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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 Flacq, 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 
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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 (λ = 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]. 
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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]: 

D


  22.1  [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]. 
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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]. 
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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. Brief science 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]: 

 Solar: flares, coronal mass ejections. 
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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. 
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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. 

 Ionospheric and Space Weather. 

The radio study of ionospheric mechanisms can provide crucial data on space weather.  
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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. 
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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. 
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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 
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basically determined by the shortest dipole length (LN) while the lowest frequency is determined 

by the longest dipole length (L1) [15].  

L
1

1

N

2

3

Ls S1 S2

SN-1

2α

 
Figure 2.1. Geometric dimensions of the LPDA 

For the geometrical dimension analysis, the following notations are used: 

  : the length of the boom before the first element,  

  : the length of the element  , where           

  : the spacing between elements   and    ; 

  : the diameter of the element  ; 

  : the physical gap between the poles of the element  . 

They are related to the scaling factor   in Equation 2.1. 

                                      
  

  
 

    

  
 

    

  
 

    

  
 

    

  
                                                           

and the spacing factor   in Equation 2.2. 
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As shown in Figure 2.1, two straight lines through the dipole ends form an angle 2 , 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. 

                      (
         

   
)       (

       

   
)       (

     

  
)                                  

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: 

                                                      
    

  
 

  
    

                                                                                          

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

                                                                                                                                                    

                                                                                                                                             

This means that the resonant frequency in log scale is increased by every |      |. 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   and the spacing factor   

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   of the element and the feeding gap   between the two poles [15]. 

                                                                    ⁄                                                                                 

Where    is the characteristic impedance of the feed line. 

Table 2.1. Optimum design data for the LPDA 

Directivity (dBi) Scaling factor    Spacing factor   Apex angle   

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° 

 

In practice, the most likely scenario is that the design frequency range is given from 

     to     . The following equations may be employed for the design [15]: 
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                                                                 (
   (

    

    
)

      
)                                                                    

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    behind the longest element   . The short 

acts as a reflector. Its distance from    can be calculated from Equation 2.12 [15]. This 

corresponds to the section of the boom before the longest element    also known as a shorting 

stub [16]. 

                                                                                  
  

 
                                                                              

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

the antenna is given by Equation 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: 

       200 MHz 

       800 MHz 

 directivity G   8.5 dBi (average value in Table 2.1) 

 scaling factor    0.892 

 spacing factor    0.165 

 diameter of element: 6 mm 

 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: 

          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: 

            18.8 cm 

Applying Equation 2.13, the total antenna length, from the longest to the shortest element, was 

calculated as: 

             1.8 m 

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) 

   75.0    24.8 

   66.9    22.1 

   59.7    19.7 

   53.2    17.6 

   47.5    15.7 

   42.4    14.0 

   37.8    12.5 

   33.7    11.1 

   30.1    9.9 

    26.8     8.8 

    23.9     7.9 

    21.3     7.0 

    19.0     6.3 

    17.0     5.6 

    15.1     ---- 

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,    is the total dipole length of 

the longest element 1. The spacing    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. 
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Figure 2.2. Physical dimensions of the MITRA LPDA 

Table 2.3. LPDA dimensions 

Length (m) Spacing (m) 

   0.765    0.252 

   0.682    0.225 

   0.609    0.201 

   0.543    0.179 

   0.484    0.16 

   0.432    0.143 

   0.385    0.127 

   0.344    0.113 

   0.307    0.101 

    0.273     0.09 

    0.244     0.08 

    0.218     0.072 

    0.194     0.064 

    0.173     0.057 

    0.154 ---- ---- 
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Figure 2.3. MITRA antenna under simulation 

 

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 
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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]. 

 

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 

 

 

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 

 

 

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 

 

 

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  

 

Figure 2.15. Dimensions (in mm) of the shorting bar  
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Figure 2.16. Plastic spacer 

 

Figure 2.17. Dimensions (in mm) of the spacer  
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Figure 2.18. Antenna base 

 

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 
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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 2.24. Cable positioning at the antenna feed point  

 

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.  

 

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: 

 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. 

 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. 

 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 S21 (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 

S21 (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].  

                                                                                                                                              

           is the gain of the reference antenna expressed in dBi and provided by the 

manufacturer.   is the relative difference between the highest value of S21 (dB) measured with 

the reference antenna and the highest value of S21 (dB) measured with the AUT. The reference 

and AUT antennas are positioned for the same polarization. 

