.5 0.935 0.174 5.33°

10 0.943 0.179 4.55°

10.5 0.957 0.182 3.38°

11 0.964 0.185 2.79°

L. > Amax — c
te 2 fmin
Lo > Amin — c
N= 2 fmax
, _ 1 e
fmm L_N — LN 1 -1 1
fmax Ll Ll
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In practice, the most likely scenario is that the design frequency range is given from

fmin t0 fmax- The following equations may be employed for the design [15]:




o)

— VUmax/ +1 (2.11)

M=\ "y

where c is the velocity of an electromagnetic wave in free space.

A design example in [15] has demonstrated that the calculated number of elements (in Equation
2.11) must be increased by 2. This is a precautionary measure to make sure that the desired

directivity will be achieved [15].

Once the physical dimensions are obtained, it is desirable to find the radiation pattern. The best

approach for this is to use a software package to complete this task [15].

The antenna feed should be shorted at a distance L, behind the longest element L;. The short
acts as a reflector. Its distance from L; can be calculated from Equation 2.12 [15]. This
corresponds to the section of the boom before the longest element L; also known as a shorting

stub [16].

Ly=— (2.12)

When the spacing between elements is determined using Equation 2.2, the total length L; of

the antenna is given by Equation 2.13.

L=L,+ Z S, (2.13)

In theory, the dipole diameter and feed gap at an element should also be scaled as indicated in
Equation 2.1, but in practice this is sometimes hard to achieve [15] as it complicates the physical

construction of the antenna.
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2.3. MITRA LPDA physical dimensions (Calculation)

The MITRA antenna was designed based on the following parameters:
® fmin =200 MHz
®  finax =800 MHz
e directivity G = 8.5 dBi (average value in Table 2.1)
e scaling factor T = 0.892
e spacing factor 0 = 0.165
e diameter of element: 6 mm

e Boom width: 15 mm

Applying Equation 2.11, the number of elements gives N = 13 elements. As stated in Section 2.2,
the calculated number of elements should be increased by 2 to achieve optimum performance.
The total number of elements is therefore:
N =15 elements

Using Equation 2.8 and Equation 2.2, the element lengths as well as the distance between
elements were calculated and are shown in Table 2.2.
Using Equation 2.12, the distance to the shorting stub was calculated as:

Lg =18.8cm
Applying Equation 2.13, the total antenna length, from the longest to the shortest element, was
calculated as:

L, =18m
Including the shorting bar, the overall antenna length is 2 m. Figure 2.2 shows the physical

dimensions of the MITRA LPDA.
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Table 2.2. Calculated element lengths and distance between elements

Element length (cm) | Spacing (cm)
Ly 75.0 S1 24.8
L, 66.9 S, 22.1
L 59.7 S 19.7
Ly 53.2 Sy 17.6
Ls 47.5 Ss 15.7
Lg 42.4 S 14.0
L, 37.8 S5 12.5
Lg 33.7 Sg 111
Lo 30.1 So 9.9
L1o 26.8 S10 8.8
Liq 23.9 S11 7.9
Ly, 213 S12 7.0
Li3 19.0 Si3 6.3
Lis 17.0 S1a 5.6
Lis 15.1 Sis ----

2.4. Simulation and optimization

LPCAD software [17] was used to verify the physical dimensions calculated in Section 2.3. The
same design parameters discussed in Section 2.3 were considered. The element length and
spacing were computed, and are given in Table 2.3. For example, L, is the total dipole length of
the longest element 1. The spacing S; is the distance between elements 1 and 2. It can be seen

that the simulated results correlate with the calculated ones [12].

The LPCAD file was exported into 4nec2 antenna design software [18] for simulation. It should
be mentioned that the simulator was not able to design a dual-polarized LPDA. Figure 2.3 shows
a single-polarized LPDA antenna under simulation. A ground plane was used and the antenna
was mounted vertically. The number of elements (15) is the same as determined from the

calculation in Section 2.3.
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Figure 2.4 shows the simulated result of the Voltage Standing Wave Ratio (VSWR) between 200-

800 MHz. It can be seen that across the band the average value of the VSWR is below 2.

L=18m

v

A

Ls=18.8cm

26.8cm
23.9cm

66.9 cm
53.2cm
475cm
424 cm
33.7cm
30.1cm

L1=75¢cm
L3=59.7cm

L2

La

Ls

Lo =42.

L7

Lg=

Lo

L1o
Ln

\4

A

Figure 2.2. Physical dimensions of the MITRA LPDA

Table 2.3. LPDA dimensions

Length (m) Spacing (m)
Ly 0.765 M 0.252
L, 0.682 S, 0.225
Ly 0.609 Sa 0.201
L, 0.543 Sy 0.179
L 0.484 Se 0.16
Lg 0.432 Se 0.143
L, 0.385 S5 0.127
Lg 0.344 S 0.113
Lg 0.307 So 0.101
Ly 0.273 S10 0.09
Ly 0.244 S11 0.08
Ly, 0.218 S1o 0.072
L3 0.194 Si3 0.064
Ly 0.173 Sia 0.057
Ly 0.154

17
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Figure 2.4. Simulated VSWR result between 200-800 MHz

The simulated plot of the radiation pattern at 300 MHz is shown in Figure 2.5. A maximum
directivity of 9.49 dBi was obtained at 300 MHz. The simulated plot shows a half-power
beamwidth (HPBW) of 80°. Simulated polar plots at other frequencies (200, 400, 500, 600, 700
and 800 MHz) are shown from Figure 2.6 to Figure 2.11. Figure 2.12 shows the simulated result
of the gain between 200 MHz to 800 MHz. The presence of more side and back lobes can be

observed as the frequency increases. There is a minimum gain of 7.35 dB at 800 MHz and a

18



maximum gain of 11.24 dB at 330 MHz. The simulated results demonstrate a reduced

performance of the LPDA at the upper limit of the operational frequency band.

2.5. Construction

Any electromagnetic wave can be decomposed into two orthogonal polarized components. If
the wave is essentially random (noise generated by blackbody radiation for example) the two
orthogonal components will vary rapidly in intensity but have equal powers when averaged over
long times. Such radiation is called unpolarized. Blackbody radiation is unpolarized. Most

astronomical sources are unpolarized or nearly so [19].
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Figure 2.5. Simulated plot of the radiation pattern at 300 MHz
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Figure 2.6. Simulated plot of the radiation pattern at 200 MHz
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Figure 2.7. Simulated plot of the radiation pattern at 400 MHz
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Figure 2.8. Simulated plot of the radiation pattern at 500 MHz
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Figure 2.9. Simulated plot of the radiation pattern at 600 MHz
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Figure 2.10. Simulated plot of the radiation pattern at 700 MHz
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Figure 2.11. Simulated plot of the radiation pattern at 800 MHz
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Figure 2.12. Simulated antenna gain

Any antenna with a single output collects only one of the two polarizations from an
electromagnetic wave. For example, a linear dipole antenna collects radiations only from the
linear polarization whose electric field is parallel to the antenna elements. Electric fields
perpendicular to the dipole antenna do not produce current in the antenna. The linear dipole is
completely insensitive to the linear polarization perpendicular to its elements. A pair of crossed

dipoles is needed to collect power from both orthogonal polarizations simultaneously [19].

For this reason, the MITRA antenna was designed as a dual-polarized log-periodic dipole
antenna. Each MITRA antenna consists of two identical LPDA antennas (LPDA 1 and LPDA 2)
oriented at 90°. In order to have the two antennas oriented symmetrically at 90°, each LPDA

was divided into two distinct sections (A-B and C-D) as shown in Figure 2.13.
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Figure 2.13. LPDA 1 and LPDA 2 sections

The shorting bar in Figure 2.14 was used to assemble the dual-polarized LPDA. It was found that
the use of the shorting bar improved the VSWR of the LPDA. The square holes A and B were
used to fit the two booms from LPDA 1. The square holes C and D were used to fit the two
booms from LPDA 2. Referring to Figure 2.15, the calculated distance between A and B, and
between C and D, was 22.32 mm. This distance was enough for a reasonable separation

between the booms. The dimensions (in mm) of the shorting bar are given in Figure 2.15.

Spacers shown in Figure 2.16 were used to ensure there was no physical contact between the
booms. Cable ties were used to clamp the booms around the spacer in order to ensure the
booms did not make physical contact. The design dimensions (in mm) of the plastic spacer are
shown in Figure 2.17. The square base shown in Figure 2.18 was designed to support the

antenna structure. The design dimensions (in mm) are given in Figure 2.19.
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Figure 2.14. Shorting bar
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Figure 2.15. Dimensions (in mm) of the shorting bar
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Figure 2.16. Plastic spacer
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Figure 2.17. Dimensions (in mm) of the spacer
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Figure 2.18. Antenna base
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Figure 2.19. Antenna base design dimensions (in mm)

Stay-wires were used to protect the antenna against wind loading. The final design model of the

dual-polarized LPDA is shown in Figure 2.20.

2.6. Cabling

As shown in Figure 2.1, the LPDA feed point is located at the shortest element. Two RF cables

were used to feed the MITRA antenna. The two LPDAs (LPDA 1 and LPDA 2) are separately fed.
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Double-shielded coaxial cable (LMR-195) was used to feed the antennas. The cable outer jacket
was stripped for the entire length of the boom and the cable was fed inside one of the antenna
booms. The coaxial outer conductor is thus shorted to the inside of the boom. In addition there
are solid electrical connections at each end of the boom to the coaxial outer conductor. This

arrangement produces an infinite balun [20].

Figure 2.20. Design model of the MITRA Dual-polarized LPDA

As shown in Figure 2.21, each feeder-boom was made with a cavity where the stripped part of
the coaxial cable penetrates inside the boom. This cavity was made 15 cm above the ground

plane. A screw, nut and threaded bracket were used to clamp the stripped part of the cable
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against the boom for good grounding. For waterproofing, self-amalgamating tape was used to

seal the cavity and the clamping point.

It was found that careful positioning of the cable at the antenna feed point was required to
improve the VSWR. Any loop in the cable degrades the antenna performance. As shown in
Figure 2.22, a U-notch cut was made at the inside of each boom. To ensure good grounding at
the feed point, screws and threaded brackets were used to clamp the stripped part of the cable

against the feeder-boom.

The braiding shield was extended to 30 mm beyond the clamping point. Heat-shrink tubing was
used to cover the remaining braiding shield and the dielectric. This arrangement is shown in

Figure 2.23.

Figure 2.21. Feeder-boom cavity, cable clamping, and waterproofing seal

29



Figure 2.22. Antenna boom with U-notch cut

The solid core of the cable was used to make an electrical connection between the
corresponding booms (A-B and C-D). Screws and threaded brackets were used to clamp the solid

core against the boom at the feed point. Cable positioning is shown in Figure 2.24.

Figure 2.23. Feed point preparation

A plastic cover was used at the top end of the antenna for waterproofing. This cover was

fabricated using the bottom of a 0.5 litre coke bottle. As shown in Figure 2.25, the waterproof
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cover was painted with bitumen to provide ultra-violet (UV) light protection. The mounting of
this waterproof cover on the antenna is shown in Figure 2.25. Figure 2.26 shows the completed

MITRA antenna. Two concrete blocks were used to support the antenna against wind loading.

Figure 2.25. Antenna cover and cover mounting
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Figure 2.26. The constructed antenna

2.7. Testing and Measurement

The antenna for the MITRA project was tested at the South African National Antenna Test Range
(NATR) at Paardefontein. The two output cables from the MITRA antenna were respectively
labeled antenna 1 and antenna 2. Three measurements were performed: VSWR, radiation
pattern and gain. The measurement was conducted following the procedure described by Baker

[21]. This is the standard method applied at the NATR test range.

2.7.1. VSWR measurement
The VSWR measurement was performed using a Vector Network Analyser (VNA) calibrated from

100 MHz to 1 GHz. The antenna was positioned vertically. Figure 2.27 shows the measured
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result of the VSWR. The plot shows two traces for the orthogonal polarizations (North-South
(NS) and East-West (EW)). The average value of VSWR is less than 2.5 between 200 MHz to 650
MHz. Above 650 MHz the antenna response degrades. This is possibly a consequence of the
antenna element dimensions becoming comparable to the boom dimensions at the higher

frequency limits [12]. It can be seen that the response correlates for both polarizations.

2.7.2. Radiation pattern measurement

The radiation pattern was measured using a source antenna and the Antenna Under Test (AUT).
For this set-up, the distance between source and AUT was 180 m. The source antenna was the
ETS-Lindgren 3142 D. The datasheet of this antenna is given Aannexure 1. The height of the
source antenna, measured at the antenna boom, was 0.9 m above the ground. The AUT was the
MITRA LPDA and it was mounted on top of the Azimuth-Elevation positioner at a height of 14.5
m. A 2 x 2 m metallic ground plane was used with the AUT as shown in Figure 2.28. The

measurement set-up is shown in Figure 2.29.
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Figure 2.27. Measured result of the VSWR
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Figure 2.28. MITRA LPDA with ground plane
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Figure 2.29. Measurement set-up for radiation pattern
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The measurement was performed in three steps:

e Test 1: Co-polarization test (Vertical-Vertical) for H-Plane pattern. The source and
receive antennas were positioned for vertical polarization. The source antenna in vertical
polarization is shown in Figure 2.30. For the MITRA antenna, LPDA 1 was positioned for
vertical polarization.

e Test 2: Co-polarization test (Horizontal-Horizontal) for E-Plane pattern. The source
antenna was positioned in horizontal polarization. Without rotating the AUT, LPDA 2 was
connected to the measurement system as it was already oriented in the horizontal plane
for Test 1.

e Test 3: Cross-polarization test (Vertical-Horizontal). The source antenna was rotated
back to vertical polarization. Without rotating the AUT, LPDA 2 was again used as it was

still oriented in the horizontal plane as in Test 1 and in Test 2.

Figure 2.31 shows the measured result of the radiation pattern at 300 MHz for Test 1. The
measured plot shows a half-power beamwidth (HPBW) of 84°, which gives a 4° difference

compared to the simulated result in Figure 2.5.

For Test 1, the radiation patterns for other frequencies (200 MHz, 400 MHz, 500 MHz, 600 MHz,
700 MHz and 800 MHz) are shown from Figure 2.32 to Figure 2.37 respectively. The presence of
side lobes is possibly caused by the arrangement of the coaxial cables running to the control

room. The response also degrades towards the upper limit of the frequency band.
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The radiation patterns for Test 2 from 200 MHz to 800 MHz (in step of 100 MHz) are shown
from Figure 2.38 to Figure 2.44. Again it can be seen that the response degrades at the upper

limit of the frequency band.

For Test 3, the radiation patterns of the frequencies from 200 MHz to 800 MHz (in step of 100
MHz) are shown from Figure 2.45 to Figure 2.51. Cross-polarization should be minimized for

optimum operation.

The minimum cross-polarization rejection can be calculated as the difference between the
maximum S,; (dB) values from Test 1 (co-polarization Vertical-Vertical) and Test 3 (cross-
polarization Vertical-Horizontal). Test 1 and Test 3 were considered as the source antenna was
in the same orientation in both measurements. From the radiation pattern plots, the maximum
S,1 (dB) values were measured at 180°. The cross polarization rejection shown in Table 2.4
shows that the performance of the antenna degrades towards the boundary of the operational

frequency band.

Figure 2.30. Source antenna (ETS-Lindgren 3142D) for vertical polarization
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2.7.3. Gain measurement and calculation
The gain measurement procedure used was the gain transfer method, which is a relative

measurement described mathematically in Equation 2.14 [21, 22].

Gavr,asi) = Gref,ai) + Das) (2.14)

G(ref,api) is the gain of the reference antenna expressed in dBi and provided by the
manufacturer. D is the relative difference between the highest value of S,; (dB) measured with
the reference antenna and the highest value of S,; (dB) measured with the AUT. The reference

and AUT antennas are positioned for the same polarization.

180° (11.65 dB)

Figure 2.31. Radiation pattern of co-polarization (Vertical-Vertical) at 300 MHz (Test 1)
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Figure 2.32. Radiation pattern of co-polarization (Vertical-Vertical) at 200 MHz (Test 1)
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Figure 2.33. Radiation pattern of co-polarization (Vertical-Vertical) at 400 MHz (Test 1)
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Figure 2.34. Radiation pattern of co-polarization (Vertical-Vertical) at 500 MHz (Test 1)

<
208 L L

3, I 150
135 268 164
152 122 4z 120 278 172

Figure 2.35. Radiation pattern of co-polarization (Vertical-Vertical) at 600 MHz (Test 1)
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Figure 2.36. Radiation pattern of co-polarization (Vertical-Vertical) at 700 MHz (Test 1)
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Figure 2.37. Radiation pattern of co-polarization (Vertical-Vertical) at 800 MHz (Test 1)
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Figure 2.38. Radiation pattern of co-polarization (Horizontal-Horizontal) at 200 MHz (Test 2)

Figure 2.39. Radiation pattern of co-polarization (Horizontal-Horizontal) at 300 MHz (Test 2)
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Figure 2.41. Radiation pattern of co-polarization (Horizontal-Horizontal) at 500 MHz (Test 2)
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Figure 2.42. Radiation pattern of co-polarization (Horizontal-Horizontal) at 600 MHz (Test 2)
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Figure 2.43. Radiation pattern of co-polarization (Horizontal-Horizontal) at 700 MHz (Test 2)
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Figure 2.44. Radiation pattern of co-polarization (Horizontal-Horizontal) at 800 MHz (Test 2)

Figure 2.45. Radiation pattern of cross-polarization (Vertical-Horizontal) at 200 MHz (Test 3)
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Figure 2.46. Radiation pattern of cross-polarization (Vertical-Horizontal) at 300 MHz (Test 3)
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Figure 2.47. Radiation pattern of cross-polarization (Vertical-Horizontal) at 400 MHz (Test 3)
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Figure 2.48. Radiation pattern of cross-polarization (Vertical-Horizontal) at 500 MHz (Test 3)
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Figure 2.49. Radiation pattern of cross-polarization (Vertical-Horizontal) at 600 MHz (Test 3)
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Figure 2.50. Radiation pattern of cross-polarization (Vertical-Horizontal) at 700 MHz (Test 3)
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Figure 2.51. Radiation pattern of cross-polarization (Vertical-Horizontal) at 800 MHz (Test 3)
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Table 2.4. Cross-polarization rejection

Angle | Frequency | Test1 S,; | Test3 S, Polarization
(°) (MHz) (dB) (dB) Rejection (dB)
180 200 0.39 -21.79 22.18
180 300 -1.49 -21.21 19.72
180 400 -1.5 -19.28 17.78
180 500 -4.83 -26.04 21.21
180 600 -5.24 -23.14 17.9
180 700 -7.58 -26.99 19.41
180 800 -12.88 -25.84 12.96

The same ground plane was used for both AUT and reference measurements. The source
antenna was the ETS-Lindgren 3142 D and the reference antenna was the Schaffner CBL6143A.
The datasheet of the reference antenna is given in Annexure 2. The gain measurement was only
done for co-polarization measurements. Two measurements were performed with the
reference antenna:

e Test 4: Vertical-Vertical. The source and reference antennas were positioned for vertical

polarization. The reference antenna in vertical polarization is shown Figure 2.52.
e Test 5: Horizontal-Horizontal. The source and reference antennas were positioned for

horizontal polarization.

For example, at 300 MHz, the gain of the reference antenna is 6.61 dBi as specified in the
datasheet (Annexure 2). The maximum value of S,1(dB) of the AUT was measured as -1.29 dB for
co-polarization vertical-vertical (H-plane) in Test 1. At 300 MHz, the maximum value of S,;(dB) of
the reference antenna was measured as -2.78 dB for co-polarization vertical-vertical (H-plane) in
Test 4. Using Equation 2.14, the gain of the AUT for H-plane is calculated as follows:

G(AUT, dBi) = 6.61 dBi+ [-129-(-278)] = 8.1 dBi
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Figure 2.52. Reference antenna (Schaffner CBL6143A) in vertical polarization

At 300 MHz, the maximum value of S,;(dB) of the AUT was measured as 1.91 dB for co-
polarization horizontal-horizontal (V-plane) in Test 2. At 300 MHz, the maximum value of S,;(dB)
of the reference antenna was measured as 0.23 dB for co-polarization horizontal-horizontal (V-
plane) in Test 5. Using Equation 2.14, the gain of the AUT for V-plane is calculated as follows:
Gaur, asi) = 6.61 dBi+ [1.91-(0.23)] = 8.29 dBi

The data set for these measurements between 200 MHz to 800 MHz (in steps of 100 MHz) is
shown in Table 2.5. The gain for E and H planes between 200 MHz to 800 MHz are plotted in
Figure 2.53. It can be seen that in both planes the results show good correlation. The gain

degrades at the upper limit of the frequency band as expected.
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Figure 2.53. Measured result of the MITRA antenna gain for E and H planes
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Table 2.5. Result of the gain measurement of the MITRA antenna

Frequency | Test1 (AUT) | Test 2 (AUT) | Test 4 (Ref. Ant*) Test 5(Ref. Ant) | Ref. Ant Gain AUT H-Plane | AUT E-Plane
MHz H-Plane(dB) | E-Plane (dB) H-Plane (dB) E-Plane (dB) Spec. (dBi)* Gain (dBi) Gain (dBi)
200 0.42 2.25 -3.53 -1.66 5.84 9.79 9.75
220 2.52 4.19 -4.97 -3.08 4.87 12.36 12.14
240 0.63 2.64 -1.34 0.79 6.52 8.49 8.37
260 -1 1.12 -1.95 -0.23 5.82 6.77 7.17
280 0.27 2.51 -0.73 1.17 6.76 7.76 8.10
300 -1.29 1.91 -2.78 0.23 6.61 8.10 8.29
320 -0.4 2.11 -1.98 0.6 6.62 8.20 8.13
340 -1 1.84 -2.56 0.21 6.65 8.21 8.28
360 -1.58 0.94 -2.2 0.31 6.60 7.22 7.23
380 -2.69 -0.02 -2.64 0.04 6.45 6.40 6.39
400 -1.41 0.9 -2.24 0.25 6.42 7.25 7.07
420 -2.38 -0.07 -1.78 0.77 6.49 5.89 5.65
440 -2.98 0 -2.82 -0.06 6.52 6.36 6.58
460 -2.58 -0.2 -2.83 -0.24 6.68 6.93 6.72
480 -3.12 -1.11 -3.17 -0.96 6.88 6.93 6.73
500 -4.39 -2.15 -4.08 -1.66 6.71 6.40 6.22
520 -4.95 -2.48 -3.95 -1.48 6.77 5.77 5.77
540 -4.33 -1.78 -5.62 -3.03 6.81 8.10 8.06
560 -5.57 -2.7 -5.73 -2.72 6.86 7.02 6.88
580 -4.62 -2.13 -4.44 -1.9 6.47 6.29 6.24
600 -4.99 -2.73 -4.94 -2.67 6.78 6.73 6.72
620 -4.6 -2.79 -3.9 -2.01 6.89 6.19 6.11
640 -3.37 -1.05 -3.25 -1.11 7.09 6.97 7.15
660 -5.37 -2.99 -3.94 -1.75 7.38 5.95 6.14
680 -6.61 -4.49 -2.77 -0.6 7.43 3.59 3.54
700 -7.58 -5.14 -3.6 -1.17 7.67 3.69 3.70
720 -8.43 -6.08 -3.22 -1.15 7.81 2.60 2.88
740 -11.23 -9.08 -5.23 -3.19 7.97 1.97 2.08
760 -11.68 -9.61 -5.21 -3.12 8.02 1.55 1.53
780 -11 -8.67 -3.73 -1.81 8.14 0.87 1.28
800 -11.23 -9.27 -3.1 -1.23 8.17 0.04 0.13

*Ref. Ant: Reference Antenna

*Spec.: Gain specification of the reference antenna (Annexure 2)
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Chapter 3: MITRA Front-End

3.1. Introduction

As shown in Figure 1.1, the MITRA Front-End is part of the out-door segment. The Front-End
consists of two identical arrays of dual-polarized LPDAs. The two arrays are in an East-West
configuration. Each antenna array is a set of eight individual antennas. Antenna 1 is located
towards the South, and antenna 8 towards North. Each MITRA antenna gives two output signals
for orthogonal polarizations. The two outputs are conventionally called North-South (NS) and
East-West (EW). After the combiner, two signals from each array are sent to the Back-End. The
four signals are conventionally called: NS-E (North-South output in the East array), EW-E (East-
West output in the East array), NS-W (North-South output in the West array), and EW-W (East-

West South output in the West array).

3.2. MITRA Array Development

The block diagram for the MITRA Front-End at the DUT station is shown in Figure 3.1. Each
antenna polarization is equipped with a low-pass filter (LPF) and low noise amplifier (LNA). Two
combiners are used to group the eight NS and eight EW signals. Line amplifiers (Line Amp) are
used to compensate for the poor noise figure of the fibre optic transmitter (28 dB) and are used
to convert the RF signals to optical signals for transmission to the control room [12]. The
datasheet of the RF-to-Fibre converter is provided in Annexure 3. Figure 3.2 shows the view of

the Front-End after construction.
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3.3. MITRA Array Front-End Noise Temperature and Gain Calculation

The Front-End gain and noise temperature were calculated up to the RF-to-Fibre converter. As
shown in Figure 3.1, the Front-End consists of four identical beamformers. A single beamformer
is shown in Figure 3.3. The low-pass filter (LPF) is inserted at the input of the low-noise amplifier
(LNA). The Durban University of Technology (DUT) MITRA station is located in an environment
where the presence of radio frequency interference (RFl) is prominent. The LPF is inserted
before the LNA to attenuate the out of band RFI and thus prevent the LNAs from being driven

into their non-linear region.

An array system may be represented by an equivalent receiver consisting of a cascade of two-
port networks for which the gain and noise temperature can be calculated. When considering
array systems with multiple antenna inputs and receiver channels, the gain and noise
temperature are calculated from the equivalent system where the array is replaced by an
equivalent two-port network amplifier, followed by a passive lossy two-port network with a gain

that is equal to the uncorrelated gain of the combiner.

This gain is calculated from the loss in the individual branch of the combiner and the
combination of all equal input powers with equal weight. In this calculation the noise
contribution of any lossy component should be taken into account. To keep the calculation
simple and straightforward, the antenna noise contribution and the noise coupling between

antenna elements will be neglected [23].

