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ABSTRACT 

Low noise amplifier is an essential component of a radio telescope. The noise performance of 

this amplifier governs the overall noise figure of the sensitive receiver system of the radio 

telescope. Low noise amplifiers (LNA) have always employed the most advanced technology 

such as InP(Indium Phosphide) and GaAs HEMTs (High Electron Mobility Transistor) and 

SiGe HBT (Heterojunction bipolar transistor). By cryogenically cooling these devices, very 

low noise temperature can be achieved over a long bandwidth. Although HEMTs can provide 

an excellent low noise performance at cryogenic temperatures, their performance is limited 

due to intrinsic transconductance fluctuations. On the other hand, bipolar devices do not 

suffer from this problem. Although their noise performance at room temperature is poor, 

these devices perform better than conventional HEMT LNAs when cooled to cryogenic 

temperatures.  Over time Si-Ge bipolar transistors have improved considerably to compete 

with InP and GaAs HEMTs for cryogenic microwave Low Noise Amplifiers. Although SiGe 

based LNAs are common, little work has been done about their performance at cryogenic 

temperatures. The aim of this project is to realize a SiGe HBT and then study its 

characteristics at cryogenic temperatures. This project is aimed to verify this special property 

of SiGe transistor. This is done by realizing a working LNA, with given specifications and 

then testing and comparing its noise performance at different temperatures. In this report, we 

will discuss the theoretical background about SiGe HBTs and their expected performance at 

cryogenic temperatures. This will be followed by the design approach and strategy used to 

pursue the goals laid out for the project. This will include the simulation performed using 

various design environments like AWR‟s Microwave office and GENESYS by Agilent 

Technologies. The simulated values will be contrasted against the results obtained from 

testing the real LNA. The LNA is to be tested at room temperature first and then cooled to 

77K using liquid nitrogen as a coolant medium. Allowing the device to gradually warm up 

will give us the valuable information about the behavior of device‟s Gain and noise 

temperature performance at different ambient temperatures. This information is collected and 

then processed to give out the curves and relations which show how ambient temperature 

affects the LNA performance parameters.  
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CHAPTER ONE 

INTRODUCTION 

1.1 ABOUT GMRT 

 

 

GMRT (Giant meter-wave Radio Telescope) is a Radio Telescope consisting of 30 fully 

steerable parabolic dish antennas, each 45 m in diameter, installed across the region of about 

25 km, near the village Khodad, Narayangaon Taluk, about 90 km north of Pune. It has been 

designed to operate at a range of frequencies form 30 MHz to 1450 MHz. The antennas have 

been constructed using a novel technique (nicknamed SMART) and their reflecting surface 

consists of panels of wire mesh. These panels are attached to rope trusses, and by appropriate 

tensioning of the wires, the desired parabolic shape is achieved. 

GMRT is among the most powerful Radio Telescopes in the world at meter wavelengths, 

established for frontline research in Astronomy and Astrophysics. The number and 

configuration of the dishes was optimized to meet the principal astrophysical objectives 

which require sensitivity and high angular resolution as well as ability to image radio 

emission from diffused extended regions. Twelve of the thirty dishes are located more or less 

randomly in a compact central array in a region of about 1 sq km. The remaining eighteen 

dishes are spread out along the 3 arms of an approximately `Y'-shaped configuration over a 

much larger region, with the longest interferometric baseline of about 25 km.  
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Radio astronomy is the study of universe at radio wavelengths. The field of radio astronomy 

was started in 1923, when Karl Jansky discovered that his antenna was receiving radiation 

from outside the Earth‟s atmosphere. He noticed that this radiation appears at the same 

sidereal time on different days and that its source must hence lie far outside the solar system. 

Further observations enabled him to identify this radio source as the center of the galaxy.  

The whole goal of the radio astronomy is to receive, process, and interpret the cosmic signals.   

Radio waves from the distant cosmic source received by the antenna create a fluctuating 

voltage at the antenna terminals. This voltage is first amplified by the front end (or RF) 

amplifier. The signal is weakest here, and hence it is very important that the amplifier 

introduce as little noise as possible. Front end amplifiers hence usually use low noise solid 

state devices to build the Low Noise Amplifiers (LNA). The LNAs are generally built using 

advanced technology devices like HEMTs (High Electron Mobility Transistors) and HBTs 

(Heterojunction Bipolar Transistors). 