 
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) 

 

 

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) 

 

 

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) 

 

 

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 2.40. Radiation pattern of co-polarization (Horizontal-Horizontal) at 400 MHz (Test 2) 

 

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) 

 

 

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) 



45 
 

 

Figure 2.46. Radiation pattern of cross-polarization (Vertical-Horizontal) at 300 MHz (Test 3) 

 

 

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) 

 

 

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) 

 

 

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 
(MHz) 

Test 1  S21 
(dB) 

Test 3   S21 
(dB) 

Polarization 
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: 

 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.  

 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 S21(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 S21(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 + [-1.29-(-2.78)] = 8.1 dBi 
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Figure 2.52. Reference antenna (Schaffner CBL6143A) in vertical polarization 

At 300 MHz, the maximum value of S21(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 S21(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: 

G(AUT, dBi) = 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. 

 

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 Test 1 (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 (RFI) 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 



53 
 

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

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

                                                 
    

  
 

    

    
 

    

      
 

    

        
                                     

                                                                                   [ ]                                                                  

 

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: 

         
       

     
 

       

         
 

       

             
 

         

                 
      

The system noise figure is     1.44 dB 

Using Equation 3.2, the MITRA equivalent noise temperature gives: 

                      [ ]
 

Referring to Figure 3.4, the Front-End gain gives         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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√      
     [ ]                                                                       

where        rms noise temperature 

         sensitivity constant of the instrument.       for simple instrument 

        receiver bandwidth 

           integration time, which is the length of time for which the signal is averaged 

          number of records averaged 

The calculation of the system noise temperature       should include the sky noise temperature 

     . 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       between 200 MHz and 900 MHz in 

a business area has been shown to be approximately 10 dB above the thermal noise (    ) 

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

                                                                 [ ]                                                                

                                                                          

For    10 MHz and assuming the product     1, the MITRA sensitivity gives: 

      
    

√      
         

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

normally taken as three times the rms noise [7].  
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3.5. Minimum Detectable Flux Density Estimation 

The minimum detectable flux density       can be calculated from Equation 3.5, where   is 

Boltzmann’s constant (1.38x10-23 joule K-1),   is the effective aperture of the antenna and    is 

the number of antennas [7, 28].  

                                         
           

  √              
        [  ]                                                           

The effective aperture area of an antenna is given in Equation 3.6, where   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   with  , the gain of the antenna [29]. 

                                                 
  

  
  

  

  
       [  ]                                                                              

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   should be the cascaded gain from the antenna and 

the combiner. With that,   becomes: 

                   dB  

The antenna effective aperture is: 

   
        

  
              

Using Equation 3.5, the minimum detectable flux density is: 
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  √              
     

                   

    √        
              [  ] 

At 300 MHz the flux density of the Sun is approximately equal to        [25, 30]. With that, the 

calculated value of the minimum detectable flux density of         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    for a baseline   is given by Equation 3.7 

                                                                     
 

 
    [   ]                                                                       

At 350 MHz, the fringe width of the MITRA arrays (8 m baseline) gives         rad      . 

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]: 

 FPGA: Xilinx Spartan 3A-DSP. 

 ADC sample rate: 100 Msps. 

 ADC resolution: 14 bits. 

 DAC sample rate: 400 Msps. 

 DAC resolution: 16 bits. 

 Gigabit Ethernet interface.  

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

 Full duplex. 

 MIMO capability with up to 8 antennas. 

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

 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]: 

 A 10 MHz reference to provide a single frequency reference for both devices. 

 A 1 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 



61 
 

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: 

 Frequency range: 400 MHz to 4.4 GHz. 

 Bandwidth: 40 MHz. 

 Transceiver: TX/RX Full duplex. 

 MIMO capability. 

 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 2010TM 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 

 



66 
 

USRP 

N210

USRP 

N210

MIMO Cable

1xGigEHost PC

RX1 RX2
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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: 

 A digital mixer; 

 A digital local oscillator; 



68 
 

 A finite impulse response (FIR) low-pass filter. 

 

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 I 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]: 

 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. 

 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. 

 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.  

 Berkeley Cognitive Radio (BCR) 

BCR is based around the Berkeley emulation engine (BEE2). It can connect up to eighteen 

daughter boards. 

 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). 

 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]: 

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

 Radio astronomy. 

 Software GPS. 

 Amateur radio transceivers. 

 RFID detectors. 

 Mobile phones. 

 Broadcast TV. 

 FM radio. 

 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: 

 Four ADCs (12-bits, 64 Msamples/sec); 

 Four DACs (14-bits, 128 Msamples/sec); 

 USB2 controller (FX2); 

 2 RX daughter boards; 

 2 TX daughter boards; and 
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 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]. 

 

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]: 

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

board. 

 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. 