Figure 3.3 shows the equivalent signal chain of this single beamformer with associated gain and

equivalent noise temperature of each stage. As shown in the datasheet of the splitter in
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Annexure 4, the average insertion loss of the splitter is 10 dB measured between the common
port and the individual ports. The combiner gain of 9 dB (due to 8 inputs) was used to calculate
the resultant total loss of the combiner of 1 dB as described by Woestenburg [23]. Having 1 dB
insertion loss, the resultant gain of the combiner gives 8 dB. It should be mentioned that this
approach is applicable only for the calculation of the system noise temperature as the noise
temperature can be evaluated between one single port and the common port. The datasheet of
the low-pass filter (LPF) is provided in Annexure 5. The datasheet of the low-noise amplifier

(LNA) is given in Annexure 6. The datasheet of the line amplifier is given in Annexure 7.

East Array West Array
Ll Mini-
s EW Circuits EW NS
Ant. ZX60-33LNH } Ant.
' e ——= '
ini-
Circuits
VLF-800
NS EW Ew NS
Ant. Ant.
f3 Tl . LT
ﬁ L>N NS2 | NS2 \q
|
Ant. gg 1 L1 | ;““ TV | Ant
3 2 _i 3
o s B e 8p: . %
3 ._|>_ —< |—I =
B> NS 5 ogo g L [ {53-@ 5 NS3
6 O ‘ (_e 6
NS EW ! | ! EW NS
Ant. 8 8 Ant.
4 RF Optic 4
i% EE b» EWs '\gg‘s\glﬂs\f ”“ ) RFgg'I RE) %ﬂ } ‘T:
[l | ] N:
> [ ] g
[ [ ]
[ | ]
NS EW 1] I 1 EwW NS
Ant. Ant.
SESE] L ] I i :
B> : 1 1 : S
— | [ le)
B> I i%‘.g el gmj =<H#
Qo = o
2El L o LEE:
| (=
Ant. 3E 'y Y 1 s 20 V [% & TO% | Ane
6 8 [ S s 8Eu B } 6
e
B4l | ==
BH> s Y T Hg —{#E |
= o
NS EW of | | e EW NS
Ant. j& £ g_H H H Hg } $ Ant.
7 o | | 3 7
[BH>—= b3 I | | T 2 —<cHEgh
i [ [ ] =
B> |- { | I <
v ] 1
Ant NS EW NS-E } } | Ewe Ew-w } } NS-W EW NS Ant.
8 ié £ EW To IF stage To IF stage EWs } % 8
[ |
ﬁ > NS NS @

Figure 3.1. Block diagram of the MITRA Front-End
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The equivalent noise factor F, can be calculated by applying Friis’s formula in Equation 3.1 [24]

and the equivalent noise temperature T, can be calculated from Equation 3.2.

F,-1 F,—1 F,—-1 F—1
+ + +
G, GiG, ' G1G,Gs3 ' G,G,G5G,

Fo=F +

Te = (F, — DT, [K]
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Figure 3.2. MITRA Front-End view
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Figure 3.3. Single beam former of the MITRA Front-End
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Figure 3.4. Equivalent system for noise temperature calculation

The LPF provides 0.4 dB insertion loss between 200 MHz to 800 MHz, which corresponds to a
noise factor of 1.096. The LNA provides 20 dB gain (100 in linear value) and a noise figure of 1
dB (1.258 noise factor). The line amplifier provides 20 dB gain (with a 12 V supply) and a noise
figure of 3 dB (1.995 noise factor). The RF-to-Fibre converter (RF/FO) provides 7.5 dB gain and a

noise figure of 28 dB (630.957 noise factor).

From Equation 3.1, the MITRA equivalent noise factor gives:

E = 1096 + 1.258 -1 N 1.258 -1 N 1.995-1 N 930.957 -1 ~ 139
¢ 0.912 0.912 x 100 ~ 0.912 x 100 X 6.3 ~ 0.912x 100 X 6.3 x 100

The system noise figure is NF = 1.44 dB

Using Equation 3.2, the MITRA equivalent noise temperature gives:

T, = (1.39 —1)290 = 113.1 [K]

Referring to Figure 3.4, the Front-End gain gives G, = 55.1 dB

3.4. Sensitivity Equation

The sensitivity, or minimum detectable temperature, of a radio telescope is equal to the rms
noise temperature of the system as given by Equation 3.3 [25]. Equation 3.3 is also referred to

as the sensitivity equation [7].
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[K] (3.3)

where AT,.,,s = rms noise temperature
K, = sensitivity constant of the instrument. K, = 1 for simple instrument
Av = receiver bandwidth
t = integration time, which is the length of time for which the signal is averaged

n = number of records averaged

The calculation of the system noise temperature T, should include the sky noise temperature
Tsky- It has been shown that at a frequency of 350 MHz, the sky temperature can be estimated
as 100 K [26]. The average artificial human made noise T,,,, between 200 MHz and 900 MHz in
a business area has been shown to be approximately 10 dB above the thermal noise (kT,B)

[27]. With that, Equation 3.4 can be used to calculate Ty,.

Tsys = (Fe - 1)T0 + Tsky + Tman [K] (3.4)

Tgys = (1.39 —1)290 + 100 + 2900 = 3113 K

For Av = 10 MHz and assuming the product tn = 1, the MITRA sensitivity gives:

3113

The smallest change in the antenna temperature AT,,;, that can realistically be detected is

normally taken as three times the rms noise [7].

ATpim = 3 X AT, s = 2.95 K
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3.5. Minimum Detectable Flux Density Estimation

The minimum detectable flux density AS,,,;, can be calculated from Equation 3.5, where k is
Boltzmann’s constant (1.38x10™ joule K™), A,is the effective aperture of the antenna and N, is

the number of antennas [7, 28].

3 K, k Ty

ASmim =
" A N,(N, — DAven

10% [yl (3.5)

The effective aperture area of an antenna is given in Equation 3.6, where D is the directivity of
the antenna. The maximum effective aperture as defined does not include the effect of losses in
the antenna, which can be accounted for by replacing D with G, the gain of the antenna [29].

A? A?

AN R 2
Ae=7-D=7-G [m’] (3.6)

For the purpose of the effective aperture calculation, the gain of the antenna and the gain of
the combiner are considered. At 350 MHz, the gain of the MITRA antenna is 7.5 dBi (see Figure
2.53). The gain of the combiner is 8 dB (9 dB gain for 8 inputs and 1 dB insertion loss). With the
MITRA array configuration, the value of G should be the cascaded gain from the antenna and
the combiner. With that, G becomes:

G =75+ 8= 155dB

The antenna effective aperture is:

~ (0.857)?

. o 35.5 = 2.07 m?

Using Equation 3.5, the minimum detectable flux density is:
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3K, k Tyys 3x1x1.38x107%3 x 3113
ASpin = = 26 = x 1026 = 1392 [Jy]
Ay /Ng(N, — DAV EN 2.07V2 x 10 x 106

At 300 MHz the flux density of the Sun is approximately equal to 10° Jy [25, 30]. With that, the
calculated value of the minimum detectable flux density of 1392 Jy shows that the Sun should

be able to be detected with the MITRA station in the business area of an urban environment.

3.6. Fringe width

The fringe width FW for a baseline B is given by Equation 3.7

2
FW = 1.02  [rad] (3.7)

At 350 MHz, the fringe width of the MITRA arrays (8 m baseline) gives FW = 0.11 rad = 6.3°.

For a source moving at 1° in 4 minutes, it will take 25.2 minutes to produce one fringe.
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Chapter 4: MITRA IF Stage and Back-End

4.1. Introduction

The intermediate frequency (IF) and the Back-End stages are part of the in-door segment of the
MITRA Radio Telescope. The purpose of this chapter is to discuss this in-door segment. As
shown in Figure 4.1, the IF stage was implemented using analog components to produce an IF at

800 MHz. The digital Back-End was developed using a software defined radio (SDR) technique.

4.2. IF stage

The IF stage was designed to perform three operations: the Fibre-to-RF conversion, frequency
translation, and band-pass filtering. The signal delivered from the Front-End was in the optical
domain. The first task in the IF stage was the Optic-to-RF conversion using the fibre receiver

(RFoF-2G). The datasheet of this product is provided in Annexure 7.

The system IF is 800 MHz. High-side injection on the mixer was implemented to ensure good
image frequency rejection. The datasheet of the mixer (ZX-05-11X+) is shown in Annexure 8.
The presence of the LO frequency and image frequencies within the operating band will affect
the observation and need to be eliminated. The high IF frequency results in an image frequency
range which extends from 1.8-2.4 GHz. These image frequencies are rejected by the low-pass
filter (LPF) preceding the LNA’s in the Front-End [12]. This LPF has a cut-off frequency of 800

MHz. The performance of the LPF is discussed in Chapter 7.
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4.3. Digital Back-End

The digital Back-End consists of USRP networked devices in conjunction with the SBX RF
daughter board. A summary of the USRP specifications is as follows [31]:

e FPGA: Xilinx Spartan 3A-DSP.

e ADC sample rate: 100 Msps.

e ADC resolution: 14 bits.

e DAC sample rate: 400 Msps.

e DAC resolution: 16 bits.

e Gigabit Ethernet interface.

e Bandwidth: 50 MHz (in the receive direction) and 25 MHz (in the transmit direction).

e Full duplex.

e  MIMO capability with up to 8 antennas.

e 10 MHz external reference clock and 1 PPS source inputs.

e Software compatibility: Gnu-Radio, LabVIEW and Simulink.

The datasheet of the USRP network series is provided in Annexure 9. USRP devices take two
reference signals in order to synchronize clocks and sampling time [32]:
e A 10 MHz reference to provide a single frequency reference for both devices.

e A1 pulse-per-second (1PPS) to synchronize the sampling time across devices.

A MIMO configuration can be implemented for applications requiring multiple USRP devices
operating synchronously. A MIMO cable transmits an encoded time message from one device to

another. For a system to be considered MIMO capable, each channel in the radio must meet
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two requirements: the sample clocks must be synchronized, and the sample time must be
aligned when any DSP operations occur. This is achieved by sharing a common 10 MHz

reference and 1 PPS signal to two or more devices [33].

Beamforming or direction finding applications require a knowledge of the phase relationships
between multiple channels. While all Ettus daughter boards can be used in a MIMO
configuration, this does not necessarily imply there is a phase alignment between the RF chains

of one or more daughter boards [34].

In this context, phase alignment implies a minimal phase difference between multiple channels.
Phase ambiguities are caused by the phased-locked loop (PLL). These phase ambiguities can
generally be calibrated by measuring the phase difference and compensating for it. Filters,
mixers, amplifiers and other components produce phase variations that vary with time,
temperature, mechanical conditions, etc. These errors will not change with each PLL retune but

may change over time and temperature variation [33].

With regard to phase ambiguities, the BasicRX, BasicTX, LFRX and LFTX USRP daughter boards
are exceptions to this, since they do not include local oscillators that contribute to phase
ambiguity between channels. The SBX daughter board utilizes an RF PLL that includes a
resynchronization feature, which can be used to align the local oscillators across multiple SBXs
and multiple USRP hardware devices. Using the UHD (USRP Hardware Driver), timed SPI
commands can drive this re-synchronization feature. The use of any other daughter board

requires channel-to-channel phase calibration after each PLL re-tune. Therefore, the SBX board
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is the preferred solution for beam-forming applications [34]. The SBX board features are listed
below:

e Frequency range: 400 MHz to 4.4 GHz.

e Bandwidth: 40 MHz.

e Transceiver: TX/RX Full duplex.

o  MIMO capability.

e Time and phase synchronizations.

Figure 4.2 illustrates a block diagram where a MIMO cable is used to synchronize 2 USRP devices
in a master-slave configuration. RF signals can be applied to each USRP respectively. A single 10
MHz reference and a single 1 PPS signals are applied to the master device [33]. The master USRP
is connected to the host via a Gigabit Ethernet connection. The slave USRP is configured to

accept its frequency and timing reference from the master USRP via the MIMO cable.

Larger MIMO systems can be realized utilizing the external 10 MHz reference and 1 PPS inputs.
Figure 4.3 shows a block diagram where 4 USRP devices can be used in a 4x4 configuration. A

distribution amplifier can be used to split a common 10 MHz reference and 1 PPS signal [33].

For the MITRA Back-End, the correlation operation was performed in the host computer using
Gnu-radio Companion software. USRP setup and correlator design are discussed in Chapter 5

and Chapter 6.

4.4. Time and Frequency Standards

The clocks at VLBI stations must be synchronized accurately enough to avoid time-consuming

searches for interference fringes. Precise frequency standards of interest for VLBI include crystal
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oscillators and atomic frequency standards such as rubidium vapor cells, caesium-beam
resonators, and hydrogen masers (Microwave Amplification Stimulated by Emission of
Radiation). Atomic frequency standards incorporate crystal oscillators that are phase-locked or
frequency-locked to the atomic process so that short-term performance becomes that of the
crystal oscillator. Atomic frequency standards are based on the detection of an atomic or

molecular resonance [28].

The rubidium standards have the advantage of being small, inexpensive, and readily
transportable. They are sometimes used for VLBI below 1 GHz, where the ionosphere dominates
system stability. At higher frequencies the use of rubidium standards results in degraded

performance [28].

Caesium frequency standards are larger and substantially more expensive than rubidium
standards. Because of their low signal-to-noise ratio, their short-term stability is poor. Thus,
they are not used in VLBI for controlling local oscillators. However, they provide long-term

stability and are used to monitor time [28].

A Hydrogen maser is used for applications that require extreme frequency stability, low phase
noise, and long service life. Hydrogen masers operate on the principal that when hydrogen
atoms are provided the proper environment, they emit radiation of a precise frequency of 1420
MHz (hydrogen emission line). Phase locking this extremely small power, high purity, signal to a
very high performance quartz oscillator, provides the user with incredible long-term stability as
well as excellent phase noise. Active masers are typically four times more stable than passive

hydrogen masers, and one-hundred times more stable than high performance caesium.
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Standard hydrogen masers provide low phase noise outputs that enable higher resolution
measurements in VLBI applications and provide improved reference signals for master timing
systems. A commercial maser, for example the MHM 2010™ by Symmetricom®, provides

multiple 5, 10, 100 MHz outputs and 1PPS [35].

As shown in Figure 4.1, a Rubidium GPS disciplined Time standard is used in the MITRA Digital
Back-End. The datasheet of the Rubidium GPS10RBN is shown in Annexure 10. The 10 MHz clock
reference is split five ways so as to distribute the same clock reference where needed. The
datasheet of the 5-way 0° splitter is given in Annexure 11. The 1 PPS signal is split using a 4-way
splitter so as to distribute the same 1 PPS where needed. The datasheet of the 4-way 0° splitter

is provided in Annexure 12.

Accurate frequency and time information can be obtained from the GPS satellite signal. On
board each satellite is a caesium frequency standard. The Rubidium GPS10RBN incorporates a
12-channel GPS receiver which uses time information to discipline a 10 MHz rubidium oscillator.
Over short periods, the GPS signal is very unstable and has large jitter superimposed on it. The
GPS signal must be averaged over very long periods (days) before this jitter can be reduced to
acceptable levels. Over short-periods the rubidium stability is very good, thousands of times
better than the GPS signal. But rubidium oscillators drift over time, and even after a few
months, the error of the rubidium oscillator may become unacceptable. The GPS10RBN is a 10
MHz, GPS disciplined, rubidium frequency standard. It combines the short-term stability of an
atomic rubidium frequency standard with the long-term stability and traceability of the GPS set

of satellites. The GPS10RBN receives the GPS signal and averages this signal over a very long
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time. This long average time is then used to update or correct the frequency of the rubidium

oscillator [36].
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Figure 4.1. Block diagram of the IF stage and Back-End segment
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Figure 4.2. USRP devices in a 2x2 master-slave configuration

RX1 RX2 RX3 RXa
MIMO MIMO
USRP | Cable[ USRP »| USRP |Cable| USRP
N200 N200 |« » N200 N200
A A
0° 2-way 0° 2-way
Splitter Splitter
A A
10 MHz 1 PPS
; Gigabit -
1xGigE Ethernet |« 1xGigE
Switch
A
Y
Host PC

Figure 4.3. USRP devices in a 4 x 4 configuration system

66




Chapter 5: Introduction to Software Defined Radio and USRP setup

5.1. Introduction

This chapter introduces the Software Defined Radio (SDR) system with particular attention to
the Gnu-Radio Software. Experiments demonstrate how to set up the Universal Software Radio
Peripheral (USRP). The USRP-1 will be discussed and the USRP-2 will then be introduced.
Attention will be focused on the receiver setup. RF signal generators are used to simulate the

system.

5.2. Software Defined Radio and Gnu-Radio Software

The SDR forum defines SDR as a radio system in which some or all of the physical layer functions
are software defined. This implies that the architecture is flexible so that the radio may be
configured. That is, the SDR is a multifunctional, programmable, and easy to upgrade radio that
can support a variety of services and standards while at the same time providing a low-cost

power-efficient solution [37].

The block diagram of a SDR receiver is shown in Figure 5.1 [38]. The RF tuner converts the
analog RF signals to analog IF frequencies. The analog-to-digital converter (ADC) digitizes the
analog IF signal thereby converting it into digital samples. These samples are fed to the digital
down-converter (DDC). The DDC is typically a single monolithic chip or FPGA, and is a key part of

the SDR system.

A conventional DDC has three major sections:
o Adigital mixer;

e Adigital local oscillator;
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e Afinite impulse response (FIR) low-pass filter.
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Figure 5.1. Block diagram of a SDR Receiver

The digital mixer and local oscillator translate the digital IF samples down to baseband. The FIR
LPF limits the signal bandwidth and acts as a decimating LPF. The digital baseband samples are
then fed to a digital signal processing (DSP) block which performs tasks such as demodulation,
decoding, etc. Traditionally, these needs have been handled with dedicated Application Specific

Integrated Circuits (ASIC) and programmable DSPs.

At the output of the mixer, the high frequency wideband signals from the ADC have been down-
converted to DC (zero IF) as complex | and Q components with a frequency shift equal to the
local oscillator frequency. In effect, the wideband RF signal can be “slid” around 0 Hz, left and
right, simply by tuning the local oscillator. The lower and upper sidebands are preserved. The
frequency accuracy and stability are determined entirely by the ADC clock so it is inherently
synchronous to the sampling frequency. Since the output of the FIR filter is band limited, the
Nyquist theorem allows one to lower the sample rate. The process is called decimation. The
clear benefit is that decimated signals can be processed more easily, can be transmitted at a

lower rate, or stored in less memory. The DDC performs two signal processing operations:
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frequency translation with the tuning controlled by the local oscillator, and LPF filtering with the

bandwidth controlled by the decimation setting [38].

The complete form of a SDR system requires the combination of software-based signal
processing and the enabling hardware components. There exist a large number of experimental
SDR systems that have been developed. Some of them are listed below [39, 40]:
e Universal Software Radio Peripheral (USRP)
The USRP is one of the most popular SDR platforms currently available. It is the
hardware system for the Gnu-Radio software.
e Kansas University Agile Radio (KUAR)
KUAR was designed to be a low-cost experimental SDR system. It utilizes a modified form
of Gnu-Radio software.
e National Institute of Information and Communication Technology (NICT)
NICT is a Japanese SDR system designed to trial the next generation mobile network. A
number of commercial standards were implemented, for example, 802.11a/b/g, digital
terrestrial broadcasting (Japanese format), WCDMA, and a general OFDM
communication scheme.
e Berkeley Cognitive Radio (BCR)
BCR is based around the Berkeley emulation engine (BEE2). It can connect up to eighteen
daughter boards.

e Maynooth Adaptable Radio System (MARS)
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MARS was designed to deliver a performance equivalent to that of future mobile
telephony base stations and wireless communication standards. The software selected
for initial development was IRiS (Implementing Radio in Software).

e PowerSDR
PowerSDR is software developed specifically for the FlexRadio hardware to produce a

competitive amateur transceiver [40].

The majority of SDR products are audio IF systems. New SDRs are designed using a final
intermediate frequency (usually a third IF) in the audio range. Low-cost audio analog-to-digital
converter (ADC) and digital signal processing (DSP) chips allow the designer to provide many

advanced features [40].

As stated, the combination of the USRP and Gnu-Radio is one of the most popular SDR systems
available today. Gnu-radio is licensed under the GNU General Public Licence (GPL). It is a free
software development toolkit that provides signal processing blocks. It can be used with readily-
available low-cost external RF hardware to create software-defined radios, or without hardware
in a simulation-type environment. Gnu-radio applications are primarily written in the Python
programming language, while the supplied performance-critical signal processing path is

implemented in C++ [41].

Gnu-radio comes with a complete transmitter and receiver, a software defined spectrum
analyser and oscilloscope, a multichannel receiver and a collection of modulators and
demodulators. It can be used for a wide range of applications such as [42]:

e Time Division Multiple Access (TDMA).
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e Passive radar.

e Radio astronomy.

e Software GPS.

e Amateur radio transceivers.
e RFID detectors.

e Mobile phones.

e Broadcast TV.

e FM radio.

e Satellite navigation.

It is advisable to have a Linux operating system running in the host computer. At the time of

writing, Ubuntu 10.11 and Gnu-Radio v3.5.1 were installed.

5.3. Universal Software Radio Peripheral (USRP)

Figure 5.2 shows the block diagram of the USRP-1 [42]. The datasheet of the USRP-1 is provided

in Annexure 13.

The USRP-1 consists of:
e Four ADCs (12-bits, 64 Msamples/sec);
e Four DACs (14-bits, 128 Msamples/sec);
e USB2 controller (FX2);
e 2 RX daughter boards;

e 2 TX daughter boards; and
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e A Field Programmable Gate Array (FPGA). One of the functions of the FPGA is to perform

digital down-conversion (DDC) and digital up-conversion (DUC).

Figure 5.3 shows the block diagram of the USRP networked-series (USRP-2, USRP-N200, USRP-
N210). The USRP networked-series (2-N200-N210) are more powerful than the USRP1. The
datasheet of the USRP network-series is provided in Annexure 9. The USRP-1 incorporates the

FPGA Altera Cyclone, and the USRP-2 has the FPGA Xilinx Spartan 3A [31].
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Figure 5.2. USRP-1 block diagram

The USRP-1 has two channels: Channel A and Channel B. Both channels consist of one receiver

and one transmitter.
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Referring to the block diagrams in Figure 5.2 and Figure 5.3, the USRP devices have two tuning

stages [43]:

e RF Front-End: translates between RF and IF. This operation takes place in the daughter

board.

e DSP: translates between IF and baseband (normally 0 Hz IF). This translation is

implemented by the DDC inside the FPGA.

In a typical case, the user specifies an overall centre frequency for the chain. The RF Front-End
will be tuned as close as possible to the centre frequency, as the DSP will account for the error

(difference) in tuning between target frequency and actual frequency.
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Figure 5.3. USRP-2 block diagram
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5.4. Gnu-Radio and USRP

This section explains how to use the USRP-1 in conjunction with the Gnu-Radio software and the
DBSRX daughter boards. The DBRX board has the following characteristics:

e Frequency range: 800 MHz to 2.3 GHz.

e Bandwidth: 60 MHz.

e Noise figure: 4-8 dB.

e Type: RX only.

5.4.1. Software and hardware verification
The first step was to test that both software and hardware operate correctly. Software

verification was first performed without hardware.

To verify the software installation, two folders called uhd and gnuradio were downloaded. The
location of these two folders depends on the installation directory. The uhd and gnuradio

folders contain important sub-folders and files for the software to run.

The hardware was tested by checking the communication between the computer and the USRP.
This is performed using the Terminal prompt. It is assumed that the USRP is powered and
connected to the PC. The Terminal prompt can be opened by typing Ctrl+Alt+T from the key
board. There are two methods of testing the hardware from the terminal prompt [44]:
1. Using the “Find-device” command.
By typing the command “uhd_find_devices” in the Terminal prompt, Gnu-Radio scans the

whole system and prints out a list of available USRP mother boards and their addresses in
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the system. If the USRP mother board does not work, the Gnu-Radio responds with “No
UHD Devices Found”.

2. Using the “USRP-Probe” command.
By typing the command “uhd_usrp_probe” in the Terminal prompt, Gnu-Radio scans the
system and returns a list of all the devices (mother boards and daughter boards)
attached to the system. The properties of each device (name, frequency range, gain, etc.)

are also printed.

5.4.2. Gnu-Radio Companion (GRC)
The GRC is the graphical user interface (GUI) which allows the user to implement Gnu-Radio
signal processing blocks in @ manner similar to Simulink and Labview. The entire interface
consists of more than 150 blocks. RF systems can be designed and simulated from the GRC. Any
operations that are being executed using hardware can be executed in the same way using the
GRC. The constraint here is to place the blocks sequentially, making sure that all the parameters
are defined properly [45]. The GRC interface can be opened using two methods:
1. From the Terminal prompt.
The GRC interface opens by typing the command “gnuradio-companion” in the Terminal
prompt. This command is valid for Gnu-Radio v3.5.1. Previous versions of Gnu-Radio
used the command “grc” in the Terminal.
2. From the GRCfile.
By double-clicking on the file called “gnuradio-companion”. In Gnu-Radio v3.5.1, this file
is located in the directory:/gnuradio/grc/scripts. It is advisable to copy this file and paste

it in the computer desktop as a shortcut. The GRC interface is shown in Figure 5.4.
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The Work-space is the space in the middle of the GRC window. This is where the system flow
graph is designed. The program status window provides the execution sequence of the GRC.
Error messages are also reported in the program status window. It also provides some
suggestions regarding parameter settings of some stages: sample rate, frequency, antenna

section, etc.

By default, the GRC interface opens with two blocks: the Options block and the Variable block.
The Options block converts the GRC flow graphs into Python code. The Options block also sets
some parameters of the GRC. The most important parameter of the Options block is the ID,
which is the name of the Python file to be generated by the current flow graph. By default, the
ID is set to “top_block”. By running the flow graph, the GRC automatically generates a Python
file called “top_block.py”. This Python file is automatically saved and located at the same
directory as the current GRC file. It is advisable to rename the ID otherwise the file generated

will be overwritten.

untitled - GNU Radio Companion
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Figure 5.4. GRC interface
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The Python file mentioned above can be executed in the Terminal prompt even if the GRC is not
opened. This is possible by double-clicking on that Python file and selecting “Run in Terminal”. If
the user is familiar with Python programming, the file can be executed as a python file. Also, the
code of that Python file can be accessed by opening the file. This is possible by double-clicking
on the Python file and selecting “Display”. The Options block is also used to set parameters such

as Title, Author, and Description for identification purposes.

The Variable block is normally used to set the sample rate for all the components in the flow
graph. This is preferred for applications where all the blocks need the same value of the sample

rate.