Giant Meter-wave Radio Telescope (GMRT) Front Ends have been designed to operate at 5 

frequency bands centered at 50 MHz, 150 MHz, 235 MHz, 327 MHz, 610 MHz and L-Band 

extending from 1000 to 1450 MHz. The L-Band is split into four sub-bands centered at 1060 

MHz, 1170 MHz, 1280 MHz and 1390 MHz, each with a bandwidth of 120 MHz. The 150 

MHz, 235 MHz and 327 MHz bands have about 40 MHz bandwidth and the 610 MHz band 

has about 60 MHz bandwidth. The low noise front end of the receiving system of GMRT has 

been designed to receive dual polarization. Lower frequency bands from 150 to 610 MHz 

have dual circular polarization channels (Right Hand Circular and Left Hand Circular 

polarization) which have been conveniently named as CH1 and CH2, respectively. 
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CHAPTER TWO 

OBJECTIVES 

 

The aim of the project is to design a Low Noise Amplifier using SiGe Heterojunction Bipolar 

Transistor with following requirements: 

1. LNA should have bandwidth wide enough to cover the range 500 MHz to 2000 MHz. 

2. LNA should have noise temperature less than that of current HEMT LNA (35 K) 

3. LNA should have following s- parameters 

 S21 (signifies gain)   >30 dB 

 S12 (return gain)  < -50dB 

 S11 (input return loss)  <-10dB 

 S22 (output return loss) <-10dB. 

4. Testing the above parameters and noise temperature at cryogenic temperature (77 K)  

5. Recording the noise figure and gain at different temperatures. (Warming up phase)  
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CHAPTER THREE 

THEORY 

This section of the report will give the necessary theory required to understand the various 

concepts that are useful for a better understanding of the work done in the project. Since the 

performance parameters of the device are mentioned mainly in terms of S- parameters, a 

small introduction will refresh the memory. 

3.1 S-PARAMETERS OF 2-PORT NETWORKS 

An amplifier operating under linear (small signal) conditions is a good example of a non-

reciprocal network and a matched attenuator is an example of a reciprocal network. In the 

following cases we will assume that the input and output connections are to ports 1 and 2 

respectively which is the most common convention. The nominal system impedance, 

frequency and any other factors which may influence the device, such as temperature, must 

also be specified. 

Complex linear gain 

The complex linear gain G is given by 

. 

That is simply the voltage gain as a linear ratio of the output voltage divided by the input 

voltage, all values expressed as complex quantities. 

Scalar linear gain 

The scalar linear gain (or linear gain magnitude) is given by 

. 

That is simply the scalar voltage gain as a linear ratio of the output voltage and the input 

voltage. As this is a scalar quantity, the phase is not relevant in this case. 



 

15 
IIST-Thiruvananthapuram   2011 

Scalar logarithmic gain 

The scalar logarithmic (decibel or dB) expression for gain (g) is 

 dB. 

This is more commonly used than scalar linear gain and a positive quantity is normally 

understood as simply a 'gain'. A negative quantity can be expressed as a 'negative gain' or 

more usually as a 'loss' equivalent to its magnitude in dB.  

Insertion loss 

In case the two measurement ports use the same reference impedance, the insertion loss (IL) 

is the dB expression of the transmission coefficient . It is thus given by: 

 dB. 

Input return loss 

Input return loss ( ) is a measure of the reflected energy from a transmitted signal. It is 

commonly expressed in positive dB's. The larger the value, the less energy that is reflected. 

When expressed in logarithmic magnitude, is given by 

 dB. 

By definition, return loss is a positive scalar quantity implying the 2 pairs of magnitude (|) 

symbols. The linear part, is equivalent to the reflected voltage magnitude divided by the 

incident voltage magnitude. 

Output return loss 

The output return loss ( ) has a similar definition to the input return loss but applies to 

the output port (port 2) instead of the input port. It is given by 

 dB. 
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Reverse gain and reverse isolation 

The scalar logarithmic (decibel or dB) expression for reverse gain ( ) is: 

dB. 