 

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: 

 Frequency range: 800 MHz to 2.3 GHz. 

 Bandwidth: 60 MHz. 

 Noise figure: 4-8 dB. 

 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 a 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 GRC file. 

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. 

 

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. 

RXA

DBSRX

Signal generator
Daughter board

Mother board

PC

Empty

Empty

Empty

RXB

TXA

TXB  

 

Channel 

A

Channel 

B

900 MHz

-20 dBm

 

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. 

 

Figure 5.6. GRC designed to detect a signal from a RF signal generator 
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Figure 5.7. Options block settings for single channel operation 

 

 

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

 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”. 

 Mb0: 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”. 

 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. 

 Ch0: Center Freq (Hz): 900 MHz is the frequency of the signal from the RF generator. 

 Ch0: 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. 

 Ch0: 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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 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. 

 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).  

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

 

 

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.       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: 

 Channel Rate: was set to 250 ksps as the incoming signal sample rate. 

 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. 

 Audio Pass: Passband frequency of the audio LPF. 

 Audio Stop: Stopband frequency of the audio LPF. 

The setup for the FM Demod is discussed below: 

 Channel Rate: was set to 250 ksps as the incoming signal sample rate. 

 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. 

 Audio Pass: Passband frequency of the audio LPF. 

 Audio Stop: Stopband frequency of the audio LPF. 
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Figure 5.10. Detected signal for the single channel operation  

The setup for the FM Demod is discussed below: 

 Channel Rate: was set to 250 ksps as the incoming signal sample rate. 

 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. 

 Audio Pass: Passband frequency of the audio LPF. 

 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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Figure 5.11. FM demodulator flow graph 

 

 

Figure 5.12. Audio Sink Setup 

The Audio Sink was setup as follows: 

 Sample Rate: 48 ksps as most of the computer sound cards sample at 48 ksps. 
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 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:  

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

 “uUuU”: USRP underrun (not enough samples ready to send to USRP sink). 

 “uOuO”: 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: 

 

                 
       

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

 

Figure 5.13. FM Modulated carrier at the receiver 

 

Figure 5.14. Demodulated signal 
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Figure 5.15. Dual channel operation 

 

 

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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Figure 5.17. USRP Source setup for dual channel operation 

USRP Source setup is as follows: 

 Device Addr: It is recommended that the device address should be 

“fpga=usrp1_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. 

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

 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”. 

 Num Channels: Two channels (A and B). 
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 Ch0: Center Freq: 900 MHz from signal generator 1. 

 Ch0:Antenna: No antenna selection for the DBSRX daughter board. 

 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.  

 

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: 

$ sudo chmod +x usrp2_card_burner.py 

and 

$ sudo chmod +x usrp2_card_burner_gui.py 

The prefix $ 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: 

$sudo apt-get install python –tk 

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

$ 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: 

$ 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: 

$sudo “/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: 

$ sudo apt-get update 

$ 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: 

$ 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: 

 Device 1 identified as “sg0”, is the PC hard drive ( ATA) 

 Device 2 identified as “sg1”, is the DVD player (hp) 

 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: 

$ 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: 

$ sudo python usrp2_card_burner_gui.py 
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Table 5.1. Available memory devices 

 

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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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: 

 A Gigabit network interface card;  

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

 IPv4 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 “lshw” command is used to list the properties 

of any NIC’s installed in the computer: 

$ sudo lshw –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 (eth1) 

must be created in order to have a functional network. By default the USRP-2 IP address is 

192.168.10.2 [31].  
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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: 

$ 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. 

$ 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 eth1 NIC is found under the 

“Wired” network. A double-click on the eth1 network allows editing of the configuration of the 

USRP-2 network. The setup of the USRP-2 network is done as follows: 

 Connection name: changed to “MITRA USRP Network” 

 Connect automatically: yes 

 Wired:  

 Device MAC address: (eth1) must be selected 

 Cloned MAC addess: No option to change 

 MTU: automatic bytes 
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 802.1X Security: No option to change 

 IPv4 Settings: 

 Method: Manual 

 Addresses:  

 Address: 192.168.10.1 

 Netmask: 255.255.255.0 

 Gateway: 0.0.0.0 

 This setup must be added by clicking on the “Add” button. 