5.4.3. Single channel operation

As discussed in section 5.3, the USRP-1 mother board has two channels: Channel A and Channel
B. Single channel operation refers to applications where only one channel is used. This means
the daughter board is plugged into one channel only. Figure 5.5 illustrates the block diagram for

single channel operation.
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Figure 5.5. Single channel operation
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To demonstrate this operation, the USRP-1 and DBSRX daughter boards were set to detect a
signal from an external RF signal generator. The signal was set to 900 MHz with an amplitude of

-20 dBm. Figure 5.6 shows the flow graph of this application.

The Options block was set as shown in Figure 5.7. The Variable block was used to set all the

components in the flow graph to have the same sample rate.

The USRP Source is found under the “UHD” menu in the “Blocks” panel at the right hand side of
the GRC. The FFT Sink is found under the “WX GUI Widgets” menu. The two blocks are

connected by clicking first on the output of the source, then clicking on the input of the FFT.

For a receiver design, the “UHD: USRP Source” is always the first stage in the flow graph. It
controls and sets the USRP as a receiver via the appropriate receiver daughter board. For this

experiment, the UHD: USRP Source was set as shown in Figure 5.8.

Options
ID: top_block
Title: Single C...| operation
Author: Doing
Generate Options: WX GUI

Variable
ID: samp_rate WX GUI FFT Sink

Value: 250k Title: FFT Plot

UHD: USRP Source Sample Rate: 250k
Baseband Fregq: 0
Samp Rate (Sps): 250k Y per Div: 10 dE
Cho: Center Freq (Hz): 900M [Bl——— -] Y:':“_ T
Cho: Gain (dB): 20 :
ChO: Bandwidth (Hz): 100k Ref Level (dB): 0
i i Ref Scale (p2p): 2

FFT Size: 1.024k
Refresh Rate: 15

Figure 5.6. GRC designed to detect a signal from a RF signal generator
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Properties: Options

Parameters:

D top_block

Title
Author
Description

Window Size

Generate Options WX GUI &
Run Autostart [+
Realtime Scheduling

Documentation:

The options block sets special parameters for the Flow graph. Only one
option block is allowed per Flow graph.

Title, author, and description parameters are for identification purposes.

The windnw cize contrals Fhe dimencinne nf the Flow nranh editar The

[ Cancel ][ OK ]

Figure 5.7. Options block settings for single channel operation

Properties: UHD: USRP Source

Parameters:
D [ uhd_usrp_source_0
Output Type [Complex float3z : ]

Wire Format Automatic | v |

oecerss [
sync don't sync =
Clock Rate (Hz) [Default | v |
Num Mboards [1 | v |
Mb0: Clock Source [Default | +]

Mb0: Time Source | Default | v |

Mb0: Subdev Spec

Num Channels 1 | v |

Samp Rate (Sps)

ChO: Center Freq (Hz)
Cho: Gain (dB)
Ch0: Antenna

Ch0: Bandwidth (Hz)

L | ok

Figure 5.8. USRP Source setup for single channel operation
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The setups of the USRP source properties are discussed below:

e Num Mboards. Only one mother board was used. It is indexed as “Mb0” (Mother board
0). If two mother boards were used, they would be indexed “Mb0” and “Mb1”.

e MbO0: Subdev Spec. This is the mother board sub-device specification. It is used to
activate the USRP channel of the mother board. Daughter boards are also referred to as
“sub-device”. For this experiment, one daughter board was plugged into channel A and
there is no daughter board on Channel B. The unique sub-device is automatically
activated. There is no need to set the Mb0: Subdev Spec.

¢ Num Channels. Only one channel is used. It is indexed as “Ch0”. If two channels were
used, they would be indexed as “Ch0” and “Ch1”.

e Samp Rate (Sps): samp_rate. “samp_rate” is the ID of the variable block component. The
USRP Source sample rate will be the value set in the variable block. The sample rate of
250 ksps was suggested by the GRC itself in the program status window.

e ChO: Center Freq (Hz): 900 MHz is the frequency of the signal from the RF generator.

e ChO: Gain (dB): Must be set at a level so as not to over-drive the system. If set
improperly, no signal will be appear on the spectrum plots.

e ChO: Antenna. This is the slot name. For example RXA, RXB, TXA, TXB. The daughter

board DBSRX has no antenna selection setting.

The “WX GUI FFT Sink” displays the spectrum of the received signal. For this experiment, the

“WX GUI FFT Sink” was set as shown in Figure 5.9.

The setups of the FFT Sink properties are discussed below:
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e Type: Complex. The FFT plot displays a spectrum with positive and negative frequency
values. The complex data type carries two components: the real (cos) and the imaginary
(sin) components. When plotted in the time domain, data in complex format gives two
signals with a 90° phase shift. If the data type was set to Float, then only positive
frequency values of the spectrum can be displayed. In the time domain, data in float
format gives only one signal.

e Sample Rate: samp_rate. This is the ID of the variable block. The sample rate of the FFT
Sink depends on the value of the variable. Thus the USRP Source and the FFT Sink all
have the same sample rate value (250 ksps).

e Baseband Freq: 0 as by default. This is to set the centre frequency of the spectrum.

Properties: WX GUI FFT Sink

Parameters: |

D \wxqui Fftsink2_0 |
Type Complex *

Title
Sample Rate
Baseband Freq

Y per Div
Y Divs
Ref Level (dB)
Ref Scale (p2p)
FFT Size
Refresh Rate
Peak Hold @
Average [ﬁ]
Window Automatic v
Window Size
Grid Position
Notebook
[ Cancel J [ oK J

Figure 5.9. FFT Sink setup for single mode operation
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As discussed in Section 5.3, the USRP device has two down-conversion stages. The RF Front-end
(daughter board) which translates from RF to IF, and the digital-down conversion (within the
FPGA) which translates from IF to baseband. It was found that depending on the daughter board
type, the IF was 30 MHz or 50 MHz and the baseband was 0 Hz. This is the reason why the FFT
Sink parameter, Baseband Freq, discussed above is by default set to 0 Hz. The signal displayed
by the FFT Sink is not at the RF frequency. The FFT Sink displays the signal at the baseband

frequency.

When the GRC is designed, the Python file of the current flow graph is generated by clicking on
the “Generate flow graph” button. 3. The flow graph is executed by clicking on the “Run”

button. % These two controls are found in the GRC tool bar.

The spectrum of the detected signal is shown in Figure 5.10. Data type was set to complex
format. Thus FFT plots both positive and negative frequency values. The FFT spectrum span
depends on the sample rate. Each side of the spectrum (positive or negative) will have a span
that is half the FFT sink sample rate. It can be seen in this case that each side of the spectrum
has a span of 125 kHz as the FFT sample rate was set to 250 ksps. It can also be seen that the

detected signal is at 4.9 kHz.

It was stated earlier that the baseband should normally be 0 Hz. However, a drift of a few kHz, in
this case 4.9 kHz, may occur when the USRP clock source is set to default or internal. After
experimentation, it was found that this frequency drift may vary every time the system resets.
This situation can be fixed by using an external 10 MHz clock reference source. In this case, the

USRP clock source must be set to external.
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A frequency modulation experiment was performed using the FM function from the RF signal
generator. The 900 MHz carrier was modulated by a 1 kHz signal. The purpose of this
experiment was to implement an FM demodulator using the USRP. The flow graph was designed

as shown in Figure 5.11.

The USRP Source and the FFT Sink were discussed earlier. The FM demodulator (FM Demod)
block is found under the Modulators menu in the GRC. The FM Demod incorporates a low pass

filter and amplifier for the audio signal.

The setup for the FM Demod is discussed below:
e Channel Rate: was set to 250 ksps as the incoming signal sample rate.
e Audio decimation: 5. This reduces the audio sample rate by a factor of 5 since most
computer sound cards sample at 48 ksps. It can be seen that the sample rate of the
Audio Sink is 48 ksps.
e Audio Pass: Passband frequency of the audio LPF.

e Audio Stop: Stopband frequency of the audio LPF.

The setup for the FM Demod is discussed below:
e Channel Rate: was set to 250 ksps as the incoming signal sample rate.
e Audio decimation: 5. This reduces the audio sample rate by a factor of 5 since most
computer sound cards sample at 48 ksps. It can be seen that the sample rate of the
Audio Sink is 48 ksps.
e Audio Pass: Passband frequency of the audio LPF.

e Audio Stop: Stopband frequency of the audio LPF.
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[ Single Channel operation

FFT Plot . Trace Options
0 Peak Hold
Average
-10 ¢
-20 Frequency: 4.90654 kHz
Amplitude:-32.5658 .
-30 FFT.-82.8318 Persistence
g
5
é -50 Trace A |Store
3 ]
E -60 TraceB |Store
70 Axis Options
-0 dB/Div: e
90 Ref Level: e
100 Autoscale
-120 -100 -80 60 -40 -20 0 20 40 60 8 100 120
Frequency (kHz) Stop

Figure 5.10. Detected signal for the single channel operation

The setup for the FM Demod is discussed below:
e Channel Rate: was set to 250 ksps as the incoming signal sample rate.
e Audio decimation: 5. This reduces the audio sample rate by a factor of 5 since most

computer sound cards sample at 48 ksps. It can be seen that the sample rate of the

Audio Sink is 48 ksps.
e Audio Pass: Passband frequency of the audio LPF.

e Audio Stop: Stopband frequency of the audio LPF.

The Audio Sink block controls the computer sound card. This makes the demodulated signal
audible from the speakers. The Audio Sink block was set as in Figure 5.12. The Audio Sink is

found under the Sinks menu.
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UHD: USRP Source
Samp Rate (Sps): 250k
ChO: Center Freq {Hz): 900M -
ChoO: Gain (dB): 20
ChO: Bandwidth (Hz): 100k

FM Demod
Channel Rate: 175k
Audio Decimation: 1
Deviation: 75k
Audio Pass: 1k
Audio Stop: 2k
Gain: 20
Tau: 75u

Audio S5ink
Sample Rate: 175k
Device Name: pulse

WX GUI FFT Sink
Title: RF Modulated signal
Sample Rate: 100k
Baseband Freq: 300M
Y per Div: 10 dB
Y Divs: 10
Ref Level (dB): 0
Ref Scale (p2p): 2
FFT Size: 1.024k
Refresh Rate: 15

WX GUI Scope 5ink
Title: Democdulated Signal
Sample Rate: 250k
Trigger Mode: Auto
¥ Axis Label: Counts

Figure 5.11. FM demodulator flow graph

Properties: Audio Sink

Parameters:

ID
Sample Rate
Device Name
OK to Block

Num Inputs

Figure 5.12. Audio Sink Setup

The Audio Sink was setup as follows:

audio_sink 0

48KHz X

e Sample Rate: 48 ksps as most of the computer sound cards sample at 48 ksps.
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e Device Name: sets the incoming data to match the audio card sampling rate. Device
Name can be: pulse, hw:0,0, plughw:0,0, surround51, /dev/dsp. The correct device name

is the one which provides an undistorted audio signal from speakers.

If the Audio Sink sample rate is not set correctly, the following messages may appear in the GRC
status window:

— “aUal”: audio underrun (not enough samples ready to send to sound card sink).

— “uUulU”: USRP underrun (not enough samples ready to send to USRP sink).

— “uOu0Q”: USRP overrun (USRP samples dropped because they were not read in time).

The “WX GUI Scope Sink” is an oscilloscope to display the demodulated signal in the time
domain. The Scope Sink sample rate was set to 48 ksps as the output of the FM Demod. The
Scope Sink is found under the WX GUI Widgets menu. The data type of Scope Sink was set to

Float to match the FM Demod output data type.

The spectrum of the modulated carrier was measured and is shown in Figure 5.13. The

oscilloscope display of the demodulated signal in provided in Figure 5.14.

It can be seen in Figure 5.14 that the demodulated signal is a sinusoidal signal for which the

frequency is calculated below:

1
170 X 1073 — 169 x 1073

= 1kHz

This frequency 1 kHz is equal to the modulating signal frequency from the signal generator.

86



5.4.4. Multi-channel operation
This refers to applications where both channels of the USRP are used. In this case, signals from
two independent signal generators are applied to both channels as shown in Figure 5.15. The

flow graph of the dual channel operation is shown in Figure 5.16.

FFT Plot . Trace Options
0 Peak Hold
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-10 g
20 e
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§ 4
1w
13 50
g TraceA |Store
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IIE -60 TraceB |Store|
- Axis Options
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90 m M Ref Level: He)
e Jﬂﬂm MM&!L Ml Autoscale |
-120 -100 80 -60 40 20 0 20 40 60 0 w0 120 —
Frequency (kHz) Run |

Figure 5.13. FM Modulated carrier at the receiver

o Single Channel operation

Scope Plot - Persistence
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—
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Y Offset:
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" TOffset; ===}
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Channel Options
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Figure 5.14. Demodulated signal
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Figure 5.15. Dual channel operation

WX GUI FFT Sink
Title: RF Signal Channel A
Sample Rate: 210k
Baseband Freq: 300M

Y per Div: 10 dB
— =[] ¥ Divs: 10

Ref Level (dB): D

UHD: USRP Source Ref Scale (p2p): 2
Device Addr: fpga=..._4rx.rbf FFT Size: 1.024k
Mb0: Clock Source: Internal Refresh Rate: 15

MbO: Subdev Spec: A:0 B:0
Samp Rate (Sps): 250k

Ch: Center Freq (Hz): 200M
ChO: Gain (dB): 20

ChO: Bandwidth (Hz}: 200k PP —
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Ch1: Gain (dB): 20 o
Ch1l: Bandwidth (Hz}: 200k e

Y per Div: 10 dB
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Ref Level (dB): O
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FFT Size: 1.024k
Refresh Rate: 15

Figure 5.16. Dual channel operation flow graph

The FFT Sinks monitor the output from their respective channels. Both FFT Sinks are set as

discussed earlier. The USRP Source settings are shown in Figure 5.17.
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Properties: UHD: USRP Source

Parameters:
D | uhd_usrp_source_1
Output Type l Complex float32 = J
Wire Format |Autl:lmatil: [«

Stream args _T'
cowerer o o S
Sync ldan‘tsync . J
Clock Rate (Hz) | Default [«]
Num Mboards |1 I v |
Mb0: Clock Source |Internal [ v
Mb0: Time Source |Default [«

Mb0: Subdev Spec

Num Channels

|

Samp Rate (Sps)
Cho: Center Freq (Hz)
ChO: Gain (dB)
Ch0: Antenna
cho: Bandwidth (Hz)
Ch1l: Center Freq (Hz)
Ch1: Gain {dB)

Chl: Antenna

Ch1: Bandwidth (Hz)

l Cancel H oK

Figure 5.17. USRP Source setup for dual channel operation

USRP Source setup is as follows:

e Device Addr: It is recommended that the device address should be
“fpga=usrpl_fpga_4rx.rbf” for the application to work properly. It was found that if the
Device Addr is left blank, the output signal may be attenuated.

e Num Mboards: Only one mother board is used. It is called “Mb0”.

e Mbo: Subdev Spec: To activate Channel A and Channel B simultaneously, the sub-device
specification must be set to “A:0 B:0”. When writing this code, the space before “B”
must be respected. In this code, A and B mean Channel A and Channel B respectively.
The two zeros are to specify the mother board number. The code “A:0 B:0” signifies
“channel A of mother board 0, and channel B of mother board 0”.

e Num Channels: Two channels (A and B).
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e ChO0: Center Freq: 900 MHz from signal generator 1.
e ChO:Antenna: No antenna selection for the DBSRX daughter board.

e Ch1: Center Freq: 930 MHz from signal generator 2.

The Spectrum from each channel is shown in Figure 5.18.

5.5. Getting started with the USRP-2

The USRP-2 is a networked-type device. The connection between the USRP-2 and the host PC is
established via a 1 Gigabit Ethernet link. The USRP-2 requires a memory card where the booting
program (images and firmware) are burnt. This section discusses how to create the booting
memory card, and how to set up the network between the PC and the USRP-2 in the Ubuntu

operating system.
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Figure 5.18. Received signals for dual channel operation
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5.5.1. Selecting the memory card

The type of the memory card is very critical. Certain types of memory cards will not interface
with the USRP-2 [31]. It was found that the SDHC (SanDisk High Capacity) or HC (high capacity)
memory cards are not compatible with the USRP-2. Advanced types of memory cards such as
SDXC, SDHAI, and UHS may also not work. Memory cards of class 4 and 10 are not advisable. It is
recommended to have a standard SanDisk (SD) memory card described as “SD” only. The

memory card capacity must be at least 2 GB.

5.5.2. Burning Procedure
The burning process is done using burner software. This graphical user interface (GUI) must be
downloaded. Two python files are needed to create the burner: the usrp2_card_burner.py and

usrp2_card_burner_gui.py. At the time of writing, these files were downloadable from [46].

After downloading is complete, the two files need to be enabled so that they become
executable files. The following commands are used for this conversion:

S sudo chmod +x usrp2_card_burner.py

and

S sudo chmod +x usrp2_card_burner_gui.py
The prefix S means the commands are executed in the terminal. The command “sudo” means

the process will require the administrator password of the computer.

This experiment was conducted using Ubuntu 11.10. This version has a directory called Home. It

is advisable to download and save the python files in the Home directory. By default, the
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terminal runs from the Home path. Using another location requires the setup of the directory

path properly using the “cd” command.

The process of enabling theses files takes 3 to 5 seconds. A double-click on the relevant file can
tell if the file has changed the mode (chmod) from a standard python file to an executable

python file.

An additional python tool called “Python tk Package” needed to be installed using the
command:

Ssudo apt-get install python —tk

The burner GUI must be launched in the terminal by running the command:

S sudo python usrp2_card_burner_gui.py

Failure to launch the burner GUI in the terminal is an indication that the two python files are not
yet enabled, and thus cannot be executed. No further action must be initiated when the GUI is
launched or the PC hard drive can be mistakenly formatted. As a precaution, it is advisable to

close the burner interface when it is confirmed that the GUI can be launched from the terminal.

The booting programs are referred to as firmware and fpga images. These programs are
released every week [31]. It is critical to identify the version of the USRP Hardware Driver (UHD)
installed in the PC. Outdated versions of the UHD may not be compatible with the latest
released firmware and images. The following command is used to verify the UHD version:

S uhd_find_devices

The response from this command starts with a statement similar to:
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Linux; GNU C++ version 4.6.1; Boost_104601; UHD_003.004.000-1424488

This means the UHD version is 003.004.000-1424488.

At the time of writing, the images and firmware were downloadable from [47]. This link lists
different versions of UHD. The “tar.gz” document should be downloaded. The tar.gz document
contains many files. Only the “usrp2_fpga.bin” and “usrp2_fw.bin” files are of interest. The
binary file “usrp2_fpga.bin” represents the images. The binary “file usrp2_fw.bin” represents

the firmware.

Should the binary files not be accessible, the following commands are used to download the
correct version of the UHD automatically:
Ssudo “/usr/local/share/uhd/utils/uhd_images_downloader.py”

“sudo/usr/local/share/uhd/images/usrp2_fpga.bin”

The memory card concerned must be identified in order to avoid formatting other device
drivers (PC hard drive, USB memory, DVD player, etc.). For this identification, an additional Linux
package needs to be installed using the following commands:

S sudo apt-get update

S sudo apt-get install sg3-utils

After the installation of the sg3-utils, the memory card can be plugged into the PC via a USB
memory card reader or directly through the memory card port (if provided). All the memory
drivers installed in the PC should be scanned using the following command:

S sudo sg_scan —i
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As shown in Table 5.1, this command scans and prints out all the memory devices connected in

the computer.

Three devices are identified in this example:
e Device 1 identified as “sg0”, is the PC hard drive ( ATA)
e Device 2 identified as “sgl”, is the DVD player (hp)

e Device 3 identified as “sg3”, is the memory card (multi-card)

The nomenclature in Table 5.1 may change depending on the number of memory devices
connected to the PC. An additional identification code is important. This is determined using the
following command:

S sudo sg_map

As shown in Table 5.2, this command scans and prints out the identification code of the memory

devices connected to the computer.

In Table 5.1, the memory card (device 3) was referred to as “sg2”. With that, the identification
code for the memory card in Table 5.2 is “/dev/sdb”. This is the code to use for burning the
images and firmware into the memory card. The mapping in Table 5.2 is subject to change

depending on the number of memory devices connected to the PC.

The USRP-2 burner GUI can now be launched using the following command:

S sudo python usrp2_card_burner_gui.py
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pedcontrol@Mitra Control: ~

pedcontrol@Mitra Control:~$ sudo sg_scan -1
sudo: unable to resolve host Mitra Control
[sudo] password for pedcontrol:
WY — o /dev/sg0: scsi2 channel=0 1d=0 lun=0 [em]
ATA WDC WD3200AAJS-6 03.0 [rmb=0 cmdq=0 pqual=0 pdev=0x0]
(Y —e- /dev/sgl: scsi2 channel=0 id=1 lun=0 [em]
DVD A DH16ABLH  3HD9 [rmb=1 cmdq=0 pqual=0 pdev=0x5]
Device 3 E—=p> € : 5cs5i10 channel=0 id=0 lun=0 [em]
Generic- Multi-Card 1.00 [rmb=1 cmdq=0 pqual=0 pdev=0x0]
pedcontrol@Mitra Control:-$ I

Table 5.1. Available memory devices

pedcontrol@Mitra Control: ~

pedcontrol@Mitra Control:~% sudo sg_map
sudo: unable to resolve host Mitra Control
[sudo] password for pedcontrol:
[dev/sgb [dev/sda
fdev/sgql [dev/scd®

Device 3 (memory card) =t FOETE PR S]]
pedcontrol@Mitra Control:~$ I

Table 5.2. Device identification code

The GUI is shown in Figure 5.19. The image and firmware binary files must be selected
accordingly by browsing the directory where the binaries were saved. It was suggested to

download and save these files in the Home directory.

A click on “Rescan for devices” button updates the list of the memory devices connected to the
PC. It can be seen that the memory card is identified using the same code as shown in Table 5.2.
Failure to print the memory card identification code is an indication that the memory card is not

compatible with the USRP-2.
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) USRP2 SD Card Burner

Select Images

Firmware Image: ... (=t~ Browse and get usrp2_fw.bin
FPGA Image: ... = ~==Browse and get usrp2_fpga.bin
Select Device
Rescan for Devices
Jdevjsdal
Jydev/sda3
Memory card =>fdevjsdb
Raw Device:

Warning! This tool can overwrite your hard drive. Use with caution.

Burn SD Card

Figure 5.19. USRP2 SD Card burner interface

A click on the “/dev/sdb/” button allows one to select the memory card. This operation must be
conducted with caution to make sure that the hard drive or another memory device is not

selected. The “Raw Device” bar serves to print the identification code of the selected device.

A click on the “Burn SD Card” button initiates the burning process. This takes 2 to 4 seconds. A
message pops up to confirm that burning was successful. The memory card can now be
removed from the PC and plugged in to the USRP-2 unit. By powering the USRP-2 device, the six
LEDs in the front panel should come on for few seconds. Only LED D and F should remain on.
LED D indicates that the firmware was successfully loaded. LED F indicates that the Complex

Programmable Logic Device (CPLD) is loaded [31].

5.5.3. Setting the network PC and USRP-2

This network requires the following:
e A Gigabit network interface card;

e A Cat-5 Ethernet cable;
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e A RJ-45 connector; and

e |Pv4 protocol

It is advisable to make sure that the driver for the Network Interface Card (NIC) is installed in
the computer. This installation can be completed in the Windows operating system. In Linux,
the NIC is called “eth” for Ethernet. The computer may have more than one NIC. In this case, the
first NIC is called “eth0”, the second NIC is called “eth1”, the third is called “eth2” and so on

[48].

The characteristics of the NIC should be described in order to determine if the NIC complies with
the USRP-2 network requirements. In Ubuntu, the “/shw” command is used to list the properties
of any NIC's installed in the computer:

S sudo Ishw —class network

This operation takes 2 to 4 seconds depending on the number of NICs in the system. The
computer used for this experiment had 2 NICs. The characteristics of these two NICs are listed in

Table 5.3.

Attention must be paid to the “logical name” and “capacity” of each NIC. It can be seen that
“eth1” is a Gigabit (1 Gbit/s) network interface card. With that, “eth1” is selected for the USRP-2

networking.

The PC and USRP-2 must be connected using a Cat-5 cable. The IP address for the NIC (ethl)
must be created in order to have a functional network. By default the USRP-2 IP address is

192.168.10.2 [31].

97



Following IPv4 protocol, the NIC (eth1) IP address needs to be 192.168.10.1 with a subnet mask
of 255.255.255.0. The NIC (eth1) IP address can be configured using the “ifconfig” command as
follows:

S sudo ifconfig eth1 192.168.10.1 netmask 255.255.255.0

To verify that NIC (eth1) is configured with a proper IP address, the “ifconfig” command can be
used as follows. The USRP-2 unit must be powered up first.

S sudo ifconfig eth1

Table 5.4 shows that NIC (eth1) has been configured with a correct IP address.

This method is used for a temporary configuration of the NIC. The configuration in Table 5.4 is
lost when the USRP-2 reboots. It is advisable to set the NIC IP address for permanent
configuration. This can be done manually. A click on the network icon at the top-right corner
of the screen opens a setup window. A click on the “Edit Connections” tab opens a list of
available networks (Wired, Wireless, Mobile broadband, etc.). The ethl NIC is found under the
“Wired” network. A double-click on the ethl network allows editing of the configuration of the
USRP-2 network. The setup of the USRP-2 network is done as follows:
e Connection name: changed to “MITRA USRP Network”
e Connect automatically: yes
e Wired:
— Device MAC address: (eth1) must be selected
— Cloned MAC addess: No option to change

— MTU: automatic bytes

98



e 802.1X Security: No option to change
e |Pv4 Settings:

— Method: Manual

— Addresses:

= Address: 192.168.10.1
= Netmask: 255.255.255.0
= Gateway: 0.0.0.0

e This setup must be added by clicking on the “Add” button.
— DNS servers: No option to change
— Search domains: No option to change

e |PV6 Settings:

— Method: Ignore

The Firewall may obstruct the USRP-2 network from being established. It is advisable to
deactivate the firewall in the system. To do so, the “ufw” (uncomplicated firewall) command
can be used.