Often this will be expressed as reverse isolation ( ) in which case it becomes a positive 

quantity equal to the magnitude of and the expression becomes: 

 dB. 
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3.2 STABILITY 

 

When embarking on any amplifier design it is very important to spend time checking on the 

stability of the device chosen, otherwise the amplifier may well turn into an oscillator. The 

main way of determining the stability of a device is to calculate the Rollett‟s stability factor 

(K), which is calculated using a set of S-parameters for the device at the frequency of 

operation. The conditions of stability at a given frequency are |Γin| < 1 and |Γout| < 1, and must 

hold for all possible values ΓL & ΓS obtained using passive matching circuits. We can 

calculate two Stability parameters K & |∆| to give us an indication to whether a device is 

likely to oscillate or not or whether it is conditionally/unconditionally stable. 

The K factor represents a quick check for stability at given frequency and given bias 

condition. Unconditional stability is the goal of LNA designer. Unconditional stability means 

that with any load presented to the input or output of the device, the circuit will not become 

unstable (will not oscillate). The stability of the LNA is characterized by Rollett Factor (K) 

which is given by 

                              If Δ = S11∗ S 22 − S 21∗ S12 

       Then       

 

For unconditional stability K should be greater than one for the operating frequencies and in 

the frequencies where the circuit has substantial gain.  

Using AWR Design Environment, K factor stability can be calculated easily and can be 

represented in the graph. Figure 4.9 shows the K factor for the range of operating frequency. 

As we can see from the graph, the K factor is greater than 2 for the frequency range. Which 

implies that amplifier is stable and won‟t go into oscillation. 

 

 



 

18 
IIST-Thiruvananthapuram   2011 

3.3 DEVICE PHYSICS 

 

This section of report will deal with the physics behind Si-Ge Heterojunction Bipolar 

Transistors and will establish the reason of their better performance as compared to 

traditional bipolar junction transistor. Later in the section, changes that occur in physical 

properties of a HBT with change in temperature will be discussed. 

3.3.1 BIPOLAR JUNCTION TRANSISTOR 

 

The device consists of a pair of p-n junctions that have been stacked together such that they 

are sharing a single p-doped region. The doping of the devices is such that one of the n-doped 

regions, called the emitter, is very heavily doped whereas the other n-doped region, called the 

collector, is only moderately doped. Finally, the p-doped region in the center of the device is 

called the base, and is doped at an intermediate level. 

 

 

Fig. 3.1 Basic BJT structure and energy band diagram 

The operation of a bipolar device under forward active operation can be understood 

conceptually by studying the energy band diagram shown above. The emitter region is 

heavily doped meaning that there are a large number of ionized impurities, leading to a large 

number of electrons in the conduction band. Thus, there will be a diffusion current of 

electrons injected from the emitter to the base with magnitude equal to the number of 

electrons that have enough thermal energy to overcome the base–emitter electrostatic-

potential-barrier which has height equal to . 



 

19 
IIST-Thiruvananthapuram   2011 

If the base is sufficiently short, we can neglect recombination in the base and assume that all 

of the electrons that diffuse into the base are swept into the collector via the electric field 

across the collector-base junction. Thus, as the distribution of thermal energy among the 

electrons in the conduction band is approximately Boltzmann distributed the collector current 

density is exponentially dependent on the barrier height. 

……….1 

 

Where µnb is the minority carrier mobility in the base of the transistor. Similarly, due to the 

base doping level, there will be a large number of ionized acceptor impurities in the base 

valence band leading to a diffusion current of holes from the base to the emitter. Once again 

ignoring recombination current in the base, the base current density can be written as 

……..….2 

Where µpe and LPE are the hole mobility and diffusion length in the emitter. Thus, for a 

standard 

npn bipolar transistor, the dc current gain is approximated as: 

………………….……………………3 

Where WB is the base width and LPE is the diffusion length for holes injected into the emitter 

referring to equation 3 βDC is determined by three ratios: 

1) µn/µp. As mobility is a material property, it is assumed that this is not a tunable parameter 

for standard bipolar devices. Usually = 2.8 for low doping region. 