 DNS servers: No option to change 

 Search domains: No option to change 

 IPV6 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: $ sudo ufw enable 

To check the firewall status: $ sudo ufw status 
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Table 5.3. Characteristics of the NIC’s 
 

 

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 )(1 tv and 

)(2 tv  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.  

 x

d

D
Ant. 2 Ant. 1

~
~~

Multiplier

LPF

)(2 tv )(1 tv

)(3 tv

)(4 tv

 

Figure 6.1. Multiplying correlator 

The distance d  in Figure 6.1 can be derived as follows: 

      D

d
x )(cos                         (6.1) 

        9090 xx                     (6.2) 
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       
D

d
 90cos                         (6.3) 

      )sin()90cos(                             (6.4) 

      
D

d
)(sin                           (6.5) 

      )(sin Dd                           (6.6)                   

The wavefront from the source in direction  reaches Ant. 1 at a time g before it reaches Ant. 

2. The variation of the angle  depends on the earth’s rotational velocity. The time g is called 

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

      [s]
)sin(

g
c

d

c

D



                        (6.7) 

where c is the velocity of an electromagnetic wave in free space. With the baseline D, observing 

at angle , the delay is g, the frequency is , and the phase difference  is formulated in 

Equation 6.8 [5]:  

       [rad]2 gg                                 (6.8) 

       [rad]
)sin(2

c

D 
                         (6.9) 

With



c

 , the phase-difference due to the separation of the antennas is expressed as: 

       [rad]
)sin(2






D
                      (6.10) 

The instantaneous voltages into the multiplier are given as:  

       )cos()( 11 tVtv                 (6.11) 

       ))(cos()( 22 gtVtv                (6.12) 
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The multiplier output gives the signal )(3 tv  such that: 

           
))(cos()(cos)( 213 gtVtVtv    

 
        )(cos)(cos

2
)( 21

3 gg tttt
VV

tv  
 

     
    )cos)cos

2
)( 21

3 gg tttt
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tv  
 

      )(cos)2(cos
2

)( 21
3 ggt

VV
tv          (6.13) 

After the LPF in Figure 6.1, the higher frequency component )2(cos gt   will be filtered out, 

giving the signal )(4 tv : 

      
)(cos

2
)( 21

4 g

VV
tv             (6.14) 

       if VVV  21 , then  

)(cos
2

)(
2

4 g

V
tv             (6.15) 

The following should be noted: 

1. The signal )(4 tv varies between 
2

2V
and 

2

2V


 

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 Ω. 

   2

2

2 p

rms

V
VP     [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 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]. 

            
 

2

1
 aa

b

NN
N           (6.17) 

where Nb is the number of baselines and Na 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 signals (t)v1 and (t)v2 were created at the 

same frequency. A varying phase shift ɸ was applied to (t)v2 . Figure 6.2 shows the two signals 

as the phase shift varies.  

 

Figure 6.2. Two sinusoidal signals with a varying phase 

If (t)v1 and (t)v2 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  2

21 (t)v(t)v  [51]. Figure 6.3 shows the output of the adding interferometer. The 

peak points are obtained where (t)v1 and (t)v2 are in phase, and the dips are obtained where 

(t)v1 and (t)v2  are out of phase. 

The voltages (t)v1 and (t)v2 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 
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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. 

 

Figure 6.3. Adding correlator  

 

 

Figure 6.4. Multiplying correlator 
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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 IO 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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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. 

 

Figure 6.7. Multiply block properties 
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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 cosϴ+jsinϴ. 

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. 

 

Figure 6.9. Properties of the LPF  

 

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. 

 

Figure 6.11. Correlator flow graph 

 

Figure 6.12. Raw data and correlated signal 
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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.  

 

Figure 7.1. RF Signals received by a single LPDA 

 

Figure 7.2. Insertion loss response of the LPF 
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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 

 

  

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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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      is 

the output frequency of the mixer. The IF frequency was calculated using Equation 7.2. The 

resulting image frequency (   ) 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 the   . The 

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

                        (7.1) 

                        (7.2) 

                         (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 

 

 

Figure 7.8. Mixer output (    ) when      1 GHz and      200 MHz 

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

 Marker 2:      calculated as    –     

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

 Marker 4:     t calculated as         

 Marker 5:     
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 Marker 6: 2nd harmonic of Marker 3 

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

 Marker 8: harmonic calculated as 2x[1000 MHz + (2x200 MHz)]  

 Marker 9: 3rd harmonic of Marker 3. 

 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 7.9. Mixer output when LO = 1.1 GHz and RF = 300 MHz 

 

 

Figure 7.10. Mixer output when LO = 1.2 GHz and RF = 400 MHz 
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Figure 7.11. Mixer output when LO = 1.3 GHz and RF = 500 MHz 

 

 

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 

 

    

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 

 

 

 

Figure 7.16. BPF output when LO = 1 GHz and RF = 200 MHz 
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Figure 7.17. BPF output when LO = 1.1 GHz and RF = 300 MHz 

 

 

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 

 

 

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 

 

 

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 RFI 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.  