To disable the firewall: $ sudo ufw disable

To enable the firewall: S sudo ufw enable

To check the firewall status: S sudo ufw status
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pedcontrol@Mitra Control: ~

pedcontrol@Mitra Control:~$ sudo lshw -class network

sudo:

unable to resolve host Mitra Control

[sudo] password for pedcontrol:
*.network

description: Ethernet interface

product: RTL8101E/RTL8102E PCI Express Fast Ethernet controller
vendor: Realtek Semiconductor Co., Ltd.

physical id: ©

bus info: pci@e000:02:00.0

logical name: etho

version: 02

serial: d4:85:64:9a:ff:e7

size: 100Mbit/s

capacity: 100Mbit/s

width: 64 bits

clock: 33MHz

capabilities: pm msi pciexpress msix vpd bus_master cap_list rom ethernet

physical tp mii 10bt 16bt-fd 100bt 106bt-fd autonegotiation

configuration: autonegotiation=on broadcast=yes driver=r8169 driverversio

n=2.3LK-NAPI duplex=half firmware=N/A 1p=10.1.28.48 latency=0 link=yes multicast
=yes port=MII speed=100Mbit/s

resources: irq:42 ioport:d8oo(size=256) memory:feaffo00-feafffff memory:f

dffeeeo-fdffffff memory:feac0000-feadffff
*-network

description: Ethernet interface

product: DGE-528T Gilgabit Ethernet Adapter
vendor: D-Link System Inc

physical id: 4

bus info: pci@o000:03:04.0

logical name: ethil

version: 10

serial: f0:7d:68:b8:b1:40

size: 10Mbit/s

capacity: 1Gbit/s

width: 32 bits

clock: 66MHz

capabilities: pm bus_master cap_list rom ethernet physical tp mii 16bt 10

bt-fd 100bt 100bt-fd 1000bt 1000bt-fd autonegotiation

configuration: autonegotiation=on broadcast=yes driver=r8169 driverversio

n=2.3LK-NAPI duplex=half firmware=N/A latency=64 link=no maxlatency=64 mingnt=32
multicast=yes port=MII speed=10Mbit/s

resources: irq:20 ioport:e800(size=256) memory:febffcoo-febffcff memory:f

ebc0000-febdffff
pedcontrol@Mitra Control:~$ l

Table 5.3. Characteristics of the NIC's

pedcontrol@Mitra Control: ~

pedcontrol@Mitra Control:~$ ifconfig ethl

ethl Link encap:Ethernet HWaddr f@:7d:68:b8:b1:40
inet addr:192.168.10.1 Bcast:192.168.10.255 Mask:255.255.255.0
inet6 addr: fe8@::727d:68ff:feb8:b140/64 Scope:Link
UP BROADCAST RUNNING MULTICAST MTU:1500 Metric:1
RX packets:53811848 errors:® dropped:9484 overruns:® frame:@
TX packets:22789 errors:0 dropped:® overruns:0 carrier:0
collisions:® txqueuelen:1000
RX bytes:4089021654 (4.8 GB) TX bytes:2093542 (2.0 MB)
Interrupt:20 Base address:0x2c00

pedcontrol@itra Control:-~$ I

Table 5.4. NIC (eth1) IP configuration
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Chapter 6: Correlator Implementation in Gnu-Radio

6.1. Introduction

The purpose of this chapter is to describe the correlator using the GNU-Radio Companion. The
correlator is the main component in an interferometer telescope. There exist a number of
possible correlator circuits. The simplest type is the adding interferometer in which the voltages
of the two antennas are continually added [25]. The problem with the simple adding
interferometer is that, in addition to the signal from the source, the output of the receiver
contains components from other sources of noise power such as the galactic background
radiation, the thermal noise from the ground picked up in the antenna side lobes, and the noise

generated in the system.

The introduction of a phase switching interferometer removes many of the unwanted
components of the receiver output leaving only the fringe oscillations [28]. In the phase
switching system, the phase of one of the two signals is periodically reversed. The signal
voltages are multiplied and then time-averaged, which has the effect of filtering out the high
frequencies. Averaging a signal modifies the original data set, acting like a low-pass electronic
filter, because it reduces the high frequencies in the original signal [49]. The phase-switched
interferometer is sometimes referred to as a multiplying interferometer. It produces a

fluctuating output signal of average zero called fringe oscillations [25, 28].

For sidereal sources, the variation of the angle @ (see Figure 6.1) with time as the earth rotates
generates quasi-sinusoidal fringes at the correlator, which is the output of the interferometer

[28].
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6.2. The Multiplying Correlator

Figure 6.1 shows the block diagram of a two element multiplying correlator. Signals v, (t) and
V,(t) are the incoming signal voltages from antenna 1 and antenna 2 respectively. It is assumed
that both antennas are pointed in the same direction. A source will induce equal signal voltages
into the receivers with a certain phase difference depending on the source direction [25]. The
two signals are expected to be of the same frequency since the antennas are pointed at the

same source.

Ant. 2 Ant. 1

Multiplier

v, () vi(t)

LPF

R

fro

Figure 6.1. Multiplying correlator
The distance d in Figure 6.1 can be derived as follows:
cos(x) = d (6.1)
D

0+x=90°=x=90°-0 (6.2)
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d

~.c0s(90°—0)= 5 (6.3)

c0s(90° - 0)=sin(H) (6.4)
: d

sin(9) =5 (6.5)

d = Dsin(6) (6.6)

The wavefront from the source in direction & reaches Ant. 1 at a time 7, before it reaches Ant.
2. The variation of the angle ¢ depends on the earth’s rotational velocity. The time 7 is called

the geometric delay and is formulated as follows [12].

Dsin(@) d
T. =— = —
¢ C C

[s] (6.7)
where C is the velocity of an electromagnetic wave in free space. With the baseline D, observing
at angle ¢, the delay is 75, the frequency is v, and the phase difference ¢ is formulated in
Equation 6.8 [5]:

¢=2nvry=cwr, [rad] (6.8)

_ 2zvDsin(0)

¢ [rad] (6.9)

C
With A=—, the phase-difference due to the separation of the antennas is expressed as:
v

. 27 Dsin(#) [rad] (6.10)
A
The instantaneous voltages into the multiplier are given as:
v, (t) =V, cos(wt) (6.11)
v, (t) =V, cos(w(t-7,)) (6.12)
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The multiplier output gives the signal v,(t) such that:
V,(t) =V, cos(wt) xV, cos(w (t —7,))

ViV,

vy(t) = {cos[a)t+a)(t—rg)]+ cos[a)t—a)(t—rg)]}

v,(t) = Vl;/Z {Cos[a)t +aot —or, )]+ Cos[a)t - ot + or, )]}

ViV,

> {cos(Za)t—wrg)+cos(a)rg)} (6.13)

V3 (t) =

After the LPF in Figure 6.1, the higher frequency component COS(Za)t—a)z'g) will be filtered out,
giving the signalv, (t):

ViV,
2

v,(t) = cos(wr,) (6.14)

if V, =V, =V, then

2

v, (t) = V?Cos(a)rg) (6.15)

The following should be noted:

v? v?
1. The signal v,(t) varies between 7and Y

2. The actual peak voltage of the signal at the output of the multiplying correlator is equal to

the normalized power calculated using a normalized impedance of 1 Q.

p=y %2_-_P° [W] (6.16)
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3. The maximum output power from a 2 element correlator receiver is the same as what
would be obtained from a single total power receiver.

4. Non-coherent noise will be eliminated.

The expression Cos(a)z'g)in Equation 6.15 is called the fringe function [28]. The correlator

output voltage in Equation 6.16 varies co-sinusoidally with the change of the source direction in
the interferometer frame. The sinusoid fringe signal has the fringe phase ¢ expressed in
Equation 6.8. The fringe phase is a measure of the source position. Note that the fringe phase
and hence measured source position is not affected by small tracking errors of the individual
telescopes. It depends on time and time can be measured by clocks with high accuracy [50]. An
interferometer whose baseline is horizontal is not affected by the plane-parallel component of
atmospheric refraction, which delays the signals reaching both telescopes equally. The response
of a two-element interferometer with directive antennas is a co-sinusoid multiplied by the
product of the voltage patterns of the individual antennas. Normally the two antennas are
identical, so this product is the power pattern of the individual antennas and is called the
primary beam. The primary beam is usually a Gaussian much wider than a fringe period. More
baselines are required to improve the response of an interferometer. The number of baselines
(the distance between the pair of antennas) is expressed in Equation 6.17. The response of the

synthesized beam is obtained by averaging the outputs of all pairs [50].
N, =—"34~2—= (6.17)

where Npis the number of baselines and N5 the number of antennas.
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A Microsoft Excel spreadsheet (Annexure 16) was used to demonstrate the operation of the
adding and multiplying correlators. Two sinusoidal signalsv,(t)andv,(t) were created at the
same frequency. A varying phase shift ¢ was applied to v, (t). Figure 6.2 shows the two signals

as the phase shift varies.

1,5

1
05
2
3
2 o0 vi(t)
g' 9 —2(1)
<

Time (s)

Figure 6.2. Two sinusoidal signals with a varying phase

If v,(t)and v, (t) represent the signal voltage as a function of time from the two antennas, the

output from a simple adding interferometer (adder followed by a square-law detector) is

proportional to [vl(t)+ vz(t)]2 [51]. Figure 6.3 shows the output of the adding interferometer. The
peak points are obtained where v,(t)andv,(t)are in phase, and the dips are obtained where

v, (t)and v, (t) are out of phase.

The voltages v, (t)and v, (t) were multiplied to form a multiplying correlator for which the result

is shown in Figure 6.4. The exponential smoothing technique was applied to reduce the level of

ripple in the correlated data. The damping factor or smoothing constant was set to 0.95. The

106



action of the multiplying correlator is verified in Figure 6.5 where the two input signals with
varying phase are plotted on the same set of axis with the smoothed correlated data. The
positive peak is measured where the inputs are in-phase and the negative peak is measured

where the inputs are out of phase.

4,5

4

3'5 i a2 [ 1

3 A .

; I
—— (Added)"2

Amplitude (v)

1 101 201 301 401 501 601 701
Time (s)

Figure 6.3. Adding correlator

0,8

0,6

0,4

0,2

-0,2

Amplitude (v)
o

'014 - -
_0'6 | | —Vl(t)

0,8 —V2(t)

1 e Multiplied
Time (s)

Figure 6.4. Multiplying correlator
107



1,5

1
0,5
0 - 1 VZ(t)
0 3 Smoothed
-0,5 -
_1 .
-1,5

Figure 6.5. Input data and smoothed correlated signal

6.3. Multiplication and Low-Pass Filter Operations

The purpose of this section is to demonstrate that a two-way multiplying correlator can be
implemented in Gnuradio-companion. Multiplication and low-pass filtering operations are
investigated in Figure 6.6. Two signals of 4 KHz and 10 KHz were multiplied together using the

Multiply block which can be found under the Operators menu in the GRC.

The Multiply component was set as shown in Figure 6.7. The 10 data type was set to Float for
simplicity. This implies that components connected to the multiplier block must also be of float
data type. The number of inputs must correspond to the number of signals to multiply. In this

case, the number of inputs was 2. By default the vector length was set to 1.
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Signal Source
Sample Rate: 32k
Waveform: Cosine
Frequency: 4k
Amplitude: 1
Offset: 0

Signal Source
Sample Rate: 32k
Waveform: Cosine
Frequency: 10k

out

out

inl

Low Pass Filter
Decimation: 1

Gain: 1

Sample Rate: 32k
Multiply [out —h-|| ut i
uttiply [G— 21 Cutoff Freq: 8k = i

Transition Width: 10

Window: Hamming
Beta: 6.76

WX GUI FFT Sink

out

WX GUI FFT Sink
Title: FFT Plot
Sample Rate: 32k
Baseband Freq: 0
Y per Div: 10 dB

Y Divs: 10

Ref Level (dB): 0
Ref Scale (p2p): 2
FFT Size: 1.024k
Refresh Rate: 15

Amplitude: 1
Offset: 0

Title: FFT Plot
Sample Rate: 32k
Baseband Freq: 0

» |:In Y per Div: 10 dB

Y Divs: 10

RefLevel (dB): 0
RefScale (p2p): 2
FFT Size: 1.024k
Refresh Rate: 15

Figure 6.6. Multiplication and low-pass filter operations

The FFT Sink, with a 32 ksps sample rate, provides a spectrum span of 0-16 kHz (half the sample
rate), which is wide enough to display both components (6 kHz and 14 kHz) which results from
the multiplication. The FFT Sink data type was also set to Float. Figure 6.8 gives the multiplier

output spectrum.

The LPF properties were set as shown in Figure 6.9. It can be seen that the data type (FIR Type)
was set to float. The sample rate (samp_rate) was also controlled by the variable block. The cut-
off frequency (8 kHz) was set to attenuate the 14 kHz component. The LPF operation is

demonstrated in Figure 6.10 as the 14 kHz component was attenuated by a factor of 100 dB.

) Properties: Multiply

Parameters:
ID gr_multiply xx 0
10 Type Float .
Num Inputs 2

Vec Length 1

Figure 6.7. Multiply block properties
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FET Plot - Trace Options
0 Peak Hold
Average
-20 g
-40
-60 Persistence
g 80
s
E -100 Trace A |Store
[-%
£ 20 Trace B |Skore
-140 Axis Options
-160 dBfDiV: AP
180 Ref Level: +|| -
-200 Autoscale
0 2 4 6 8 10 12 14 16
Frequency (kHz) Stop

Figure 6.8. Spectrum of the multiplier output

6.4. Multiplying Correlator implemented with the USRP

Two external and independent signal generators were used to simulate the inputs to the
correlator with USRP hardware. The signal frequency was 800 MHz produced from each
generator. Being unlocked, the two generators provided signals of varying phase-shift. The

USRP-2 was used for this experiment. The correlator flow graph is shown in Figure 6.11.

The USRP Source was set to provide a signal in complex data type in the form of cos&+jsiné.
Two distinct File Sink blocks were inserted to record the raw data captured by the USRP at

output 0 and output 1 respectively.

For two frequency-coherent signals, the multiplier output was expected to provide its lowest
frequency component at 0 Hz. With that, the low-pass filter cut-off frequency can be set at 1

kHz as in Figure 6.11. The transition width of the LPF was set to 500. This value was optimized in
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order to prevent the computer from overrunning and crashing the program. The Multiply Const
block was inserted to amplify the correlated signal level for plotting purposes. Another File Sink

was inserted to record the correlated signal.

Properties: Low Pass Filter
Parameters:
1] low_pass_Filter 0
FIR Type Float->Float (Decimating) =
Decimation 1
Gain 1
Sample Rate samp_rate
Cutoff Freg BOOO
Transition Width 10
Window Hamming v
Beta 6.76

Figure 6.9. Properties of the LPF

0 Top Block

FFT Plot - Trace Options
0 Peak Hold
Average
-20 g
-40
-60) Persistence
g 80
-
2 100 Trace A | Store
[}
£ 10 Trace B |Store
-140 Axis Options
-160 dBJI'rDiV: : &
-180 Ref Level: i
200 |  Autoscale |
1] 2 4 6 8 10 12 14 16
Frequency (kHz) stop

Figure 6.10. LPF output
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A Scope Sink was used to monitor the correlated data in the time domain. In complex data
format, the real (cosine) and imaginary (sine) components should be automatically plotted on
the same set of axes. For simplicity of plotting, the correlated signal was converted to float data
format. The raw signals as well as the correlated signal, in float data format, are plotted on the
same set of axes in Figure 6.12. The high frequency sinusoids represent the raw data. The low

frequency sinusoid is the simulated correlated output signal. It can be seen that the correlated

data is a quasi-sinusoidal signal.

File Sink
File: ..esfraw_data output 0
Unbuffered: Off

e Sink

File: ...cises/corelated_data
UHD: USRP Source Unbufered: Off
Device Addr: addr0...168.10.3
Mb1: Clock Source: MIMO Cable . :‘“’ ::': f';t"
Mb1: Time Source: MIMO Cable cappeaton:
Samp Rate (Sps): 250k ) i
ChO: Center Freq {Hz): B00M z::»;hF::Gi:SDk B ?.':.':L::.’L?{,S“
ChO: Gain (dB): 20 . :
Transition Width: 500
Cho: Bandwidth (Hz): 40M w:’“:‘:w.:'ammmg
Ch1l: Center Freq (Hz): 300M Beta: 6 ';'E
Ch1: Gain (dB): 20 .
Ch1: Bandwidth (Hz): 40M Lo [76] w GuI Scope Sink
Title: Amplitude
Je[iAl| Sample Rate: 250k
Trigger Mode: Auto
Complex to Real |out }E Y Axis Label: Counts
File Sink
File: ...es/raw_data_output_1
Unbuffered: Off
Figure 6.11. Correlator flow graph
Amplitude . . . Persistence
04
03 Axes Options
Secs/Div: + |-
Counts/Div: +-
M n \ f i fif fY f
A ANATA! Ty [y TRy vorfset: Am
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Figure 6.12. Raw data and correlated signal

112



Chapter 7: MITRA Station System Integration

7.1. Introduction

The purpose of this chapter is to discuss how the components were integrated in the signal
chain going from the outdoor segment to the indoor segment. The results of the measurements
conducted at various stages will be presented. The setup and performance of relevant
components will be discussed. The outdoor and indoor segments were linked via fibre optic

cable.

7.2. Single MITRA Antenna

A single LPDA antenna was set to detect RF signals within the operational band. A spectrum
analyzer (Rhode & Schwarz FSH4) was used to monitor the received signal at the output of the
antenna before the LPF. The North-South (NS) output of antenna 1 in the West array was
monitored. The signal received is shown in Figure 7.1. It can be seen that the antenna was able

to receive signals below and above the operational frequency band.

7.3. Front-End Low-Pass Filter

The LPF used was the Mini-Circuits VLF-800. The insertion loss of this LPF was measured as
shown in Figure 7.2. It can be seen that the actual measured 3 dB cut-off frequency of this LPF is

1.035 GHz.

The LPF was connected to the output of the antenna. The RF signal level measured at the output

of the LPF is shown in Figure 7.3. Two markers at 200 MHz and 800 MHz were used to locate the
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operational band. This result demonstrates the action of the LPF in the Front-End as the signals

above the cut-off frequency are attenuated.

Spectrum 05/10/13 09:49 '
Ref: 0.0 dBm *» RBW: 30kHz SWT: 106s Trace: Clear/Write
=« Att: 10 dB VBW: 30kHz  Trig: Free Run Detect: Auto Peak
200 MHz -58.9 dBm a» 800 MHz -86.0 dBm
-10.0
-20.0 (Ené)
-30.0
-40.0
-50.0
-60-6- ||‘
-70.0 |I|
A 0 |
Start: 100 MHz
Start: 100 MHz Stop: 2 GHz

“Center mr T Stop " Freq " Freq
Freq Stepsize Freq Freq Offset Mode

Figure 7.1. RF Signals received by a single LPDA

hfarker 2 §1.035655000 GHz

—
P 521 Log Mag 10.00dE/ Ref 0.000dE
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20.00
10,00
0.000 2
-10.00
-20.00
-30.00
-40.00
-50.00

-&0.00
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1 Start 100 MHz

Meas | Stop | ExtRef | Sve | 2013-07-12 11:08 |

Figure 7.2. Insertion loss response of the LPF
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Spectrum 05/10/13 09:51
Ref: 0.0 dBm *RBW: 30kHz SWT: 106s Trace: Clear/Write
+« Att: 10 dB VBW: 30kHz Trig: Free Run Detect: Auto Peak

200 MHz -57.6 dBm ap 800 MHz -85.8 dBm
-10. |
-20. @
-30.
-40.
-50.
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Figure 7.3. Spectrum result of the antenna and LPF cascade

7.4. Low-Noise Amplifier

The LNA used in the Front-End was the Mini-Circuits Zx60-33LN+. The gain response (S21) of this
LNA was measured as shown in Figure 7.4. The average gain is approximately 20 dB between

200 MHz and 800 MHz.

The LNA was cascaded with the LPF to form a 2-port network. The measured result of this
cascaded system is shown in Figure 7.5. At 800 MHz, the cascade system gives 17.831 dB of

gain.

The antenna, LPF and LNA were cascaded. Figure 7.6 shows the spectrum of the signal detected
across the operational frequency band. Due to the LNA amplification, the signal level is higher
when compared to the spectrum in Figure 7.3 where the signal was measured at the output of

the LPF.
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Figure 7.4. Gain response of the LNA
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Figure 7.5. Response of the LPF and LNA cascade
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Figure 7.6. Spectrum of the cascade antenna, LPF and LNA

7.5. IF Stage Testing

A simplified diagram of the IF stage is shown in Figure 7.10. Spurious frequency suppression,
harmonic rejection, and IF (800 MHz) selection by the band-pass filter (BPF) will be discussed.
Measurements were performed at test point A (TP A) and test point B (TP B). The system was
tested using an RF signal generator. The RF signal level was set to — 30 dBm. The system output
was monitored using a spectrum analyzer. A low-noise RF signal generator (Rohde & Schwarz
SMB-B103) was used to produce the LO signal. The LO was set to 7 dBm since the mixer was a

level 7 mixer.
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Mixer BPF
[
RF ~
200-800 MHz
(-30 dBm)
Agilent
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1-1.6 GHz
R&S
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Figure 7.7. IF stage testing system

7.5.1. Mixer Testing

High-side injection was applied. Mixer operation is summarized in Equation 7.1, where F,,; is
the output frequency of the mixer. The IF frequency was calculated using Equation 7.2. The
resulting image frequency (Fj,,) was calculated using Equation 7.3. Table 7.1 shows different
signal frequencies from the LO and the incoming RF signal, and the corresponding image
frequencies. A band-pass filter (BPF) was inserted after the mixer to select theIF. The

datasheet of the BPF (Mini-Circuits VBFZ-780) is given in Annexure 14.

F,,.= LO + RF (7.1)
LO = RF + IF (7.2)
F,, = RF + 2.IF (7.3)

Overall, the Back-End stage consists of four mixers. All of them were tested under the same
conditions and the results were similar. For Test 1, the output of the mixer at TP A is shown in

Figure 7.11.
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Table 7.1. Lookup Table of the IF stage Frequencies

Test LO Freq (MHz) | RF Freq (MHz) | IF Freq (MHz) | Image Freq (MHz)
Test 1 1000 200 800 1800
Test 2 1100 300 800 1900
Test 3 1200 400 800 2000
Test 4 1300 500 800 2100
Test 5 1400 600 800 2200
Test6 1500 700 800 2300
Test 7 1600 800 800 2400
X S0 0 | | AT | SEMSEINT]| | ALIGR AITO | DF:46:15 PM Jul 12, 2013
[Marker 10 3.198045700000 GHz | Avg Type: Log-Pwr TRACE[1/ 234586
Input: RE  PNO: Fast (o0 1rig:FreeRun i D
IFGain:Low Atten: 10 dB
MKr10 3.198 GHz
10 dBidiv  Ref 0.00 dBm -70.32 dBm
|ILog
-10.0
-20.0 3
6
300 2 4 g
-40.0
-50.0 1 L 7 3
-60.0 10
-70.0 . |
-80.0

-80.0

Center 1.850 GHz
Res BW 27 kHz

VBW 27 kHz

Span 3.664 GHz

Sweep 6.06 s (1001 pts)

[MEF[MODE[TRC[ scl] < [ v | FUNCTION |
1] N [1]F 199 MHz 55.99 dBm
2 N [1[f 800 MHz -38.00 dBm
3 N [ [F 1.000 GHz 3072 dBm
A N [1 [ f 1.197 GHz -38.97 dBm
5| N [1|f 1.800 GHz £4.95 dBm
6| N [1|f 1.998 GHz -33.87 dBm
7l N [1[f 2.201 GHz 63.22 dBm
8 N [1[f 2.802 GHz 6£3.86 dBm
ol N [1[f 3.000 GHz -10.37 dBm
N [1[f 3.198 GHz -70.32 dBm
11
[12]

Figure 7.8. Mixer output (F,,,) when LO =1 GHz and RF = 200 MHz

Marker 1: RF input (200 MHz) reproduced at the output of the mixer

Marker 2: F,,,; calculated as LO - RF

Marker 3: LO input (1000 MHz) reproduced at the output of the mixer

Marker 4: F,,++ calculated as LO + RF

Marker 5: Fj,,
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e Marker 6: 2™ harmonic of Marker 3

e Marker 7: harmonic calculated as (2x1000 MHz) + 200 MHz

e Marker 8: harmonic calculated as 2x[1000 MHz + (2x200 MHz)]
e Marker 9: 3 harmonic of Marker 3.

e Marker 10: harmonic calculated as 2x[1000 MHz + (3x200 MHz)]

Further measurements were performed at TP A using the frequency values in Table 1. Results

from test 2 to test 7 are respectively shown from Figure 7. 12 to Figure 7. 17.

7.5.2. Band-Pass Filter Testing
The insertion loss of the Band Pass Filter (BPF) is shown in Figure 7.18. The centre frequency of
the BPF is measured at 861.1 MHz. The bandwidth of 468.5 MHz was calculated at -3 dB from

the centre frequency. The BPF gives an insertion loss of 1.9 dB at 800 MHz.

Measurements were conducted at TP B in Figure 7.10 regarding the frequencies in Table 1.
Results are shown from Figure 7. 19 to Figure 7. 25. The impact of the bandwidth of the BPF is
visible. The bandwidth of 468.5 MHz is wide enough so that some harmonics will be found in the
pass-band. However, these unwanted signals will be attenuated by the digital filter in the SBX

daughter board.
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Figure 7.10. Mixer output when LO = 1.2 GHz and RF = 400 MHz
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Figure 7.12. Mixer output when LO = 1.4 GHz and RF = 600 MHz
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Figure 7.13. Mixer output when LO = 1.5 GHz and RF = 700 MHz
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Figure 7.14. Mixer output when LO = 1.6 GHz and RF = 800 MHz
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Figure 7.15. Insertion loss the BPF
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Figure 7.16. BPF output when LO = 1 GHz and RF = 200 MHz
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Figure 7.18. BPF output when LO = 1.2 GHz and RF = 400 MHz
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Figure 7.19. BPF output when LO = 1.3 GHz and RF = 500 MHz
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Figure 7.20. BPF output when LO = 1.4 GHz and RF = 600 MHz
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Figure 7.21. BPF output when LO = 1.5 GHz and RF = 700 MHz
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Figure 7.22. BPF output when LO = 1.6 GHz and RF = 800 MHz

The general conclusion is that the IF system operated correctly and unwanted signals were

attenuated sufficiently.
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7.5.3. Splitter Testing

As shown in Figure4.1, the IF stage consists of four mixers. The LO was produced by an RF signal
generator (R&S SMB 100A). The output of the signal generator is split using a 4-way signal
splitter (ZC4PD-18-S+) to distribute the LO to the four mixers. The datasheet of this splitter is
given in Annexure 15. The output of the splitter was monitored using a spectrum analyzer. The
signal level was expected to decrease after the splitter by 3 dB after every split. The input LO
level to the mixers must be +7 dBm. It was essential to determine the power of the signal
delivered by the signal generator to keep the mixer LO inputs at +7 dBm. A test was conducted
between 1000 MHz and 1600 MHz and the results are presented in Table 7.3. The results of the

test indicate that the signal generator should provide the LO at an amplitude of +14 dBm.

Table 7.2. Splitter Input and Output

Freq (MHz) | Splitter input (dBm) Splitter output (dBm)
1000 13.78 7
1100 13.78 7
1200 13.47 7
1300 13.86 7
1400 14.59 7
1500 15 7
1600 15 7

7.6. System Bandwidth Test

The system bandwidth was tested at 202 MHz as no prominent RFl was observed at this
frequency as shown in Figure 7.26. A 2-way splitter was connected to the output of the IF stage.
The 2 outputs of the splitter were connected to a spectrum analyser and to the USRP
respectively. This setup is shown in Figure 7.27. The response from the spectrum analyser is
shown in Figure 7.28. The span (10 MHz) of the spectrum analyser was used to indicate the
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receiver bandwidth. Figure 7.29 shows the GRC for this exercise. The span of the USRP spectrum
is controlled from the variable called “Samp Rate (Sps)”’. The variable “Bandwidth (Hz)" controls
the resolution bandwidth of the GRC spectrum. This was set to 100 kHz. The maximum span set
for the USRP system was also set to 10 MHz. It was found that the USRP system and the
performance of the computer used in the Back-End could not handle spans above 10 MHz.
Figure 7.30 shows the spectrum of the signal from the USRP. It can be seen that the responses
from the spectrum analyser and the GRC (FFT Sink) are similar. With that, a span of 10 MHz was

obtained when using the GRC flow graph shown in Figure 7.29.
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Figure 7.23. RFI at the centre frequency 202 MHz
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Figure 7.24. Setup for bandwidth testing
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Figure 7.26. GRC setup for system bandwidth-measurement
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Figure 7.27.GRC (FFT Sink) response for system bandwidth measurement
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7.7.

Table of Hardware Components

Table 7.3 shows a detailed list of hardware components used in the development of this project.

Table 7.3. Table of Hardware Components

Designation Part number Manufacturer Quantity

1 | Dual-polarized LPDA N/A Constructed 16
2 | Low-Pass Filter VLF-800 Mini-Circuits® 32
3 | Low-Noise Amplifier Zx60-33LN+ Mini-Circuits® 32
4 | 8-way Power Combiner ZFSC-8-43+ Mini-Circuits® 4
5 | RF-to-Fibre Converter RFoF-2G Conical RF Optic 4
6 | Fibre-to-RF Converter RFoF-2G Conical RF Optic 4
7 | Mixer Zx05-11x Mini-Circuits® 4
8 | Band-Pass Filter VBFZ-780 Mini-Circuits® 4
9 | USRP (Mother board) USRP2/N200/N210 Ettus Research™ 4
10 | USRP (Daughter board) SBX Ettus Research™ 4
11 | MIMO cable 783076-01 Ettus Research™ 2
12 | Ethernet Gigabit switch N/A N/A 1
13 Frequency-Time GPS 10 RBN Precision Test 1

Standard Systems
14 | 5-way Splitter ZFSC-5-1 Mini-Circuits®
15 | RF Signal Generator SMB-B103 Rohde & Schwarz
16 | 4-way Splitter ZCAPD-18 Mini-Circuits®
17 | RF Coaxial Cable LMR-195 N/A 96 m
18 | RF Coaxial Cable RG-58 N/A 320 m
19 | Fibre Optic Cable DTC-9-02VT/V/V Teldor Cables 100 m
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Chapter 8: MITRA Radio Telescope: Proof of Concept

8.1. Introduction

The purpose of this chapter is to prove the concept behind the MITRA project. Two tests were

conducted: a walk-by test and a sensitivity comparison test.

In an urban environment, the Radio Frequency Interference (RFI) signals are strong enough to
dominate the noise coming from astronomical sources. The RFl was monitored before running
the test. This exercise was conducted in order to identify the RFI relatively free portions of the

band where radio astronomy observations could be performed.

8.2. RFI Measurement

The North-South (NS) outputs from the West array were used for this experiment. The RFI
signals were measured between 200 MHz and 800 MHz in steps of 100 MHz. The results are
shown from Figure 8.1 to Figure 8.6. It can be seen that the level of RFI and noise floor are
extremely high between 200 MHz and 800 MHz. This makes this location (DUT) to be not
suitable for radio astronomy observation between 200 MHz and 800 MHz. However some RFI
free frequencies such as 280 MHz, 335 MHz, 433 MHz, and 490 MHz were identified for MITRA

system testing.
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Figure 8.1. RFl between 200 MHzand 300 MHz
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Figure 8.2. RFl between 300 MHz and 400 MHz
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Figure 8.3. RFl between 400 MHz and 500 MHz
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Figure 8.4. RFl between 500 MHz and 600 MHz
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Figure 8.5. RFl between 600 and 700 MHz
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Figure 8.6. RFl between 700 MHzand 800 MHz.
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8.3. Walk-By Tests

For this test, an RF signal generator was used to simulate an astronomical source. A dipole
antenna was connected to the output of the RF signal generator in order to radiate RF waves
toward the MITRA arrays. An operator was tasked to walk with the dipole antenna from east to
west and back from west to east. The operator was 5 m away from the antenna arrays. The
walking speed was approximately 1 metre per second. The test was performed with the
following setup:

e Source: RF signal generator.

e Frequencies: 280 MHz and 335 MHz.

e System sample rate: 250 ksps.

e Datarecorded: 250 ksps.

e Front-End feed lines: EW-E and EW-W.

e Back-End LO: 1080 MHz and 1135MHz.

8.3.1. Calibration

An important requirement for interferometry is phase coherence between the relevant
components used in the radio telescope signal chain. As discussed in Section 4.3, it was found
that there was a phase shift difference between the signals at the outputs of the USRP daughter
boards used in the MITRA Back-End. This phase shift difference was caused by the misalignment
of the local oscillators of the USRP daughter boards. To correct this misalignment, the mixer
section of one of the WBX daughter boards was modified. The 2 USRP daughter boards were

arranged in a master-slave topology. The synthesizer outputs from the slave daughter board
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were isolated. The synthesizer from the master daughter board was used to distribute the local
oscillator signal to the mixer of the slave board.

It was also found that the frequencies of the baseband signals from both USRPs were slightly
different. The purpose of this calibration was to verify and correct the frequency offset of the
baseband signals. The calibration setup is shown in Figure 8.7. Two RF signal generators were
used as the calibrators. The MITRA Front-End was isolated and replaced by the calibrators set to
the test frequency. As shown in Figure 8.8, two sliders (Shift_0 and Shift_1) were incorporated
in the MITRA flowgraph to allow a real-time adjustment of the centre frequency of the USRP RF

channels, thus correcting the frequency offset.

Calibrator
280 MHz | Signal Generator 1 |
-30 dBm
| Signal Generator 2 |
< ™ AN
LL LL L] LW
n:l n:i x| o
A
LO 1# IF1 g
Local 1080 MHz | 4-way |-1080MHZ, IF 2 5| USRP -
. . < IF Stage > » GRC
Oscillator | +14 dBm™ | Splitter ppT— —IF3 Stage
o7 o

800 MHz

Figure 8.7. Calibration setup

As shown in Figure 8.8, a successful calibration is obtained when the signals of the local
oscillators are aligned and of the same frequency. The two high frequency components (green
and red) are the raw input data of each respective channel. The low frequency component
(blue) is the correlated output signal. The negative peak is measured when the inputs are out of

phase, and the positive peak is measured when the inputs are in phase.
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Figure 8.8. Alignment sliders and calibration result

After the calibration process, the Front-End signals can be reconnected to the Back-End as
shown in Figure 8.9. This is accomplished without closing the flowgraph and without switching
the USRP units off after the calibration process. The calibration process must be verified every

time the flowgraph resets and every time the USRP is switched on.

Front-End
wH |EH

<t ™ N
LL LL LL| L
D:i L‘Ci @l
LO 1: IF1 -
Local  [1080MHz | 4-way |L080MHzy F Stage  |Z2—»| USRP J GRC
Oscillator | +14 dBm™ | Splitter 7 dBm > 9 L F3 Stage ”
oY I

800 MHz
Figure 8.9. Switching to the Front-End
8.3.2. Data Analysis
Gnu Radio Companion (GRC) writes the data into a binary (little endian) format [52]. For the
MITRA project, the GRC was set to write the samples as complex binary data. Gnu Octave

software was used to read the data stored from the GRC. Octave was launched from the Ubuntu
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terminal and was manipulated using terminal prompt commands. In this exercise Octave was
mainly used to plot, in the time domain, the dataset for the total duration of the test, and to
work out other signal variants such as the real, imaginary, phase, and magnitude components

from the complex dataset [53].

8.3.3. Walk-by Test Results (Test at 280 MHz)

The real component of the full dataset of the correlated is shown in Figure 8.10. The time in
seconds is marked in red. The test took 110 to 120 seconds. The sudden change of amplitude
level around 5 seconds shows the time when the RF signal generator was switched on before
the test. The sudden change of amplitude level around 100 seconds shows the time when the
RF signal generator was switched off after the test. The signal level in the correlated data varies
as the source moves across the arrays. Depending on the source location, a strong signal is
measured in the correlated data when the two antenna arrays receive the same signal level
from the source, and vice-versa. The 2 antenna arrays receive the same signal level when the

source reaches the midpoint of the baseline.

Walk-by Test, Real,230 MMz, 230 keps, AFiNo, 10iend, 04112014

1705 T T T T T

Arbitrary amplitude level

0 Se+06 1e407 L.Se+0T 2807 2.5e+07 Fe+07

Reds Time(Sec), Elackshumber of samples {250 keps)

Figure 8.10. Real component of the full dataset of the correlated (280 MHz)
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The data section (8 to 36 seconds) around the peak signal level was extracted for analysis. The
real component of this dataset is shown in Figure 8.11. The magnitude component of this

dataset is shown in Figure 8.12.

The correlated data was furthermore analyzed at the around the peak point. The moving
average technique was applied to clean the signal. Figure 8.13 shows the real component of the
sinusoidal correlation pattern obtained around the centre of the peak point. The averaged

version of the real component is shown in Figure 8.14.

Walk-by Test, Resl,280 MHz, 250 ksps, AF:iMo, e+06:9.1805%+06, 04112014
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Figure 8.11. Real component of the correlation pattern around the peak signal level (280 MHz)
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Ualk-by Test, Power,280 MHz, 250 ksps, AF:bo, 2e+06:9.1805%9+05, 04112014
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Figure 8.12. Magnitude plot of the dataset around the peak signal level (280 MHz)

The imaginary component of this pattern is shown in Figure 8.15. The averaged version of the
imaginary component is shown in Figure 8.16. The real and imaginary components plotted on
the same set of axis are shown in Figure 8.17. The averaged version of the real and imaginary
components plotted over the same set of axis is shown in Figure 8.18. The phase plot of this
correlation pattern is shown in Figure 8.19. The averaged version of the phase component is

shown in Figure 8.20. The period of the correlated signal is approximately 1.6 ms.
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Figure 8.13. Sinusoidal correlation pattern. Real component (280 MHz)
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Figure 8.14. Sinusoidal correlation pattern. Real component averaged (280 MHz)
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Figure 8.16. Sinusoidal correlation pattern. Imaginary component averaged (280 MHz)
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Figure 8.20. Sinusoidal correlation pattern. Phase component averaged (280 MHz)

144

-4
Z00 400 &00 200 1000 1200
Red: Time {ms), Elack: Mumber of samples
Figure 8.19. Sinusoidal correlation pattern. Phase component (280 MHz)
Walk-by Test, Phase, 280 MHz, 250 ksps, AF:10, 5.48875e+06:5.4893de+06, 04112014
1 1 1 1 1
2 1.6 .4 4.8 —
1 1 1 1 1
0 200 400 &0n 200 1000 1200



8.3.4. Walk-by Test Results (Test at 335 MHz)
The real component of the full dataset is shown in Figure 8.21. The signal was also analyzed
from approximately 8 to 36 seconds. The real component of this dataset is shown in Figure 8.22.

The magnitude component of this dataset is shown in Figure 8.23.

Figure 8.24 shows the real component of the sinusoidal correlation pattern obtained around the
centre of the peak point. The averaged version of the real component is shown in Figure 8.25.
The imaginary component of this pattern is shown in Figure 8.26. The averaged version of the
imaginary component is shown in Figure 8.27. The real and imaginary components plotted on
the same set of axis are shown in Figure 8.28. The averaged version of the real and imaginary
components plotted over the same set of axis is shown in Figure 8.29. The phase plot of this
correlation pattern is shown in Figure 8.30. The averaged version of the phase component is

shown in Figure 8.31. The period of the correlated signal is approximately 1.2 ms.

Walk-by Test, Real,335 MHz, 250 ksps, AF:Ho, 10:iend, 04112014
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Figure 8.21. Real component of the full dataset of the correlated (335 MHz)
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Figure 8.23. Magnitude plot of the dataset around the peak signal level (335 MHz)
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Figure 8.24. Sinusoidal correlation pattern. Real component (335 MHz)
Walk-by Test, Real,335 MHz, 250 kesps, AF:30, 5.99808e+06:5.99%e+08, 04112014

T T T T
1 1 1 1

200 400 G600 800 1000

Red: Time (ms), Black: Humber of samples

Figure 8.25. Sinusoidal correlation pattern. Real component averaged (335 MHz)
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Figure 8.28. Sinusoidal correlation pattern. Real and imaginary components (335 MHz)
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Figure 8.29. Sinusoidal correlation pattern. Real and imaginary component averaged (335 MHz)
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Figure 8.31. Sinusoidal correlation pattern. Phase component averaged (335 MHz)
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8.4. Sensitivity Comparison Test

The USRP device has several analog stages (AGC, amplifiers, etc.) which affect the signal-to-
noise ratio (SNR) before it is passed to the analog-to-digital converter (ADC) [52]. The purpose
of this test was to compare the SNR of the MITRA Back-End with that of a spectrum analyzer.

The test setup for this exercise is shown Figure 8.32.

A dipole antenna was connected to a signal generator (433 MHz) in order to radiate RF to the
MITRA antennas. The transmitting antenna was at a fixed location. The level of the output signal
from the signal generator was set to +13 dBm. A 2-way splitter was inserted at the output of the
fibre RX. One output of the splitter was connected to the spectrum analyzer to monitor the
received signal shown in Figure 8.33. The SNR ratio from the spectrum analyzer reading was
calculated as:

SNR =-74.6—(-90)=15.4dB (8.1)
The other output of the splitter was connected to the RF input of the IF stage. The IF output was
connected to the USRP system. Figure 8.34 shows the plot of the power component of the
recorded data, calculated as magnitude squared. The averaged version of this power plot is

shown in Figure 8.35. The SNR from the averaged power plot can be calculated as:

_7.5x10°°

SNR =
1x10

=7.5=8.8dB (8.2)

The USRP system gives a SNR which is 6.6 dB below that provided by the spectrum analyzer

with a resolution bandwidth of 300 kHz on the spectrum analyzer.
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Figure 8.32. Simulation setup for sensitivity comparison
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Figure 8.33. Detected signal with the signal generator set to +13 dBm
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Chapter 9: Final Conclusion and Recommendations

As discussed in Chapter 1, the purpose of this research study was to develop the Durban station
of the MITRA Radio Telescope at the Durban University of Technology. A project of this scope
required a background in engineering as well as radio astronomy. A considerable amount of
research was conducted in order to understand the proposal and the specifications of the

project.

The major objectives of the study that were achieved included the following:
1. Design and construction of the dual-polarized LPDA arrays.
2. Design and construction of the receiver Analogue Front end and Digital Back-End in SDR.

3. Implementing the multiplying correlator in Gnu-radio, and data analysis using Octave.

As in any radio astronomy station, the antenna is a critical element in the MITRA station. The
concept of dual-polarization in the context of a LPDA was not easy to design and to implement
mechanically. Although the performance of the dual-polarized LPDA was optimized, the design
of this antenna was challenging. The software (LPCAD and 4Nec2) used in this project was only
able to design a single-polarized LPDA. The simulated results reported in this research were
therefore obtained from a single-polarized antenna design. After the initial tests conducted at
DUT a single dual-polarized MITRA antenna was taken to the South African National Antenna
Test Range at Paardefontein for further testing. The positive results from the measurements
made were able to validate the design and construction processes applied in the MITRA

antennas.
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The two MITRA antenna arrays, arranged in an East-West configuration with an 8 m baseline,
successfully demonstrated the operation of a 2 element correlating interferometer using an RF

generator to simulate an astronomical source.

As shown in Figure 4.1, the full MITRA digital Back-End was meant to have 4 USRP devices to be
configured in a 4x4 system (see Figure 4.3). At this stage, the MITRA station is running with 2
USRP devices in a 2x2 configuration (see Figure 4.2.). The USRP used in the MITRA Back-End can
run up to a data rate of 100 Msps. However the computer used in the Back-End could only

achieve 10 Msps. Hence the measured result showed a maximum bandwidth of 10 MHz.

Although attempts were made to detect fringes from the Sun and Sagittarius A at the centre of
the Milky Way galaxy these proved inconclusive. At a frequency of 350 MHz the baseline of 8 m
results in a fringe width of 6.3°. A source moving at 4° per minute requires approximately 25
minutes of observation time to produce a single fringe. The extremely high levels of in-band RFI
experienced with long observation times at the Durban site precluded the possibility of

detecting a low amplitude fringe.

In light of the above the following recommendations are made.
1. If the MITRA project is to produce any useful science the Durban station will have to be
relocated to a site that is relatively free of RFl in the VHF and UHF bands.
2. The baseline distance needs to be increased significantly to improve the angular
resolution of the telescope.
3. The Back-End computer should be replaced with a more powerful unit. This will allow

the receiver bandwidth to be increased with an associated increase in sensitivity.
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At the time of writing the DUT MITRA station is already a useful working instrument. Various
important radio astronomy concepts can be demonstrated including receiver design,
implementation of mathematical operations using embedded systems, programming (Linux,

Python, Matlab, etc.) and data analysis of large dataset.

The MITRA Radio telescope could be evaluated in terms of short, medium, and long term goals.
The research and developmental stage could be regarded as the short term or phase 1 of the
project, where the primary objective was to get the station up and running in order to prove the
concept behind this research. This has been achieved. Appropriate tests and measurements
were conducted to verify the response of each stage in the signal chain of the MITRA station.
The results from the walk-by and the sensitivity tests were adequate to demonstrate that, from
an engineering point of view, the research and development of the MITRA station at DUT has

proved to be successful.
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Annexure 1: Antenna ETS-Lindgren 3142 D

EMC Antennas

BiConilLog

Model 3142D

NETS-LINDGREN

An ESCO Technologies Company

FEATURES: Q?é/ 9

W 26 MHz - 6 GHz Frequency Range

W Avg. 2:1 VYSWR Above 50 MHz

W Emissions Testing:
-- ANSI C63.4
-- FCC-15 and FGC-18
-- EN 55022

B Immunity Testing:
-- [EC 61000-4-3

B Flexible Mounting Systems

ETS-Lindgren’s EMGO Model
3142D BiConilog is a hybrid
antenna that combines innovative
design, compact size, and excellent
performance. This antenna enables
users to measure a frequency range
of 26 MHz to 6 GHz in one sweep,
negating the need for multiple
antennas and time-consuming
equipment setup. Accuracy and
repeatability are improved, while
time and money are saved.

This BiConiLog is designed as

a dual-purpose antenna that can

be used for both immunity and
emission testing. From 26 MHz to
60 MHz, the Model 3142D antenna
with optional end plates exhibits an
average 5.5 dB gain improvement
vs. typical hybrid antennas. At
some frequencies, a 10 dB gain
improvement is achieved.

ETS-Lindgren's EMCO Model 31420 BiConilLog Antenna

This model replaces the EMCO
Model 3142C, and includes a
new stinger mount as standard
equipment. Individual antenna
calibration data is provided for
emission testing.

FEATURES

Frequency Range

The Model 3142D increases

the upper frequency limit to
accommodate the new upper limit
of 6 GHz included in the

IEC 61000-4-3 standard.

VSWR Levels

The average VSWR is 2:1 above
50 MHz, an excellent level at this
low frequency for an antenna this
size.

Emissions Testing

The 3142 is ideal for emissions
testing, since it cover the entire
range of typical emissions
measurements.

Immunity Testing

For immunity measurements, the
3142D covers the typical 80 MHz to
6 GHz range, as well as the

26 MHz to 6 GHz used for testing
medical equipment.

Individually Calibrated

The 3142D is individually calibrated
at 10 m per ANSI C63.5 and calibra-
tions at Im and 3m per SAE ARP 958,

Flexible Mounting System

The 3142D antenna includes both
a Classic EMCO mount and a rear
“stinger” mount.

APPLICATIONS

W Emissions
--ANSIC63 .4
-- FCC-15 and FCC-18
-- EN 55022

B [mmunity
- IEC 610004-3

www.ets-lindgren.com
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EMC Antennas

BiConilog

Model 3142D
STANDARD CONFIGURATION OPTIONS
B Antenna
B ETS-Lindgren offers several
B [ndividually calibrated: non-metallic, non-reflective
-- 10 m per ANSI C63.5 tripods. For easy horizontal
-- 3 mper SAE ARP 958 and vertical polarization
-- 1 m per SAE ARP 958 changes, the 7-TR tripod is
recommended
B Actual antenna factors and a
signed Certificateof Calibration
Conformance included in
manual
B Manual
Electrical Specifications
MODEL FREQUENCY MAXIMUM IMPEDANCE VSWR CONNECTORS
RANGE CONTINUOLS {NOMINAL) RATIO
OWER (AVE)
31420 26 MHz — 60 MHz 500W 50 0 21 Type N female (1)
60 MHz - 600 MHz kW
600 MHz 1 GHz 500
1GHz —6 GHz 200W
Physical Specifications
MODEL WIDTH DEPTH HEIGHT WEIGHT
31420 133.9 ¢m 168.1 ¢m 76.2cm 7.7kg
527 in 662 in 300 in 1701
www.ets-lindgren.com
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SNETS: INDGREN

EMC Antennas

BiConilog

Model 3142D

Antenna Factor and Gain Typical Measured

Data Performance VSWR Typical Measured Data Performance
S1420AFaNdGEIn . NEDYIWR I
10 45
7
5 P, A} I\ ’ 11199 *
1% o+ 3
0 A 3 2
\
- 5 30 ? @ %
3 = c;a 21
j.m 25 e’ >
& 7
-15 / 20 2
17
/ \
-20 74 15 °
25 H 10 s 11
v HHH, Yl
<30 5 1
10 100 1000 10000 10 100 1000 10000
Freq (MH2) Freq (MHz)
Beamwidth Typical Measured Data Performance
Model 31420 Half Power Beamwidth =—H-plane —E-plane
165 !
150 +
135 + 4
= 120 INERE
7 il
105
§ 90 V
€0 Al
45
30
15
0
10 100 1000 10000
Frequency (MHz)
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162




N s ) EMC Antennas
NETS-LINDGREN BiConilLog

Model 3142D

E-Plane 30 MHz to 900 MHz H-Plane 30 MHz to 900 MHz
Typical Measured Data Performance Typical Measured Data Performance

Pattern (d8)
Pattern (d8)

E-Plane 2 to 6 GHz H-Plane 2 to 6 GHz
Typical Measured Data Performance Typical Measured Data Performance

Eplane

Pattern (48)
Pattern (6B}

———
Anile

Phone + 1.512.531.6400 e info@ets-lindgren.com @ www.ets-lindgren.com
Offices in the US, Finland, UK, France, Singapore, India, Japan, China, Taiwan

réarmation prearted is subject o change a= product entancements re made. Cartact ETSLindgren Sdes Depariment for current speaficatans 2/11-POFR ©2011 ETS-Lindgren REV D
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Annexure 2: Antenna Schaffner CBL6143A

X-Wing® BiLog® Antenna 30MHz - 3GHz

CBL 6143

Compact size for compact chambers

Reduced chamber coupling
Up to 30% test time saved

Ultra-broadband immunity and emission antenna

The X-Wing® BiLog® for RF EMC
immunity and emission testing in
compact chambers

Immunity Testing

The combination of BiLog® technology
with novel low frequency, folded elements
(X-Wings®) allows low frequency power to
be efficiently projected forward without
significantly affecting the high frequency
performance and, at the same time,
reduces the chamber coupling effects.
The CBL 6143 has a unigue matching
network which will allow powers of up to
300 watts CW to be transmitted, making
it suitable for most immunity
measurements requiring fields of 10V/m,
or even greater.

Emission Testing

The innovative geometry of the log
periodic section of the CBL 6143 has
been created using advanced modelling
techniques of the University of York.

This shape optimises the gain
performance over conventional log
periodic antennas at frequencies above
700MHz and extends the useful operating
range to 3GHz. This improvement is
invaluable in measurement systems using
receiving instruments with high noise
floors at high frequencies, saving pre-
amplification which is not always
desirable or practical when measuring
high level signals or broadband impulsive
noise.

Options

UKAS Calibration

Schaffner EMC Systerns is UKAS accredited for antenna calibration and can offer a UKAS calibration as an

additional costed option.

UKAS calibration provides reduced measurement uncertainties and additional data includes the voltage
reflection ceefficient for calculation of measurement uncertainties. Data is provided on disk as well as in

graphic and tabulated format as hard copy.

Individual Calibration

All CBL 6143 antennas are

supplied individually calibrated

with data providing the free space
antenna factor and gain using our custom
designed software on our UKAS test
range.

All calibrations are traceable to national
standards.

Alternative calibration methods can be
offered if requested at time of order.

1

CEBL 6143 mountad
on optional tipod
CTP B087A

-~ #52.6cm -

164




I TIIISCHaFFNer

Immunity testing to 300 watts
Excellent symmetry £1dB (typically better than £0.5dB)
Improved high frequency gain

No rotational offsets

Typical Antenna Factor Typical VSWR Typical Balance
a0 . 03
5 N a2
a0 z o
E 25 T 1 f ] 2
g £ g °
2 2 501
15 ]
@
10 -0z
| 5
5 | -03
a | | o | | | - 04
30 100 T 100 3000 0 100 1000 2000 ) 100 140 180 220 20 30
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b | 0.0 100,000 T T TITIT T
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s Z |
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Typical Polar Plot
Horizontal

30 MHz
000 MHz
3000 MHz

Technical Specifications

CBL 6143

Frequency range 30MHz - 3GHz
Impedance (nominal) 500
Typical gain 6cB (200MHz-3GHz) / 8dB (700MHz-2.5GHz)
Connector N type female
VEWR Average 2:1
Max transmit power 300W CW
Size LxHxW cm 152.6 x 97 x 41
Weight 4.2kg

12
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Annexure 3: RF-to-Fibre Converter RFoF-2G

Applications:

+ Telecommunication — Antenna
remoting , long RF links via fiber

* Satcom

+ GPS

* Radio Telescopes

+ Distributed Antenna

Key features:

* Best Cost Performance

* Frequency Range: 0.05-2.4 GHz
« Compact unit

« Can be installed also in 1U

« Lightweight and small size

RFOptic's analog RFoF compact modules convert RF signals to optical signals and back.
One unit has an optical transmitter (Tx) converts RF to Optical signal, and second receiver
unit (Rx) converts Optical to RF signal. The two units are connected by an optical fiber of
the customer.