 

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 7.25. Spectrum analyzer response for system bandwidth measurement 

 

Figure 7.26. GRC setup for system bandwidth measurement 

 

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 
Standard 

GPS 10 RBN  Precision Test 
Systems 

1 

14 5-way Splitter ZFSC-5-1  Mini-Circuits® 1 

15 RF Signal Generator SMB-B103  Rohde & Schwarz 1 

16 4-way Splitter ZC4PD-18  Mini-Circuits® 1 

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 RFI 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. RFI between 200 MHzand 300 MHz 

 

Figure 8.2. RFI between 300 MHz and 400 MHz 

 

Figure 8.3. RFI between 400 MHz and 500 MHz 
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Figure 8.4. RFI between 500 MHz and 600 MHz 

 

Figure 8.5. RFI between 600 and 700 MHz 

 

Figure 8.6. RFI between 700 MHzand 800 MHz. 



135 
 

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: 

 Source: RF signal generator.  

 Frequencies: 280 MHz and 335 MHz. 

 System sample rate: 250 ksps. 

 Data recorded: 250 ksps. 

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

 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.  
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-30 dBm
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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. 
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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. 

 

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. 

 

Figure 8.11. Real component of the correlation pattern around the peak signal level (280 MHz) 
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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) 

 

 

Figure 8.14. Sinusoidal correlation pattern. Real component averaged (280 MHz) 
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Figure 8.15. Sinusoidal correlation pattern. Imaginary component (280 MHz) 

 

 

Figure 8.16. Sinusoidal correlation pattern. Imaginary component averaged (280 MHz) 
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Figure 8.17. Sinusoidal correlation pattern. Real and imaginary components (280 MHz) 

 

 

Figure 8.18. Sinusoidal correlation pattern. Real and imaginary component averaged (280 MHz) 



144 
 

 

Figure 8.19. Sinusoidal correlation pattern. Phase component (280 MHz) 

 

 

Figure 8.20. Sinusoidal correlation pattern. Phase component averaged (280 MHz) 
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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. 

 

Figure 8.21. Real component of the full dataset of the correlated (335 MHz) 
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Figure 8.22. Real component of the correlation pattern around the peak signal level (335 MHz) 

 

 

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) 

 

 

Figure 8.25. Sinusoidal correlation pattern. Real component averaged (335 MHz) 
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Figure 8.26. Sinusoidal correlation pattern. Imaginary component (335 MHz) 

 

 

Figure 8.27. Sinusoidal correlation pattern. Imaginary component averaged (335 MHz) 
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Figure 8.28. Sinusoidal correlation pattern. Real and imaginary components (335 MHz) 

 

 

Figure 8.29. Sinusoidal correlation pattern. Real and imaginary component averaged (335 MHz) 
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Figure 8.30. Sinusoidal correlation pattern. Phase component (335 MHz) 

 

 

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: 

     dB4.15)90(6.74 SNR         (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: 

     dB8.85.7
10x1

10x5.7
8

8






SNR            (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 

 

 

Figure 8.33. Detected signal with the signal generator set to +13 dBm   
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Figure 8.34. Sensitivity Test (Power plot) 

 

 

Figure 8.35. Sensitivity Test (Power plot averaged) 
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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 RFI 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  

 



161 
 

 



162 
 

 



163 
 

 

 



164 
 

Annexure 2: Antenna Schaffner CBL6143A  
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Annexure 3: RF-to-Fibre Converter RFoF-2G  
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Annexure 4: Combiner Mini-Circuits ZFSC-8-43+  
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Annexure 5: Low-Pass Filter Mini-Circuits VLF-800 
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Annexure 6: Low-Noise Amplifier Mini-Circuits Zx60-33 LN+  
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Annexure 7: Line Amplifier Mini-Circuits ZFL-1000 LN+  
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Annexure 8: Mixer Mini-Circuits Zx-05-11x 
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Annexure 9: USRP Network Devices  
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Annexure 10: Rubidium GPS10RBN 
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Annexure 11: 5-way Splitter Mini-Circuits ZFSC-5-1 
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Annexure 12: 4-way Splitter Mini-Circuits ZMSC-4-2+ 
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Annexure 13: USRP-1 Device 
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Annexure 14: Band-Pass Filter Mini-Circuits VBFZ-780 
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Annexure 15: 4-way Splitter Mini-Circuits ZC4PD-18-S+ 
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Annexure 16: Adding and Multiplying Correlator spread sheet 

A (V) f (Hz) t ɸ (varying) v1(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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