RFOptic's RF over Fiber modules (RFoF) are suitable for telecommunications and radar
applications. Satellite, Point-to-Point antennas can be connected from several meters to
many kilometers away from the control room. Base stations can be connected through
fiber to remote sector antennas. Broadcasters can easily distribute their full RF streams
over fiber to remote locations, therefore eliminating the need for complex equipment to
be installed in far and hard to reach locations. With our wide-band units, cable
operators can centrally locate their broadcasting equipment, and connect the RF
through fiber to the remote location, thus reducing significantly the CAPEX and OPEX of
their networks. Radar system houses can easily connect remote antenna elements using
economical fiber. Phased array antennas can also use fiber to connect to their RF
systems.

For further information, please visit our website: www.RFOptic.com
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F over Fiber - RFoF-2.4GHz

Table below describes the typical specifications of the RFoF-2.4GHz product.

Parameter Specification
(typical)
RF Tx-Rx link
Frequency Range "' MHz 50— 2,400
RF Gain dB 7.5
Gain Flatness '" dB +/-1.5
1dB input compression point dBm -5
VSWR - 2:1
RF input signal range dBm (-65) - (-5)
Maximum input level dBm 10
Naise Figure ! dB 28
Spurious signals & dB -70
Input and output impedance Ohm 50

Optical and Electrical (Tx,Rx)

Laser diode operating wavelength pnm 1.31+0.01
Receiver Photodiode operating wavelength pnm 1.2-1.65
Optical Power dBm 1.5
Optical Connectors - FC/APC
RF input and output connectors - SMA
Electrical connectors " DB9
Power " VDC 5
Current consumption at S5VDC (Tx unit) A 0.1
Current consumption at S5VDC (Rx unit) A 0.05
LED status indicators (Tx./Rx.) - Green

Mechanical and Environmental (Tx,Rx)

Dimensions of Transmitter mm B0*55*22
Dimensions of Receiver mm B0*55*22
Operating temperature range (Trans./ Rec.) C -10 to 55
Storage Temperature range (Trans./Rec.) C -40 to +85

[1] Maximum frequency is 2700 MHz

(2) Can be improved by high gain pre amplifier

[3] Excluding in-band harmonics.

[41DB-9 pin layout table below.

[5] DB-9 female adaptor to 110,/220 D AC adaptor is optional.

Pin Number | Value Usage D9 Male Layout
1+2 +5VDC operating voltage for RFoF Tx and Rx
3 NC Not Connected 12348
4+5 0 Ground U oo | |
6 EN(TX) for tumn off externally the RFoF unit by +5VDC input
7 LED OUT | for customer's external LED {useful for integrators)
8+9 NC Not connected

For further information, please visit our website: www.RFOptic.com
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Annexure 4: Combiner Mini-Circuits ZFSC-8-43+

Coaxial

Power Splitter/Combiner

8 Way-0° 500

10 to 1000 MHz

ZFSC-8-43+
ZFSC-8-43

Maximum Ratings Features A
Operating Tempe rature -55°C to 100°C -wldeb_and__ _1010 1000 MHz CASE STYLE:R28
Storage Temperature -56°C to 100°C * good isolation, 25 dB typ. Conneciors _odel Price Qty
g £= - * rugged shielded case BNC ZFSC-8-43+ §138.95 (1-9)
Power Input (as a splitter) W max. A licati SMA ZFSC-8-43-5(+) $163.95 (1-9)
Internal Dissipation 0.62W max. cations . )
= . \?H?:;UHF + RoHS compliant in accordance
Coaxial Connections * cellular with EU Directive (2002/95/EC)
* signal processing L ) .
e The +Suffix identifies RoHS Compliance. S b sits
SUM _PORT S(COM) « communication systems for FoH Compliance methodaibaiss and mialfications.
PORT1,2,34.56,78 12345678 Electrical Specifications
FREQ. ISOLATION INSERTION LOSS (dB) PHASE AMPLITUDE
Outline Drawing RANGE (dB) ABOVE 9.0 dB UNBALANCE UNBALANCE
| | (MHz) (Degrees) (dB)
T L M u L M u L M u L M u
N 4 i, Typ. Min. Typ. Min. Typ. Min. | Typ. Max. Typ. Max. Typ. Max. | Max.  Max  Max. | Max. Max.  Max.
=
101000 | 23 20 25 20 26 20 | 10 16 14 21 21 28 | 5 w20 [ 04 04 07
L=lowrange [, 10 101] M=midrange[10{t0{/2] U=upperrange[{,21to1]
L
0 [ e Typical Performance Data
s caM 4 Freq. Insertion Loss Amp. Isolation Phase VSWR VSWR VSWR
11 (MHz) (dB) Unbal. (dB) Unbal. S 8
i (dB) (deg)
& 1 3 B 7
2 4 8 & G 1 §-2 S-3 S-4 S-6 S-8 -2 17 34 57
f
J U] 1000 995 004 995 0904 080 080 007 2778 5268 2778 2770 042 134 126 125
E D 2600 086 985 08 085 085 085 002 314 5133 3146 3108 021 117 123 123
| 4200 983 984 081 083 083 083 001 3195 4873 3196 3183 018 1M 122 122
N 10000 984 0.8+ 984 985 085 085 002 3174 4364 3180 3164 034 113 122 121
L e R T 16000 9.8 989 080 989 0.89 080 002 3068 4072 30.81 3056 0.54 115 121 1.20
K 22000 9.95 095 006 905 006 0.95 003 2066 3876 2083 2055 078 147 120 119
- 00O e 28000 999 10.00 10.00 1000 10.00 999 004 2877 3734 2805 2865 088 116 118 118
380.00  10.04 10.03 1005 1005 10.04 10.03 006  27.86 3610 2811 2779 1A 1M 118 17
—~ M TYP f 50000 1042 1041 1016 1042 102 10.08 012 2695 3580 2727 2702 177 10B 118 116
— L= 620.00  10.22 10.21 10.27 10.24 10.24 1007 0.7 2542 3697 2578 2571 216 121 120 117
74000 10.24 10.23 10.33 10.27 10.27 1008  0.25 2345 3004 2383 2391 268 13 121 L7
inch B40.00 1020 1028 10.40 1037 10.35 10.21 031 2213 4313 2249 2267 318 13 120 117
Outline Dimensions (73 220.00 1040 10.37 10.53 1048 10.45 10.30 039 2160 4179 2197 2223 368 123 118 116
A 8 ¢ o E F & W 960.00 1043 10.40 10.58 1052 1049 10.32 043 2152 3068 2188 2219 408 115 118 116
408 180 2125 3% 25 8 % 160 1000.00 1052 1046 10.67 1060 10.56 10.30 048 2157 3766 2193 2230 441 100 118 118
10312 4084 5398 9042 835 2235 914 408
J 3 L M N P a Row ZFSC-843 ZFSC-841
40 8 58 88 313 B0 08 33 gams INSERTION LOSS ISOLATION
1018 17.53 1473 1878 74950 2032 152 a3a 350 1o T0 T T T T
= — S-1{dB)} — -548(dB) |—|-Z¢dﬁ1 = = 1-T{dB} 57{dB)
= 106 58
w =]
e ™
g N B === ——
£ s It
 —
E 944 Szz [
LY + T 10
a 200 400 600 a00 1000 L] 200 A00 600 800 1000
FREQUENCY (MHz) FREQUENCY MHz)
ZFSC-8-43
VEWR
1.5
T | electrical schematic
1.4
PORT 1
PORT 2
PORT 5
_____ - | :
"\J PORT K
1.0 T
L' 200 400 600 800 1000
FREQUENCY (MHz)
- - - - @ AL NEW
1 Mini-Circuits minciguits.com
IS0 9001 1SO 14001 CERTIFIED % e
P.0. Box 350166, Brooklyn, New York 11235-0003 (718) 934-4500 Fax (718) 332-4661 For detailed performance specs & shopping onine see Mini-Circuits wab site  zrscoga
HY/TOICP/ AM
LiEali=~3

y % The Design Engineers Search Engine Provides ACTUAL Data Instantly From MINI-CIRCUITS AL: www.minicircuits.com
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Annexure 5: Low-Pass Filter Mini-Circuits VLF-800

Coaxial _ VLF-800+
Low Pass Filter VLF-800

50Q *DC to 800 MHz

Maximum Ratings Features N
Operating Temperature \EE°C to 100°C * rugged uni-body construction, small size 2
Storage Temperature -56°C to 100°C * 7 sections
g6 Temp. * excellent power handling, 10W CASE STYLE: FF704
RAF Power Input® 10W max. at 25°C * temperature stable Connecdors | Price
DC Current Input to Output 0.5A max. at 25°C * low cost SMA VLF-800(+) 521.95 ea. ((1:%:_
* Passberd rating, derate nearly to 35W at 100°C ambiert * protected by U.S. Patent 6,943,646
Parmanent damage may accurlf any of ese limits am axcsaded. +RoHS Compliant
The +Buffix |n’snnﬁss RoHS Cr.lrrpnance See o web site
Applications for RoHS G and
* harmonic rejection
* transmitters/receivers
*lab use o
Electrical Specificationsat 25°C
PASSBAND fco, MHz STOP BAND (MHz) VSWR NO. OF
Outline Drawing (MHz) Nom. (loss, dB) (:1) SECTIONS
{loss < 1 dB) {loss 3 dB) 20 30 fr 20 Stopband  Passband
SMA FEMALE SMA MALE Max. To. Min. To. Typ. Typ. Typ.
| / CONN CONN “DC-800 1075 1275 1350-4850 5100 20 12 7
5 * Not for use with DC voltage atinput and output ports
MAX - L
pry— typical frequency response electrical schematic
insorme s RF IN RF OUT
E ACROSS FLATS P B s T R
D+.05 ! -
i
E e
o)
Fea FI LL]
. FREQUENCY
Outline Dimensions (<h)
B D E wt
410 143 312 grams Typical Performance Data at 25°C
1041 3632 7.92 100
Frequency Insertion Loss VSWR
(MHz) (dB) 1)
10 0.06 101
100 0.14 106
300 0.26 110
00 0.46 1.14
800 %] 113
1000 1.66 129
1075 3.38 188
120 7.07 386
170 14.92 872
1275 20.63 1830
1350 32.20 23.18
2000 38.01 4826
3000 48.80 5429
4850 47.41 5791
5100 31.24 49 64
VLF-800 VLF-800
" INSERTION LOSS 1000 VSWR
g0
= e
00
g @ g
= 40 W
2 =
o | 10
£ /
0 14 } T !
0 1000 2000 3000 4000 5000 0 000 2000 3000 4000 5000
FREQUENCY (MHz) FREQUENCY {MHz)
For dedsited pert
Mini-Circuits’ Sl bl

IS0 8001 ISO 14001 AS 8100

P.0. Box 350168, Brookiyn, New York 11235-0003 (718) 9344500 Fax (718) 3324651 The Deslgﬂ Enginesrs Search Engine G233 Provides ACTUAL Data lnstarty at minici

MNotes: 1. Periormancs and qualily afdbutes and conditons not
and periamancs data comaned herdn are basad on Min-Ci
Mini-Crcuits standard imited warranty and terms and condi,
Termns and he exchishe dghts and remedies Thereunder, deass

ol 11
iard Terrme); Purchasers of this part am enited 1o
i wan RGOS COMMCL S Aerms jp.

1 pertarmance criteria and rreasurement instucions. 3. The parks covered l\- IlS speciicaton shee’ am sul‘e\_ 0
& fights and benefls conteined henen. For a Ul saemen of the Standand

uits.com
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Annexure 6: Low-Noise Amplifier Mini-Circuits Zx60-33 LN+

Coaxial

Low Noise Amplifier

ZX60-33LN+

500

Features

+ wide bandwidth, 50 to 3000 MHz

+ low noise figure 1.1 dB typ.

* putput power, up to 17.5 dBm typ.
+ protected by US patent 6,790,049

50 to 3000 MHz

wl®

Case Style: GC957

Appllcatlons Connectors  Model Price Oty.
« front-end amplifier SMA ZX60-33LM-5+  579.95 ea. (19
+ cellular
* GPS +RoHS Compliant
+ bluetooth The +Suffix idertifies foHS Compliance. See our web sife
* lab for RoHS Ce i i
+ instrumentation
+ test equipment
Electrical Specifications at 25°C
Parameter Condition(MHz) Min Typ. Max. Units
Freguency - 50 - 3000 MHz
Noise Figure - 1.1 1.9 dB
100 - 28 -
1000 - 188 -
Gai dB
an 2000 13 145 -
3000 - 1.8 -
Gain Flatness - - - dB
QOutput Power at 1dB compression 14.5 16.5 - dBm
Qutput third crder intercept point - +32 - dBm
Input VSWH - 20 - B
Output VSWR - 1.6 - 1
Active Directivity - - - dB
DC Supply Violtage - 5 - \
Supply Current - 0 B0 mad
Outline Drawing Maximum Ratings
= m—2x0 — e Parameter Ratings
28R O -40°C to 85°C Case
- L J Storage 55Cto 100°C
. M i K DC Voltage 55V
Input RF Power jno damage) +13dBm
il B B Power Dissipation 0.44W
T v Penmanent damage may cccur i any of hese lmits as exceaded
DN B . e o
J i G
| 1 F
[ a
157
2% SMA FEMALE
CONN,
E —wllm—
P
f———— A ——
Outline Dimensions (™"
A B [ o E F G H J 3 L 1 N P [#] R oW
74 75 48 118 04 7 45 & 33 A 22 8 100 T 18 108 gams
1880 1905 1163 2997 102 43 1143 1499 833 53 559 45 2540 940 457 263 230
Notes
A Pafomance and quality attribuies and conditions not expressly statedin this specification document are intendad to be excluded and do not form a part of this specification document.
B. Bectrical spedficaions and periormance data contaned i this specification document are based on Mini-Circuit's icable established test periormarnce criteria and measuement nstrucions. —

C. The parts covered by this specification document are subject 1o

www.minicircuits.com FO. Box 35166, Brookiyn, NY 11235-0003 (T18) 934-4500 sales@minicicuits com

ini-Circuits standard limited waranty and ferms and conditions (colectively, “Standard Terma™); Purchasers of his part are entited
10 the fights and benafts contained hamin. For a il satament of e Standad Terms and he exlusve ights and emedies haeunde, pleass visitbMin-Crous’ websie at www.mnidmus con®CLSoeamajsp

IMini-Circuits’
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Typical Performance Data/Curves

ZX60-33LN+

FREQUENCY GAIN DIRECTIVITY VSWR VSWR NOISE POUT at 1dB IP3
(MHz) (dB) (dB) IN out FIGURE COMPR. (dBm)
(1) (1) (dE) (dBm)
v 5V v 5V v 5V v 5V v 5V v 5V v 5V
5000 2175 2199 5860 5.48 189 193 1.26 1.27 126 1.60 1647 17.63 2847 31.95
10000 2165 21.84 512 498 178 185 115 142 096 11 1667 17.55 2875 3220
20000 2154 21.84 505 495 177 185 108107 108 047 1668 1771 2011 3208
30000 2134 2163 524 524 179 188 105 11 090 098 1666 17.66 2031 3200
40000 2106 2132 561 574 183 193 103 118 092 099 1683 17.85 2063 3227
50000 2071 2094 6.09 6.37 188 199 1.04 1.22 092 1.01 1683 17.87 29.86 32.51
B00.00 2028 2047 667 7.7 194 205 107 128 094 1.04 1684 17.88 2050 3248
0000 1961 1076 773 845 187 198 114135 120 130 1680 17.87 2035 3233
20000 1937 1048 782 883 203 218 115 140 095 1.04 1679 17.80 2032 3203
20000 1911 1919 808 9.3 178 190 120 142 095 1.03 1661 17.66 2023 3129
1000.00 1880 1882 835  0.88 197 209 122 148 087 0.9 1672 17.56 2010 3085
1500.00 1671 1654 1035 13.28 216 227 142 178 085 085 1582 16.91 2804 3066
200000 1479 14.51 1149 14.99 214 248 1682 201 105 120 1562 1663 27.90 2858
250000 1342 1311 1142 14.60 200 194 175 215 103 18 1637 16.83 27.82 2855
300000 1222 1190 1112 1378 175 183 17 247 120 1.3 1650 16.95 2816 2814
ZXE0-33LN+ ZXG0-33LN+ ZXE0-23L N+
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Notes

A Pafomance and quality attribuies and conditions not expressly statedin this specification document are intendad to be excluded and do not form a part of this spacification document.
B. Bectrical spedficaions and periormance data contained in his specification document are based on Mini-Circuit's applicable established test periormarce criteria and measuement instrucions.
€. The parts covered by this gpecification document are subject 1o Mini-Circuits standard limited waranty and ferma and conditions (colectively, “Standard Terms™); Purchasers of his part ame antifed

10 the fights and benafts contined haein. For a il satement of he Standad Tms and he eociusive ights and mmedies haeunde, please visit Mini-Crous’ website at waw.minidmuis comWACLSoeamaj=p
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Annexure 7: Line Amplifier Mini-Circuits ZFL-1000 LN+

Coaxial

Low Noise Amplifier ZFL-1000LN+

500 0.1 to 1000 MHz

Features -

« low noise figure, 2.9 dB typ. Pl
* wideband, 0.1 to 1000 MHz

* protected by US Patent 6,943,629

Case Style: Y480

Applications Connectors Model Price Qty.
« VHE/UHE SMA ZFL-1000LN+  $8995ea  (1-9)
= cellular BRACKET (OPTION "B") $5.00 {14}

* small signal amplifier

+RoHS Compliant
The +Buffix identfies RoHS Compiiance. See our wab site

for RoH S Ci i and
Electrical Specifications
Parameter Frequency (MHz) Min. Typ. Max. Units
Frequency Range 0.1 1000 MHz
MNoise Figure 0.1-1000 - 29 - dB
Gain 0.1-1000 20 - - dB
Gain Flatness 0.1-1000 - - #.5 dB
Output Power at 1dB compression 0.1-1000 - +3 - dBm
Output third order intercept point 0.1-1000 - +14 - dBm
Input VSWR 0.1-1000 - 1.5 - 1
Output VSWR 0.1-1000 - 2.0 - 1
DC Supply Voltage - 15 - v
Supply Current - - 60 ma
Open load is not recommended, potentially can cause damage.
With no load derate max input power by 20 dB
Outline Drawing Maximum Ratings
STANDARD OFTON_ "B B B Radngs
STANDARD - ‘Operating Temperature -20°C to T1°C
K — Storage Temperature -55°C to 100°C
‘ = DC Voltage 17V
D ¥ ‘*——E‘ =] Input RF Power jno damage) +5 dBm
E—F-L 3 P ._E:_E J‘r—ﬂ o Penmanent damag y oo il any of h aded
* ] aur
' 7 o
by
4X dJ_4 e
THRU e
M
L

N

Outline Dimensions (™)

A B c o E F G H J K L M L} P Q R 5 T Wi
125 125 75 B3 36 1000 1000 125 125 46 218 1688 08 750 50 .80 A5 29 gams
3178 3175 1906 1800 994 2H40 2540 3218 308 1188 S57 A8 152 1905 1270 203 143 737 3@

A Pafomancs and quality attrbuies and condtions not expressly statedin this specification document are intended to be excluded and do not form a part ofthis specification document.

B. Bectrical spedficaions and periormance data contained in this specification document are based on Mini-Circuit's applicable established test periormarnce criteria and measuemeant instrucions.

C. The parts covered by this specification document are subject 10 Mini-Circuits standard lmited warranty and temms and conditions (coledtively, “Standard Terma™); Purchasers of his part are entifed
10 the fights and benafts contained haen. For a fl satament of he StEndad Tems and he axclusive ights and mmedes hasunda, pleass visit Mn-Crouts’ websie at www.minidmus con®ACLSomsamaj=sp

Mini-Circuits’

www.minicircuits.com PRO. Box 35166, Brooklyn, NY 11235-0003 (718) 934-4500 sales@minicicuits.com
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M121747
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Typical Performance Data/Curves ZFL-1000LN+

FREQUENCY GAIN DIRECTIVITY VSWR NOISE POUT at
(MHz) (dB) (dB) 1) FIGURE 1dB d%flMPﬂ
(dB) (dBm)
12v 15V 16V 12v 15V 16V IN out 15V 15V
010 1966 2331 23.96 2030 2750 2790 128 119 — 476
070 19.90 23.56 24.24 ZBED 270 2690 111 113 — 495
780 19.89 23.55 24.21 ZBED 2710 27.20 111 113 — 502
9570 1991 23.50 24.14 ZBE0 2720 2670 111 114 298 491
38470 1969 2321 2381 2580 2480 2410 107 126 307 608
487 20 2018 23.42 2397 2500 2350 2280 108 130 309 660
61540 2048 23.49 24.02 2280 2130 2130 108 136 308 714
743 50 2081 23.65 24.11 2130 1980 19.30 105 145 305 747
87180 2079 23.50 23.96 1950 1820 17.40 103 157 307 743
100000 2084 2332 2366 1810 1660 1620 106 1T 311 700
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Notes

A Pafomance and quality attrbuies and conditiona not expreasly statedin this specification document are ntendad to be excluded and do not form a part of this specification document.

B. Bectrical spedficaions and periormance data contained in his saeciii:a!ior document are based on Mini-Ciruits icable established test periormance criteria and measuemeant nstrucions.

€. The parts covered by this specification document are subject 1o Mini-Crcuits standard limited waranty and terms and conditions (colectively, “Standard Temms"); Puchasers of his parl are entited
10 the fights and benefts contlined haein. For a il satement of hie StEndad Terms and he euwiusive ights and mmeadies haeundar, pease visithin-Cirouts’ website at www.minidmucomWACLSioeamms jsp
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Annexure 8: Mixer Mini-Circuits Zx-05-11x

Coaxial

Frequency Mixer

Level 7 (LO Power +7 dBm)

10 to 2000 MHz

ZX05-11X+
ZX05-11X

Maximum Ratings Features
Operating Temparature -40°C to B5°C * rugged construction
Storage Temperature -55°C fo 100°C - small size CASE STYLE: FL905
AF Power B0mW * low convesion loss )
IF Current 40mA * high L-R isolation < Mogel Prico ay.
+ protected by US Patents 6,133,525 and 6,790,049 saa ZX0511X-5(+)  $37.95ea. (1-24)
Applications + RoHS compliant in accordance
Coaxlal Connsctions , + cellular with EU Directive (2002/95/EC)
RF 2 " _PCS . The +Suffix identifies RoHS Compiiance. See our web site
* instrumentation for RoHS Compli hodofogies and qualificati
IF 3 » satellite communication
Electrical Specifications (Taue=25°C)
FREQUENCY | CONVERSION LOSS LO-RF ISOLATION LO-IF ISOLATION Ipts
ai
Outline Drawing (MHz) (dB) (dB) (dB) center
band
Mid-Band (dBm)
- L LORF IF m Total L M u L M u
_ Fange
K = i, ¥ & Max Max | e Mn. Ty M. Typ Min | Typ Mn Ty Mn. Ty Min. | Typ
[F h 102000 51000 [ T4 04 82 98 | &2 45 3 20 27 18 | 80 45 37 20 38 20 9
B ¥ rN 1dBCOMP: +1 dBmityp L wlow mnge [f, % 10 ] M= mid range (104 01,2 U= uperrange[{2 0]
l, ' {,m e mid band [2, 1 8,2]
——=—F *I
i ! H X e Typical Performance Data
D _$__ _{ Frequency Conversion Isolation Isolation VSWR VSWR
c 4 [ {MHz) Loss - L4 RF Port LO Port
T ¥ e f (dB) (dB) (dB) (1) (1)
A Lo Lo Lo LO Lo
AF Lo +7dBm +7dBm +7dBm +7dBm +7dBm
1010 4010 6.84 T4.97 7847 103 250
5010 80.10 .84 61.40 64.03 103 258
100,10 13010 6.91 55.74 5848 1.04 252
206,16 23616 6.8 s1.02 5208 112 2.54
inch 318.28 28828 7.08 48.10 48.28 120 2.58
Outline Dimensions (77 430,40 40040 7.13 14.07 4547 138 253
s42.52 51252 7.20 40.20 4342 1560 2.54
B c F G B54.65 62465 732 3802 4199 184 266
a0 54 29 66,77 7T 7.40 35.90 39.08 201 262
2285 1352 7ar a7a.89 84889 7.26 3513 3789 199 263
100010 970.10 7.1 33.55 3650 190 290
J K N wi 110313 1073.13 T.02 30.72 3549 180 2.4
- A= 122 grams 121525 118525 7.15 20.08 34.26 181 2.84
3.10 3o 200 1227.37 1297 37 7.25 20.09 33.25 167 290
1439.49 1409 49 T.22 31.00 33an 143 290
1551.62 1521 62 7.31 33.01 3310 121 2,64
166374 1633.74 7.52 30.80 34.88 105 263
177585 174586 7.90 27.23 3631 112 2.57
1887.08 1857 98 828 2573 3443 137 253
2000.10 1970.10 881 26.24 3473 1568 3.08
Electrical Schematic
Lo IF
% Ej
- - - - @ AL HEW
[ Mini-Circuits minlifuits.com
150 9001 1S0 14001 CERTIFIED % REV.C
P.0. Box 350166, Brooklyn, New York 11235-0003 (718) 924-4500 Fax (718) 332-4661 For detailed parformance spacs & shopping onine ses Mini-Circuits web site 308998
%  The Design Engineers Search Engine FProvides ACTUAL Data Instantly From MIN-CIRCUITS At: www.minicircuts.com g?\'g'a'l'aﬂ'CPMM
&I- = RF/IF MICROWAVE COMPONENTS Paga i ol 2
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Performance Charts

ZX05-11X+
ZX05-11X

ZX05-11X ZX05-11X
al IF Fregof 30z CONVERSION LOSS L-R ISOLATION
100 T T T T 100 T I T T
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a g
E z
= =}
o E
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Q
Q
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Annexure 9: USRP Network Devices

Research”

USRP" N200/N210
NETWORKED SERIES

Ettus Research ==l (€} ™ USRP N200

20 wm Ml

FEATURES:

«  Use with GNU Radio, LabVIEW™ and Simulink™ + 2 Gbps Expansion Interface

+ Modular Architecture: DC-6 GHz + Spartan 3A-DSP 1800 FPGA (N200)
+ Dual 100 MSPS, 14-bit ADC + Spartan 3A-DSP 3400 FPGA (N210)
+ Dual 400 MSPS, 16-bit DAC + 1 MB High-Speed SRAM

+ DDC/DUC with 25 mHz Resolution + Auxiliary Analog and Digital 1/0

+ Up to 50 MHz GigE Streaming + 2.5 ppm TCXO Frequency Reference
+ Fully-Coherent MIMO Capability + 0.01 ppm w/ GPSDO Option

+ Gigabit Ethernet Interface to Host

N200/N210 PRODUCT OVERVIEW:

The Ettus Research™ USRP™ N200 and N210 are the highest performing class of hardware of the USRP
(Universal Software Radio Peripheral) family of products, which enables engineers to rapidly design and
implement powerful, flexible software radio systems. The N200 and N210 hardware is ideally suited for
applications requiring demanding RF streaming performance including those covering advanced physical
layer design and prototyping, dynamic spectrum access and cognitive radio, spectrum monitoring and signal
intelligence, record and playback, and even network deployment.

The Networked Series products offer MIMO and high bandwidth/high dynamic range capabilities, in addition to
higher speed and higher resolution ADCs/DACs, to meet the requirements for more demanding applications,
enhance measurement sensitivity and dynamic range. The GigE interface serves as the connection between the
N200/N210 and the host computer enables the user to realize real-time bandwidth 50 MHz in the receive and
25 MHz in the transmit directions simultaneously (full duplex).

The Networked Series MIMO connection is located on the front panel of each unit. Two Networked Series units
may be connected to realize a complete 2x2 MIMO configuration using the optional MIMO cable. The N200 and
N210 are largely the same, except that the N210 features a larger FPGA than the N200 for those customers
wanting to extend the FPGA-based signal processing capabilities.

The USRP Hardware Driver™ is the official driver for all Ettus Research products. The USRP Hardware Driver
supports Linux, Mac OSX, Windows, NetBSD and FreeBSD.
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Spec Typ. Unit Spec Typ. Unit
powen
DC Input 6 \ SSB/LO Suppression 35/50 dBc
Current Consumption 1.3 A Phase MNoise(1.8 Ghz)

w/ WBX Daughterboard 2.3 A 10 kHz -80 dBc/Hz
CONVERSION PERFORMANCE AND CLOCKS 100 kHz -100 dBc/Hz
ADC Sample Rate 100 MSPS 1 MHz -137 dBc/Hz
ADC Resolution 14 bits Power Output 15 dBm
ADC Wideband SFDR 88 dBc IIP3 0 dBm
DAC Sample Rate 400 MSPS Receive Noise Figure 5 dB
DAC Wideband SFDR 80 dBc Operating Temperature Oto 55° &
Sample Rate to/from Host (8b/16b) | 50/25 MSPS Dimensions (I x w x h) 22x16x5 cm
Frequency Accuracy 245 ppm Weight 1.2 kg
w/ GPSDO Reference 0.01 ppm
* All specifications are subject to change without notice.

FPGA - Xilinx Spartan 3A-DSP
S ] ———— = |
Netwerk Divar e o - — | — g
s Sresming I H
tapension o e o i
i w
TEXO | ¢ — T
Q
e Ettus 07717
O
660 o  Research

Ettus Research is an innovative provider of software defined radic hardware, including the

criginal Universal Software Radio Peripheral (USRP) family of products. Ettus Research
products maintain support from a variety of software frameworks, including GNU Radio.
Ettus Research is a leader in the GNU Radio open-source community, and enables users
worldwide to address a wide range of research, industry and defense applications. The
company was founded in 2004 and is based in Mountain View, California. As of 2010, Ettus
Research is a wholly owned subsidiary of Mational Instruments.

1043 Morth Shoreline Blvd
Suite 100

Mountain View, CA 94043

650.967.2870
866.807.9801

WWWL .com
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Annexure 10: Rubidium GPS10RBN

F Precision Test Systems P

[ =~ m]

TEST SYSTEMS

GPS10RBN: 10 MHz, GPS Disciplined,
Rubidium Frequency Standard

Key Features

e Completely self-contained unit. No extra P.C *  Multiple 10 MHz Outputs plus other outputs
needed. Full information available via LCD. *  Windows software with full control and monitoring of
e Rubidium Oscillator locked to GPS satellite signal. the GPSIORBN via RS232, USB, Ethernet or the web.
Accuracy to parts in 10" (Stratum 1 performance) * 197 2U high rack mountable case.
e  Free run mode. Rubidium still gives an accurate *  Very Low Microphonics
output without a GPS satellite signal (Stratum 1) e Many options. See list of options in this brochure.
* Two | pps time outputs. Typical error <20 ns e Custom built options available upon request
compared to UTC. Jitter < 300 ps ® High quality design

® Low Phase Noise, e.g. -135 dBc/Hz at 10Hz
General Description

The GPS10RBN is a 10 MHz, GPS disciplined, ultra low phase noise, rubidium frequency standard. It combines the
short-term stability of an atomic rubidium oscillator with the long-term stability and traceability of the Global Positioning
Service (GPS) set of satellites. The GPSIORBN achieves short and long-term frequency accuracy of parts in 10™. Thus
the GPS10RBN exceeds the requirements of a Stratum 1 level frequency standard.

Options for the GPSI0RBN include 5 to 20 isolated sinewave outputs, an antenna amplifier or fiber optic GPS link,

enabling the antenna to be placed up to 1 km from the GPS10RBN, various fixed high frequency outputs, alarm relay
outputs, redundancy, battery backup supply, time code outputs and a variable frequency output.

GPS10RBN Brochure. © Precision Test Systems Ltd 1997 - 2012
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Ultra Low Phase Noise

The GPS10RBN has very low phase noise. Phase noise is -95 dBc/Hz at a 1 Hz offset with a -162 dBc/Hz noise floor.
Low phase noise is a very important parameter. A typical plot of the phase noise is shown below. This phase noise can
even be improved further with the ultra low phase noise option (option 26).

HF 3048A Carrier: 10.E+6 Hz 6712709 13:09:44 - 14:31:30

T T T LI B T T T T T

10 100 1K 10K 100K
£(f) [dBc-Hz]l vs. f[Hz]

Accurate Timing Qutputs

There are two 1 pps (pulse per second) outputs that are derived from the GPS receiver or the rubidium oscillator. The
leading edge of the GPS 1 pps signal is aligned to UTC time + 20 ns. The Rb 1 pps output signal has very low jitter of
< 300 ps. These outputs can drive TTL levels into 50 Q.

Keyboard Control and LCD Display

A 16-way keyboard is used to interface to three microprocessors that control the GPS10RBN. The LCD display's over 50
different menus. These menus show all the relevant information including time, position (longitude, latitude, height),
number of satellite tracked, health of each satellite and the status of the rubidium oscillator.

Multiple Frequency Outputs
The GPS10RBN has many different output options. These outputs are:

Buffered 10 MHz sinewave outputs. Each output is fully isolated from each other. The amplitude of each
output can be individually adjusted from 0 dBm to +13 dBm. Reverse isolation of each output is 130 dB
and channel to channel isolation is typically 90 dB. Five outputs as standard. Up to 20 outputs can be
optionally installed. Optional output level to +20 dBm is available. By connecting more distribution
amplifiers, up to 1000 outputs can be realized, all delivering a low phase noise output.

¢ Optional square wave output that can drive TTL levels into a 50 Q load impedance. The frequency of the
square wave can be set to 10, 5, 2, 1, 0.1 MHz and 1 pps via the front panel keyboard.

e Dual one pulse per second outputs aligned to UTC, as mentioned above.
* Optional high frequency outputs can be specified at the time of ordering. These fixed high frequency

outputs can be as high at 10 GHz (higher frequencies available upon special request) and are phase locked
to the main frequency reference. Note: this option only generates one fixed frequency.

GPSI10RBN Brochure. © Precision Test Systems Ltd 1997 - 2012
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e Optional DDS Output enables the GPS10RBN to produce a sinewave and squarewave output that is
locked to the GPS10RBN. The frequency range of this output is 1 pHz to 80 MHz (1 pHz steps).

e 10pHz to 1640 MHz (10 pHz steps). This option can be used to generate the popular 2048 kHz and 13
MHz frequencies as well as any frequency in the range 1 pHz to 80 MHz or 10 pHz to 1640 MHz.

e Optional Time Code Output. This option generates the industry standard IRIG-B, IRIG-E, SMPTE, NTP
etc. Also a 48 bit BCD time code can be generated with option 16.

Free Run Mode. Ideal for portable applications

The GPSI0RBN is normally operated with the Rubidium oscillator's 10 MHz output, locked to the GPS satellite system.
In the event of a failure of the GPS signal for any reason, the GPS10RBN will automatically switch over to free run mode.
In this mode, the GPS10RBN's Rubidium Oscillator still achieves Stratum 1 performance over a 72 hour period.

Also the GPS10RBN can be used for portable applications where a satellite signal is not available, or the time required to
lock the GPS10RBN is not available. When the GPS10RBN is powered up it can be set to the free run mode. The
Rubidium Oscillator "remembers” the last known good frequency setting and adjusts itself to this frequency. Thus an
accurate 10 MHz is available within a few minutes of switch on. This mode is ideal for setting up GSM base stations that
require an accurate time base for frequency measurement.

RS232 and USB Interface

The RS232 interface allows complete control and interrogation of the GPS1I0RBN. Optional USB or Ethernet adapters
allows the GPS10RBN to be controlled via the USB port of the PC or from a network.

Precision Test Systems Lid. Englond. Web: www.pisys!.com

AC Input 100-240 VAC, 47-63 Hz ® JOOW Mex, CE

GPS10RBN Rear panel
Options

The GPS10RBN has many options enabling it to work in varied applications. Not all options can be installed at the same
time. Some options require a separate case. Some of the options are listed below:

Option 01 and 02: Second Frequency Output, 0 to 500 MHz spot frequency and 500 to 1 GHz spot frequency

This option gives a second frequency output. The frequency is fixed and cannot be changed. The spot frequency must be
advised by the customer prior to manufacture. The frequency can be in the range 0 to 1 GHz. Some examples are shown
below:

01A 500 MHz Squarex1 OIE 10.24 MHz Sinex5 01J 5 MHz Sine x 5 0IN
0IB 100 MHz Sine x 1 01F 8.0 MHz Sinex 5 01K 1 MHz Sinex 5 01P
01C 1023 MHz Sinex5  01G 100 MHz Sine ULN  01L 100 kHz Sine x 5 01Q
01D 1024 MHz Sinex1 O0lH 16 MHzSineULN  0IM 5MHzx5LN 0IR

Option 02Aand option 02B. : Second Variable Frequency Output, 780 to 820 MHz or 800 to 1200 MHz.
This option gives a second frequency output. The frequency is variable and can be changed from 780 MHz to 820 MHz
or 800 - 1200 MHz in 100 kHz steps. The frequency output has good phase noise and low spurious.

GPS10RBN Brochure. © Precision Test Systems Ltd 1997 - 2012
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Option 03: Second Frequency Output, 1 GHz to 3.2 GHz spot frequency
This option gives a second frequency output. The frequency is fixed and cannot be changed. The spot frequency must be
advised by the customer prior to manufacture. The frequency can be in the range 1 GHz to 3.2 GHz.

Option 03A: Second Variable Frequency Output, 2.25 GHz to 2.65 GHz
This option gives a second frequency output. The frequency is variable and can be changed from 2.25 GHz to 2.65 GHz
in 100 kHz steps. The frequency output has good phase noise and low spurious.

Option 04 and Option 35: Antenna Amplifier /Fiber Optic Link
These options can be used to extend the range between the GPS antenna and the GPS10RBN. Up to 300 m (1000 feet)
can be realized with a cable and amplifier, up to 1 km (3200 feet) with a fiber optic GPS link.

Option 05, 05A and 05B: DDS Signal Generator
Option 05 adds a DDS (direct digital synthesis) signal output to the GPS10RBN. The DDS output has a squarewave and

sinewave output. The frequency of this output is adjustable from 1 pHz to 80 MHz in steps of 1 pHz.

Option 06: RS232 Cable
The RS232 cable connects the GPS10RBN to a PC enabling control and interrogation of the GPS10RBN.

Option 07, 07A and 07B: Alarm Relay/TTL Output
This option adds an alarm output. Option 07 and 07A add a dual changeover relay that is activated in the event of an
alarm. Each relay contact is rated at 30 VDC and 1 Amp (5A for Option 07A). Option 07B is a TTL output signal only.

Option 08: Redundancy
Option 08 adds redundancy. With this option, two GPSI0RBN’s can be configured into a redundancy set-up with five

main 10 MHz outputs (up to 20 outputs optionally available). Normally one unit will supply the 10 MHz outputs (locked
to the GPS satellite). In the event of failure of this unit, the 10 MHz outputs will be automatically switched to the second
GPS10RBN unit. The second GPSI0RBN unit will then supply the 10 MHz outputs, locked to the GPS system.

Even if both GPS antennas are disconnected, and one unit completely fails, there will still be a 10 MHz from the second
unit running from the rubidium oscillator. Both units are identical; there is no master or slave. Simply, whatever unit is
healthy will supply the 10 MHz output. System status is available via the RS232 interface. This option is ideal for
applications that require extra security. Extra 10 MHz outputs can be added if required.

Option 09: IRIG-B Output
This option gives the industry standard IRIG-B or IRIG-E time code output. The output can be internally set to give an
AM modulated signal or TTL output.

Option 11: Clock / Date Display Unit
Option 11 provides a remote Clock / Date display. The display consists of a 6 digit 25 mm high digital LED display that
can be read from a distance of 10 meters.

Option 12: Additional sinewave outputs
The GPS10RBN has five isolated 10 MHz sinewave outputs. Option 12 adds a further outputs up to 20 in total.

Option 12A: 10.23 MHz Outputs

This option changes the five sinewave outputs to 10.23 MHz. A rear panel input connector allows the DDS option (option
05) to generate 10.230 MHz and be available on these five isolated outputs.

Option 13: Mute Sinewave Qutputs in the event of an alarm

This option disables all the sinewave outputs in the event of an alarm or error.

Option 14: Service manual. The service manual has service information and realignment procedures.

Option 15: Windows Software
GPS10RBN Brochure. © Precision Test Systems Lid 1997 - 2012

181




This windows software operates on Windows 2000/XP/Vista. It allows all the main parameters of the GPS10RBN to be
monitored and recorded by the PC.

Option 16: BCD Time Code Output
This option gives a 48 bit BCD time code output. The time output is in the format HH:MM:SS.sssssss. The fractional
seconds have a resolution of 100 ns. The output is updated every 100 ns and is accurate to UTC to within 200 ns.

Option 18: Ethernet Port
This option adds an Ethernet port. This allows the GPS10RBN to be controlled and monitored via an Ethernet network or
internet.

Option 19: +24VDC Input or Option 19B: +12 VDC input
This option allows the GPS10RBN to be externally powered by a +12 or +24 VDC supply. In the event of AC power

being lost, the GPS10RBN will instantly switch over to the external DC supply.

Option 20: 2.048 MHz G703:10 output
This option gives the popular 2.048 MHz output. The output is a squarewave with amplitude of £ 1.2 Vin 75 Q

Option 21: Lightening Protection

This option adds lightening protection to the antenna input. The protection is placed close to the GPS antenna.

Option 22: 0 to 1640 MHz DDS OQutput
This option adds a DDS output. The output can be set anywhere from 0 to 1640 MHz in 10 pHz steps.

Option 23: GSM Interface

This option enables the GPS10RBN to send a SMS (short message service) or text to ten GSM mobile phones in the event
of an error.

Option 24: Frequency Change to 5 MHz (also requires option 12 additional 5 outputs to be installed
This option changes all sinewave outputs to 5 MHz instead of 10 MHz. A 10 MHz output is still available.

Option 25: USB Adapter. Allows GPS10RBN to be controlled from a USB port of a PC.

Option 26: Ultra Low Phase Noise: Phase noise is -113 dBc/Hz at 1 Hz with a -170 dBc/Hz noise floor.

Option 28: Control of GPS10RBN over the internet: Ideal for remote monitoring of the GPS10RBN.

Option 30, 30A, 30B: Squarewave and Pulse Qutputs

Opt 30: Squarewave Output. Gives a TTL output switchable in frequency to 10,5, 2, 1,0.1 MHz and 1 pps.

Opt 30A: 5 x squarewave outputs at 1 MHz (other frequencies available)

Opt 30B: Pulse Output. 5 x pulse outputs, each can be individually set to 1 PPS, 10 PPS, 100 PPS, 1k PPS or 10k PPS

Option 32: Slave Qutput.
Adds a slave 10 MHz output. This can be used to connect further distribution amplifiers to the GPSI0RBN.

Option 33: Carrying Case. A plastic carrying case with foam insert is used to carry and protect the GPS10RBN

Option 34: High Power Qutputs. The 10 MHz output levels are increased to a maximum of +20 dBm.

Option 35: Fiber Optic Link for Antenna: Allows GPS Antenna to be located up to 1 km away from GPS10RBN.

Option 36: Fiber Optic 10 MHz OQutput

This option adds a fiber optic output together with a fiber optic receiver. This allows the 10 MHz output to be routed over
very long distances using fiber optic cable.

GPS10RBN Brochure. © Precision Test Systems Lid 1997 - 2012
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Option 37: Guaranteed Phase Noise Specifications: Phase noise plots of every output included.

Option 38: NTP Server: NTP Server Output via the Ethernet.

Option 39: 2™ RS232 Port: A second RS232 port to be used with various options, freeing up original interface.

Option 40A and 40 B External Locking Inputs: Allows GPSI0RBN to be locked to external 10 MHz or 1 pps signals

Option 42: Different Connectors: The standard BNC connectors can be replaced with TNC, SMA or other types

Applications

Applications of the GPS10RBN include, but are not limited to, the following examples:

Portable frequency standard

Space Measurements.

High Quality of Construction

The GPS10RBN is made to the highest standards. A purpose built aluminum 19" rack mount case houses all the circuits

Reference frequency source in a calibration or standards laboratory

Calibration of GSM Base Station Clocks
Reference Frequency and Time source for the electricity generating industry
Synchronizing of telecommunication and computer networks

inside the GPSI0RBN. The GPS10RBN is CE marked for sale within the EEC.

Active Antenna Supplied as Standard

The GPS10RBN is supplied with an active antenna. This small unit can be easily fitted to buildings, roofs etc.

Description

GPS10RBN Specifications

Specification Remarks

10 MHz Outputs

Connector

Frequency

Accuracy

Signal Type / Amplitude

Harmonic Distortion / Spurious

Return Loss

Reverse / Channel to Channel Isolation

Rear panel BNC socket

10 MHz

Refer to Allan Deviation section
Sine wave @ 0 dBmto + 13 dBm
-30dBe /- 120 dBe (= 0.5 MHz)
=>23dB @ 10 MHz

= 130dB /90 dB

Intemally adjustable

Squarewave Qutput (Option 30 required)

Frequency
Accuracy
Amplitude (open circuit / 50 ohm)

Connector

Frequency

Amplitude (open circuit)

Amplitude (50 ohm)

Accuracy to UTC time (GPS 1 pps output)
Jitter of Rubidium Osc. 1 pps output

10.5,2,1.0.1 MHz and 1 pps
Refer to Allan Deviation section
0105V /27V, TTL Compatible

1 PPS Outputs
Rear panel BNC socket
1 pulse per second
0105V, TTL Compatible
0 to> 25V, TTL Compatible
<20 ns (6 sigma)
<300 ps

Selectable by keyboard

After cable delays taken into account

Connector
Frequency

Accuracy

Signal Type
Amplitude
Harmonic Distortion

Slave Qutput (Option 32 required)
Rear panel BNC socket

10 MHz

Refer to Allan Deviation section

Sine wave

=3 dBm Fixed level output
- 20 dBe Typically -40 dBc
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Phase Noise Response (Typical). 10 MHz Outputs

At 1 Hz Offset

At 10 Hz Offset
At 100 Hz Offset
At 1 kHz Offset
At 10 kHz Offset
At 100 kHz Offset

95 dBe/Hz

-135 dBe/Hz
-152 dBe/Hz
-157 dBe/Hz
-162 dBe/Hz-
-162 dBe/Hz

Allan Deviation when locked to GPS Satellites (typical)

Observation Time 1/ 10 seconds
Observation Time 100/ 1000 seconds
Observation Time 10k / 100k seconds
Observation Time | week

<2x10" i<t x 10"
<2x 10" /< T7x 10
<6x 107 /< 7x 107
<2x 10/

GPS10RBN in full lock for> 1 week. >3
satellites in view. Ambient temperature

0 °C to +50 °C. Temperature change less
than 3 °C per hour

Rubidium Drift when GPS10RBN NOT Locked to GPS Satellites

Drift due to aging
Drift due to temperature

<5 x 10" per month
<5x 10"

After 30 days operation
0°C to +50 °C

Number of Channels / Frequency
Acquisition Time / Positioning Accuracy
Jamming Immunity

Antenna

GPS Receiver

12 parallel / 157542 MHz
<50stypical /<25 m
-79dBm @ 157542 MHz
Active micro strip patch

Simultaneous operation / L1 Frequency
‘With current position / time data. No SA
Measured at active antenna input
Powered by GPS10RBN

Operating Temperature
Storage Temperature
Magnetic Field

AC Power Inlet with switch
AC Voltage Range

Power consumption

Fuse rating

Dimensions Width x Depth
Height and weight

Supplied Accessories
Antenna

Power cord

Instruction manual

Miscellaneous
0°Cto +50 °C
20 °C to +60°C
<2 x 10E" for 1 Gauss field reverse
[EC320 power cord
100 - 240 VAC (usable 90-260 VAC)
50 watts typical operating, 100W warm-up
3.15A, 250 VAC slow blow type
482.6 mm x 323 mm
88 mmand 7 kg

Active type, SV @ 20 mA
[EC320 type

Rear Panel
Automatic switchover
Warm up period is < 10 minutes at +20 °C

Overall Frequency Range / Step Size
Frequency Accuracy

Sinewave Frequency Range
Sinewave Output level

Spurious and Harmonic Output
Squarewave Frequency Range
Squarewave Output Level

Allan deviation (100 second)

Option 05: DDS Generator Output

| uHz to 80 MHz in | pHz steps

+ 300 pHz plus main 10 MHz error
10 kHz to 80 MHz

>0 dBminto 50 Q

-0 dBe and -20 dBc respectively

1 uHz to 80 MHz

OV to 3V nominal into open circuit
2.5x% 10"

Usable to 90 MHz
Subject to jitter specification
Option > +10 dBm available (opt 054)

Use 50 ohm termination above 1 MHz
= () dBm into 50 € (10 kHz — 80 MHz)

Output 09: IRIG Time Code Output

Output types
Mark — Space Ratio (IRIG-B)
Output type (IRIG-B) / Impedance

IRIG-B or IRIG-E or ESE TC-90
33wl
TTL or AM. 2.7 V p-p /600 02

All other options

Intermnally selectable

Intemnally selectable

Consult Precision Test Systems for further details of other options. Not all options can be fitted at the same time.

Head Office - UK South Africa USA
Precision Test Systems LTD Precision Test Systems cc Precision Test Systems
The Studio, Whitechouse Farm | Gauteng 14781 Memorial Dr, Suite # 981

New Hall Lane, Mundon
Maldon, Essex, CM9 6PJ, UK.
Tel: +44 (0) 870 368 9608
Fax: +44 (0) 1245 330030
Email: uksales @ptsyst.com
Web: www.ptsyst.com

South Africa

Fax: 08651 58198

Email: sasales@ptsyst.com
Web: www.ptsyst.com

Houston

Texas, 77079, USA

Tel: 1 888 876 4804

Fax: 1 832201 6564

Email: usasales @ptsyst.com
Web: www.ptsyst.com

Specifications and features subject to change without notice (030512)

GPS10RBN Brochure. © Precision Test Systems Ltd 1997 - 2012

184




Annexure 11: 5-way Splitter Mini-Circuits ZFSC-5-1

Coaxial ] ] ZFSC-5-1+
Power Splitter/Combiner ZFSC-5-1

5 Way-0° 50Q 1 to 300 MHz

Maximum Ratings Features BNC version shown
Operating Tempe rature -55°C to 100°C * low insertion loss, 0.6 dB typ. CASE STYLE: G1170
Storage Temperature 55°C 10 100°C * excellent a_mphtude unbalance, 0.3 dB typ. Connectors  Model Price Qty.
Fower Input litte W max * rugged shielded case BNC ZFSC-5-1(+) $89.95  (1-9)
er Input (as a splitter) : SMA ZFSC-5-1-5(+) %9995  (1-9)
Internal Dissipation 0.5W max. BRACKET (OPTION “B") $5.00 (14)
Pesnanent damage may occwr | any o ase Imits are exceeded. Appl ications . .
. + RoHS compliant in accordance
Coaxial Connections . instrumentatt_ion . with EU Directive (2002/95/EC)
= communications system
SUM PORT s ¥ The +Suffix identifiss RDHS CDﬂ'pr(EnCB See our wsb =ite
PORT 1 1 for RoHS Ci i and
PORT 2 2 Electrical Specifications
PORT 3 3 FREQ. ISOLATION INSERTION LOSS (dB) PHASE AMPLITUDE
PORT 4 4 RANGE (dB) ABOVE 7.0 dB UNBALANCE UNBALANCE
MH De dB
PORT 5 5 (MHz) (Degrees) (d8)
L M u L M u L M u L M u
4, Typ. Min. Typ. Min. Twp. Min. | Typ. Max. Typ. Max Typ. Max. Max., Max Max. Max.  Max.,  Max.
1-300 25 20 23 18 20 17 02 05 06 10 1.5 20 2 4 ] oz 03 0.6
Outline Drawmg L=lowrange i 0 101] M=midrange[101 to{/2] U= upperrange /2101
ﬁ"_lu" T o Typical Performance Data
/TP
Freq. Total Loss® Amp. Isolation Phase VSWR VSWR
ERERC:
| (MHz) (dB) Unbal. (dB) Unbal. S  OUTPUTS
[ ]_J_E (dB) (deg.)
AN ENES
Hjini] 51 52 S3 S4 S5 -2 23 25 34
= N 1.00 T4 T4 5 TI5 T4 0.00 51.33 510 3756 4047 oor 108 110
‘ 2.60 T3 T3 T3 T3 T4 oo 51.00 5180 3959 5100 004 106 1.08
_@_ 3 ¥ 4.20 T3 T4 T4 T4 T4 oo 50.50 5057 3090 4985 004 106 o7
_i 'f T.00 T4 T4 T4 TI5 5 0.00 4830 4853 30T 4790 004 106 o7
' ' 0—’ 10.00 TI6 TI6E 5 TI6E TI6 oo A646 4675 3040 4604 oor 106 o7
A6.00 T.24 T.24 T23 T.24 T.24 oo 3633 3672 3507 3620 0.2 110 1.06
B2.00 24 T2 T28 T.28 T28 oo 3200 3252 32 3206 0.2 116 1.06
118.00 T40 T3 T.38 T.AT T40 0.03 2053 2993 3008 2963 043 121 o7
138.00 T43 T T40 T40 T4 0.03 2852 28OS  2OIT 2BE3I 052 1.24 o7
150.00 T43 T T4 T40 T2 0.03 2802 2843 2B86 2813 0.5 1.25 1.08
202.00 TEl T.58 T.56 T.55 T.58 0.06 2636 2681 2756 2648 ors 1.30 11
254.00 T.68 TE3 TE2 TEO T.64 0.08 2544 2504 2707 2558 098 1.3 115
284.00 TE2 TIT TTE T3 TR 009 2481 2538 2683 2500 108 1.3 118
inch 2092.00 TR T3 ™M TEE s (1R[] 2472 2507 2N 24.70 118 1.3 118
Outline DimenSIons ("’""‘ 300.00 IO TES TE2 TE1 TET (1R[] 2451 2495 2655 256 118 1.3 118
B c D E F G H
ZFSC-5-1 1. Total Loss = Inserson Loss + TdB spitier loss. ZFSC-51
125 125 75 63 38 61 - B0 TOTALLOSS ISOLATION
3175 3175 19.05 1600 965 1548 -- 203z a0 I I I I 70
— 5 dB) — -S-208) - - i 1-2(dB)  — -2-3{dB)
J K L M N P aQ wt Z 86 | LoBt 208 ] | — &0 4 | |
B0 76 125 1688 218 75 0T grams 5 7]
2032 19.30 318 4288 5537 19.05 178  B50 gaz = 50
78 %_,0 \
2 =5
§ » | == 8 “ ] —
-‘_'-“-‘--;_4_._ .
L — ]
70 20
o &0 120 180 240 300 o (] 120 180 240 300
FREQUENCY {MHz) FREQUENCY (MHz)
FFEC-51
WEWR
15 : . : : electrical schematic
—#5-VENR  — #OUTPUT-VEWR
14 FORT 1
1.3 PORT 9 Fofr 2
% / o—| 1
>12 — FORT N
[ ——=o
1.1 e -
1.0
o (] 120 180 240 300
FREQUENCY (MHz)
M c t For detaiked performance e
ini- |rcm S S2tomping e s met 160
150 14001 AS 9100 CE
PO, Box 350166, Brooklyn, New York 11235-0003 (718) 934-4500 Fax (718 3:12-4551 The Desgﬂ Engheers aea-cn qume&\-.fa Provdes ACTUAL Data instantly at mnﬁ? its.com AEV.E
M127604
ZFSCHE1
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Annexure 12: 4-way Splitter Mini-Circuits ZMSC-4-2+

Coaxial . . ZMSC-4-2+
Power Splitter/Combiner ZMSC-4-2

-0° s P
4 Way-0° 50Q  0.002 to 20 MHz 3@2

CASE STYLE: N24
Maximum Ratings Features Connectors | Price Q.
Operating Tempe rature -55°C to 100°C * high |5’°|at!°n.- 33 dB typ. SMA ZMSC-42(+) $76.95  (1-9)
Storage Temperature -55°C to 100°C * rugged shielded case BRACKET (OPTION "B") $5.00 (14)
Power Input (as a splitter) W max. BRACKET (OPTION "BR") §1.50 (14)
Intarnal Dissipation 0.250W max. A’E’_Plications + RoHS compliant in accordance
Pesnanant damage may accur | any of hess imits are exeeded. - - . .
« amateur radio with EU Directive (2002/95/EC)
Coaxial Connections The +Suffix identiies RoHS Compliance. See our web site
SUM PORT 5 for fiokiS & and
ORT 1 - Electrical Specifications
FREQ." ISOLATION INSERTION LOSS (dB) PHASE AMPLITUDE
PORT 2 2 RANGE (dB) ABOVE 6.0 dB UNBALANCE UNBALANCE
PORT 3 3 (MHz) (Degrees) (dB)
PORT 4 4 L M u L M u L M u L M u
i, Typ. Min Twp. Min Typ. Min | rp. Max. Typ. Max. Typ. Mao | Max, Max  Max | Max,  Max.  Max
0.002-20 3 20 33 25 33 25 |045 0OF5 03 05 07 10 4 & ] 015 020 025

L=low range [f, 1o 101,] M =mid range [10{ to{,2] U= upper range [,2 to1,]
* At low range frequency band (f_io 10 1}, linearly derate maximum power by 13dB.

Outline Drawing Typical Performance Data
Freq. Total Loss’ Amp. Isolation Phase VSWR VSWR VSWR VSWR VSWR
(MHz) (dB) Unbal. (dB) Unbal. S 1 2 3 4
(dB) (deg.)
o o 81 S-2 853 54 12 23 34
e

0002 6440 G440 6410 6410  0.030 28370 24.500 29080 0.320 1580 1880 1860 1920 1920
T I| 0005 6260 6.260 6260 6.260 0.010 20820 30500 29890 0200 1410 1360 1360 1380 1380
'R 0010 6230 6230 6230 6220 0.000 30080 35540 30080 0110 1380 1.210 1210 1220 1220
| ] 00w 6220 6.220 6220 6.220 0.000 3010 37820 30110 0.080 1.380 1980 1180 1180 1180
0020 6220 6220 6220 6220 0.000 30120 30980 30110 0080 1.370 1150 1150 1150 1150
0142 6220 6220 6220 6220 0.000 3010 44600 30110 0020 1370 130 1130 1430 1130
’ 0.265 6220 6.220 6220 6220 0.000 3000 44820 30120 0.040 1370 1130 1130 1430 1130
el 0.510 6220 6220 6220 6220 0.000 30120 44.840 30140 0050 1370 1130 1130 1430 1130

k]
o ol

1000 6220 6220 6230 6220 0.000 30190 44690 30.200 0.080 1370 1130 1930 120 1120
5000 6320 6320 6320 6320 0.010 31240 42300 31.090 0280 1.390 1110 1m0 110 1110

10000 6410 &40 6420 6410  0.010 32480 39000 31850 0.530 1400 1.090 1090 1090 1090
12000 6440 &440 6450 E440 0010 32970 38.030 32080 0630 1390 1000 1090 1090 1090
15000 6480 &480 6480 E480 0.000 33T 36600 32420 O0.7B0 1380 1.0B0 1080 1.080 108D
18000 6510 &.510 6520 6520 0.010 34700 35550 32820 0920 1360 1.070 1070 1070 1070
20000 6530 6530 6540 6.540 0.000 35410 348090 33060 1.030 1350 1070 1070 1070 1080

Outline Dimensions (inch)

1. Total Loss = Inserton Loss + 648 spitter loss.

A B © D E F G H 3
150 143 100 50 155 2345 138 987 250 ZMSC-4-2 ZMSC-4-2
310 ZATO 2540 1270 394 S5 351 B0 61N TOTAL LOSS ISOLATION
K LM N P a R 5 w & ,—‘—‘—‘—| & L I I L
0 & 7 148 3 s &1 150 gmms _ ——S1d8)  — -S-3id5) 50 [—1-2i®) — -23{a8) - - -3-4(d6) |
250 813 1905 29 TA M: NS 3s 450 g 686 @“
w / = e
1 Z 44 — =
S 64 1% 2 P
: |\ 3"
3
G 624 e
-
60 20
o.00 o (X 1 0 100 0001 001 0.1 1 10 100
FRECQUENCY (MHz) FREQUENCY {MHz)
AMECA-Z
WEWR
200
T B VEWR — BINSWR .. VENR electrical schematic
a0 FORT 1
160 FORT 2
2 FORT S
FORT 3
e
FORT 4
120
100
0001 oo at 1 10 100
FREQUENCY {MHz)
m M c For cetaiied performance e
ini-Circu S bopping i e web ste
50 9001 150 14001 AS 9100 REV.B
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e
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p
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Annexure 13: USRP-1 Device

Research"

USRP-1
BUS SERIES

FEATURES: )

+  Use with GNU Radio, LabVIEW ™ and Simulink™ * Up to 64 MHz Signal Processing

+ Modular Architecture: DC-6 GHz * Up to 16 MHz USS Streaming

+ Conmactivity for Two, Complete Tx/Rx chains : USB_ ?.O '"_m_'““ to Host

+ Two Dual 64 MSPS, 12-bit ADC's . Auxll‘afy olzlta' and ﬁnalog 170

« TwoDual 128 MSPS, 14.bit DAC'S . 25 ppm TCx0 Ff&uenq Reference
* DDC/DUC with 15 miH2 Resolution

USRP-1 PRODUCT OVERVIEW:

The Ettus Research™ USRP.1 is the original hardware of the USRP™ (Universal Soflware Rad o Peripheral)
family of products, which enables engineers to rapidly design and implement powerful, flexible software radio
systems. The USRP-1 provides an entry-level platform with built in MIMO expansion and a modular design
allowing the hardware to operate from DC to 6 GHz. The architecture includes an Altera Cyclone FPGA, 64 MSPS
dual ADC, 128 MSPS dual DAC and USB 2,0 connectwity to provide datato host processors.

The USRP-1 includes connectivity for two daughtercards, enabling two complete transmit/receive chains, This
feature makes the USRP-1 ideal for applications that require high isolation between transmit and recelve chains,
or dual-band dual transmit/receive operation. The USRP. 1 can stream up to 16 MHz of RF bandwidth to host
applications, with 15 mHz resolution, and simplified filtering requirements with on-board DDC's and DUC’s,

The USRP Hardware Driver™ is the official driver for all Ettus Research products, and supports rapid
development in a comprehensive environment. The USRP Hardware Driver supports Linux, Mac OSX, Windows,
NetBSD and FreeBSD,
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USRP-1

Pt

BUS SERIES
SPECIFICATIONS
Spec Typ. Unit Spec Typ. Unit
PO RF PERFORMANCE (W/ WEX)
DC Input 6 N SSB/LO Suppression 35/50 dBc
Current Consumption 0.7 A Phase Noise{1.8 Ghz2)
w/ WBX Daughterboard 1.7 A 10 kHz 80 dBc/Hz
a DEION PEREORMA D CLO 100 kHz -100 dBc/Hz
ADC Sample Rate 64 MSPS 1 MHz 137 dBc/Hz
ADC Resolution 12 bits Power Output 15 dBm
ADC Wideband SFOR 85 dBc 11P3 0 dBm
DAC Sample Rate 128 MSPS Receive Noise Figure 5 dB
DAC Resolution 14 bits
DAC Wideband SFDR 83 dBc Operating Temperature 0 to 55° C
Sample Rate to/from Hest 8/16 MSPS Dimensions (| x w x h) |18x21x55| ¢m
Frequency Accuracy 2.5 ppm Weight 0.7 kg
w/ GPSDO Reference 001 ppm
* A SPRC It ONG AF SUDRCT 10 Changs wilhout nolice,
PGA - At Cuctone "T"' —_
- L
o S |
— — - —_—
T =
o
o —~
_L. | —lih. -
— | PovESC .1
———y — - R ] O
Ettus o P19

ABOUT ETTUS RESEARCH:

e ©  Research”

Ettus Research is an innovative provider of sofware defined radio hardware, inchuding the

onigiral Universal Softe are Rado Peripheral (USRP) lamily of prodocts, Ettus Ressascch
POOUCEs Mantam supooet from & variety of softwars Fameworks, inchuding GNU Radio
Ettus Research 15 2 kadkr in the GNU Radio open sowroe communily, and enables users
woridaide to address a wide range of rezearch, ndustry and defense appleations. The
compary was undsd in 2004 ard 5 based in Mourain View, Califorrvs, A of 2010, Ettus

Feseann is a wholly owned subsidiaey of National Instruments,

1043 North Shoeeline 8wl
Sulte 100

Mountain Vew, CA 96043

P E50,957.2870 www.oths.com
f 866.807.9301
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Annexure 14: Band-Pass Filter Mini-Circuits VBFZ-780

Coaxial

Bandpass Filter

50Q 710 to 850 MHz

Maximum Ratings

Operating Temperature -55"C to 100°C
Storage Temperature -55°C to 100°C
RF Power Input® TWat 25°C
*Passband rating, derate inearly to 3W at 100°C ambéent
Permanen damage may if anyof

Outline Drawing

Features

» Good Rejection, 30dB up to 16GHz

* Low insertion loss

+ Excellent power handling, 7W

» Temperature stable LTCC internal structure
» Rugged stainless steel unibody

* Protected by US Patent 6,943,646

Application

* Harmonic rejection

+ Transmitters/receivers
+ Lab use

+ Test instrumentation

VBFZ-780+

CASE STYLE: FF1145
Connectors Model Price Qty.
SMA VBFZ-780-5+ £39.95 ea. (1-9)

+RoHS Compliant
The +Buffix identfias RoHS Cum,manca See our wsb sife
for RoHS Ci i

Bandpass Filter Electrical Specifications (T, .= 25°C)

CENTER PASSBAND STOPBANDS (MHz) VSWR (:1)
FREQ. (MHz)
SM4 FEMALE SMA MALE (MHz) (Loss < 2.5dB) (Loss = 20dB) (Loss 30dBE Typ) Passband Stopband
‘ GOMN CONN Fc F1-F2 F3 F4 F5 F& Typ. Max. Typ.
B 780 710 -850 460 1300 440 1320- 16000 16 23 20
MAX T
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* 312 Amass Flas_fl ‘
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E ACRDSS FLATS g MALE FEMALE
D+.05 E 10 o_fmjgu_o
2 20
Fu 11
s{ }a"‘n F 4 e
FREQUENCY MHz)
Typical Performance Data at 25°C
Frequency Insertion Loss VSWR
(MHz) (dB) (1)
10 79.73 B806.77
80 65.09 2813.45
Outline Dimensions (inch) 250 57.62 253.19
440 3358 40.34
460 29.32 33.32
B o] E wt. 510 18.74 19.36
410 191 312 grams 542 14.26 12.39
10.41 4851 782 1.8 595 6.78 4.72
643 3.19 2.14
710 1.87 1.42
780 1.76 1.55
850 2Mm 1.86
1052 3.95 2.08
1105 7.9 a3
1158 1543 5.32
1300 3047 14.04
1320 31.84 15.36
3000 T6.71 66.69
800D 47.70 8.93
16000 4521 19.38
WEFZ-TB0+ WEFZ-TE0+
%0 INSERTION LOSE 1000 VEWR
@ a0
=
704 A
g & f A o 100 J&
Z I FANY E T =
= l lea’ \r( \w\ = | Fi — i}
E o]l RV Py L AN AN
w w
2 20 \ J %
= | ; | o
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[\ 4000 8000 12000 16000 [ 4000 8000 12000 16000
FREQUENCY {MHz) FREQUENCY {MHz)
Far detaibd perfo ]
L Mini-Circuits’ it
150 5001 IS0 14001 AS 5100 CERTIHED —
P.0. Box 350166, Brockyn, New York 11236-0002 (718) 8344500 Fax (118) 322-1651 The Design Engincers Search Engine G203 Provides ACTUAL Data insianty at m-:ﬂaih com M1a1793
EDRA244U
MNotes: 1. Performance and quality atrbutes and C&\G)GIBI\U EILYEE‘H{ stated in this specifcation sheatare nendad 10 be excludedand do not fomm a partof his spacication sheel. 2 Blectical spedications nﬁnﬁf\s\fal
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Annexure 15: 4-way Splitter Mini-Circuits ZC4PD-18-S+

Coaxial

Power Splitter/Combiner

4 Way-

0° 502 1000 to 1800 MHz

ZC4PD-18+
ZC4PD-18

Maximum Ratings Features
Operating Temperature -55°C to 100°C + wideband, 1000 to 1800 MHz
o o + high isolation, 32 dB typ.
Storage Temperature -55°C to 100°C ! N .
08 ps - = upto 10W power input as splitters CASE STYLE: Z184
Power Input {as a splitter) 10W max. « good VSWR, 1.10:1 typ. Connectors _Model Price Qty.
Internal Dissipation 0.375W max. SMA ZCAPD-18-5(+) £91.95 (19)
Hefrarmldaragerra‘,’om.rlawclheee limits are exceaded. . i
Applications +RQH5 oomp!.-ar?r in accordance
Coaxial Connections <GPS with EU Directive (2002/95/EC)
SUM PORT 5 * communication systems The +Sulfix idertifies RoHS Cmpﬁats See aurwsb site
P
e ! Electrical Specificatior ”
PORT 2 2 ecirical spec ations
PORT 2 a FREQ. ISOLATION INSERTION LOSS PHASE AMPLITUDE VSWR
RANGE (dB) (dB) UNBALANCE | UNBALANCE 1)
PORT 4 4 {MHz) ABOVE 6.0 dB {Degrees) (dB)
s our
i, Typ. Min. Typ.  Max. Mane. Man. Typ. Max. Typ. Max.
Outline Drawing 1000-1800 2 18 03 08 6 0.40 105 155 108 145
—— P f—
TYP)
i Typical Performance Data
c ‘ 4= r.o o_
[ hd Freq. Total Loss' Amp. Isolation Phase VSWR VSWR VSWR VSWR VSWR
f—=i=— {MHz) (dB) Unbal. (dB) Unbal. 1 2 3 4
(dB) (deg.)
E‘l % Esl lil S1 S§-2 §3 S-4 -2 2-3 34
‘ 100000 635 634 635 634 001 2664 3499 2784 031 118 113 113 112 12
110000 631 634 635 632 003 3548 4094 3887 025 108 108 108 109 109
] 4000 625 628 631 626 005 4336 3050 4811 025 108 108 108 108 109
120000 632 634 634 632 003 4551 3637 3028 030 105 108 108 108 1.08
124000 620 632 633 632 004 3882 3455 3571 030 102 108 107 107 108
e s &) 130000 642 633 635 634 003 3479 3255 3306 032 17 106 106 106 106
Jl g B N_eK THRU 134000 635 636 630 638 004 3340 3161 3200 026 110 108 108 108 109
Iy WO0.00 6.7 636 640 637 003 3213 3071 3.2 034 110 103 103 104 1.04
WA000 630 638 642 630 004 3172 3035 3088 038 107 107 107 108 1.08
= 150000 641 638 644 640 006 3174 3020 3091 034 103 104 104 105 106
" 154000 647 636 640 638 004 3243 3030 337 037 104 104 105 007 107
1600.00 641 640 645 642 005 3457 3090 3274 060 102 103 104 106 106
164000 638 637 640 638 003 3500 3160 3300 05 105 105 106 109 108
inch 170000 642 643 646 644 004 3254 3347 3046 055 108 104 105 107 107
Outline Dimensions (nch) 180000 652 654 653 650 004 2416 38622 2350 060 123 110 111 114 113
1.Total Loss = inserton Loss + 6dB spitter loss.
A B [+ D G J
ZCAPD-18 ZCAPD-18
226 200 .70 200 2060 1.800 TOTAL LGS ISOLATION
57.40 5080 1778 508 500 4572 a8 8
K L " N p " 01 —1-2{dB) — -2-3{dB} -3 ||
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Annexure 16: Adding and Multiplying Correlator spread sheet

A (V) f (Hz) t ¢ (varying) vi(t) v2(t) Added Multiplied | Correlated Smoothed (Added)”2
1 2,5 0,01 0 0,156434465 | 0,156434 | 0,3128689 | 0,02447174 0,09788697
0,02 4 0,309016994 | 0,287808 | 0,5968248 | 0,08893752 0,35619989
0,03 8 0,4539905 0,413955 | 0,8679454 | 0,18793161 0,100447 0,75332928
0,04 12 0,587785252 | 0,532585 | 1,1203703 | 0,31304562 0,196638 | 0,100446955 | 1,25522955
0,05 16 0,707106781 | 0,641544 | 1,3486507 | 0,45364005 0,318206 | 0,10525652 1,8188587
0,06 20 0,809016994 | 0,738853 1,54787 | 0,59774465 0,45481 | 0,115903982 2,39590159
0,07 24 0,891006524 | 0,822745 1,7137518 | 0,73307145 0,594819 | 0,132849288 2,93694539
0,08 28 0,951056516 | 0,891697 1,8427539 | 0,84805463 0,72629 | 0,15594776 3,39574202
0,09 32 0,987688341 | 0,944457 1,9321455 | 0,93282934 0,837985 | 0,184464884 3,73318631
0,1 36 1 0,980067 1,9800666 | 0,98006658 0,920317 | 0,217140897 3,92066365
0,11 40 0,987688341 | 0,997879 1,9855673 | 0,98559343 0,966163 | 0,252299694 3,94247755
0,12 44 0,951056516 | 0,997571 1,9486274 | 0,94874631 0,971469 | 0,287992865 3,79714883
0,13 48 0,891006524 | 0,979148 1,8701545 | 0,87242723 0,935589 | 0,322166661 3,49747785
0,14 52 0,809016994 | 0,942945 1,7519617 0,7628583 0,861344 | 0,352837777 3,06936985
0,15 56 0,707106781 | 0,889619 1,5967253 | 0,62905531 0,75478 | 0,378263086 2,5495318
0,16 60 0,587785252 | 0,820138 1,4079231 | 0,48206492 0,62466 | 0,397088946 1,9822474
0,17 64 0,4539905 0,735764 | 1,1897547 | 0,33402997 0,481717 | 0,408467474 1,41551634
0,18 68 0,309016994 0,63803 0,9470469 | 0,19716209 0,337752 | 0,412129937 0,89689787
0,19 72 0,156434465 0,52871 0,6851441 | 0,08270841 0,204633 | 0,408411056 0,46942244
0,2 76 -3,2157E-16 0,409789 | 0,4097885 -1,318E-16 0,09329 | 0,398222178 0,16792664
0,21 80 -0,15643447 | 0,283426 | 0,1269916 -0,0443376 0,01279 | 0,382975578 0,01612687
0,22 84 -0,30901699 | 0,151917 -0,1571 -0,0469449 -0,03043 | 0,364466312 0,02468044
0,23 88 -0,4539905 0,017649 -0,436341 -0,0080125 -0,0331 | 0,344721621 0,19039384
0,24 92 -0,58778525 -0,11694 -0,704724 | 0,06873516 0,004593 | 0,325830623 0,49663662
0,25 96 -0,70710678 -0,2494 -0,956511 | 0,17635531 0,079026 | 0,309768721 0,91491301
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0,26 100 -0,80901699 | -0,37734 -1,186357 | 0,30527445 0,183455 | 0,298231584 | 1,40744285
0,27 104 -0,89100652 | -0,49842 -1,38943 | 0,44409883 0,308576 | 0,292492754 | 1,93051653
0,28 108 -0,95105652 | -0,61046 -1,561513 | 0,58057882 0,443317 | 0,293296926 | 2,43832351
0,29 112 -0,98768834 -0,7114 -1,699093 | 0,70264579 0,575774 | 0,300797948 | 2,88691599
0,3 116 -1 -0,79943 -1,799434 | 0,79943364 0,694219 | 0,314546774 | 3,23796143
0,31 120 -0,98768834 | -0,87295 -1,860634 | 0,86219862 0,788093 | 0,333530406 | 3,46196028
0,32 124 -0,95105652 | -0,93061 -1,881663 | 0,88505949 0,848897 | 0,35625852 3,54065616
0,33 128 -0,89100652 | -0,97137 -1,862375 | 0,86549553 0,870918 | 0,380890457 | 3,46844014
0,34 132 -0,80901699 | -0,99449 -1,803508 | 0,80456013 0,851705 | 0,405391828 | 3,25264113
0,35 136 -0,70710678 | -0,99955 -1,706662 | 0,70679194 0,792283 | 0,427707489 | 2,91269356
0,36 140 -0,58778525 | -0,98647 -1,574253 0,5798311 0,697061 | 0,445936241 | 2,47827199
0,37 144 -0,4539905 -0,95547 -1,409458 | 0,43377302 0,573465 | 0,458492482 | 1,98657096
0,38 148 -0,30901699 | -0,90712 -1,216133 | 0,28031441 0,431306 | 0,464241125 | 1,47898063
0,39 152 -0,15643447 | -0,84229 -0,998728 | 0,13176373 0,28195 | 0,462594378 | 0,99745749
0,4 156 2,41951E-15 | -0,76218 -0,762175 -1,844E-15 0,137359 | 0,453562178 | 0,58091115
0,41 160 0,156434465 | -0,66822 -0,511782 | -0,1045321 0,009077 | 0,437752038 | 0,26192111
0,42 164 0,309016994 | -0,56212 -0,253107 | -0,1737059 -0,09275 | 0,416318296 | 0,06406321
0,43 168 0,4539905 -0,44582 | 0,0081666 | -0,2023998 -0,16021 | 0,390865081 6,6694E-05
0,44 172 0,587785252 | -0,32143 | 0,2663573 | -0,1889306 -0,18835 | 0,363311197 | 0,07094624
0,45 176 0,707106781 -0,1912 0,5159116 | -0,1351954 -0,17551 | 0,335728365 | 0,26616481
0,46 180 0,809016994 | -0,05749 | 0,7515265 | -0,0465108 -0,12355 | 0,310166518 | 0,56479209
0,47 184 0,891006524 | 0,077258 | 0,9682647 | 0,06883751 -0,03762 | 0,288480913 | 0,93753647
0,48 188 0,951056516 | 0,210604 | 1,1616604 | 0,20029616 0,074208 | 0,272175723 | 1,34945479
0,49 192 0,987688341 | 0,340125 | 1,3278135 | 0,33593769 0,20169 | 0,262277318 | 1,76308879
0,5 196 1 0,46347 1,4634702 | 0,46347022 0,333235 | 0,259247975 | 2,14174509
0,51 200 0,987688341 | 0,578399 | 1,5660874 | 0,57127805 0,456895 | 0,262947311 | 2,45262989
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