2) LPE/WB. This ratio tends to increase with technology node, but otherwise cannot be easily 

engineered. 
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3) NDE/NAB. The emitters of modern silicon bipolar transistors are formed by depositing a 

layer of n-doped Polysilicon layer on top of the base layer and then performing diffusion 

through an annealing step to form an n-doped single crystal layer between the deposited 

Polysilicon layer and the base. Thus, the doping level in the emitter is not easily tuned. On 

the other hand, controlling the base doping is possible. Therefore, this ratio can be controlled. 

But increasing this ratio will increase the sheet resistance of the device so we have to tradeoff 

between the DC-Gain and resistance. 

 

3.3.2 Si-Ge HETEROJUNCTION BIPOLAR TRANSISTORS 

 

As discussed above, a fundamental shortcoming of Si bipolar transistors is the inherent 

tradeoff that must be made between the dc current gain and the base resistance. Increasing 

βDC requires reducing NAB, which in turn increases the base resistance. As it turns out, one 

can circumvent this limitation by introducing Ge into the base material. If the emitter material 

were to have a wider bandgap than the base material, the result would be that minority 

carriers injected from the emitter to the base would see a smaller barrier than the minority 

carriers back injected from the base to the emitter, resulting in an exponential increase in βDC 

if the difference in the emitter and base bandgaps is ∆Eg eV, then the value of βDC for a device 

with a wide-bandgap emitter will be a factor of e
∆Eg /kTa

 times larger than that of a identically 

doped device without a wide-bandgap emitter. The bandgap of Ge is 0.67 eV, which is 

significantly less than 1.11 eV (the bandgap of silicon). Thus, by introducing a small amount 

of Ge to the base, it is possible to reduce the bandgap in the alloy considerably from that of 

pure silicon. Furthermore, by grating the Ge content as a function of depth into the base, the 

bandgap can be reduced along the base, resulting in the reduction of transit time 
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Fig. 3.2 Energy band diagram for Si Ge HBT. 

 

 The collector current density of a SiGe HBT is given as 

……4 

 

Where      η = (µnb)SiGe / (µnb)Si  > 1,  γ = (NCNV )SiGe / (NCNV )Si  < 1 

The base current of a SiGe HBT is the same as that of an identically doped silicon BJT and 

can be written as: 

………………………………………5 

Where Ge = N
+

DE  LPE/DPE n
2 

io,e 

Thus, the dc current gain of a SiGe HBT can be written as: 
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………….6 

 

In order to evaluate equation 6 it is necessary to know the appropriate expressions for the 

apparent- and Ge-induced bandgap narrowing. The Ge induced bandgap reduction for a 

compressively strained SiGe film at room temperature can be estimated as a function of the 

Ge content, x, as 

……………………………….7 

 

and the room temperature value of ∆Eg,app can be estimated as a function of dopant 

concentration as 

……………………………………….8 

 

Using equations 6, 7 and 8and assuming that γ and η are close to unity, we can quickly 

estimate the effect of the Ge content on β. For instance, for the case in which N
−

AB = 5 × 1018 

cm
−3

,   N
+

DE = 1020 cm
−3

, the Ge content is 20% at the emitter side of the base, and there is a 

10% Ge grating, then an improvement of over 400 in the dc current gain is obtained. It is 

clear that introduction of Ge into the base of a bipolar transistor affects the dc current gain 

quite favorably.  
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3.4 PERFORMANCE OF SiGe TRANSISTORS AT CRYOGENIC 

TEMPERATURES 

 

The operating characteristics of SiGe transistors are tightly coupled to the underlying material 

properties. In order to understand the operation of SiGe devices at cryogenic temperatures, it 

is therefore necessary to study the temperature dependence of the physical properties of Si 

materials as well as those of SiGe alloys 

3.4.1 PROPERTIES OF SILICON AT CRYOGENIC TEMPERATURES 

 

Bandgap: Intrinsic Si 

Understanding the temperature dependence of the bandgap of intrinsic silicon material is 

extremely important, as the diffusion currents in a bipolar device are exponentially related to 

Eg. Bandgap and temperature don‟t follow an exclusive relation from theory, but a high order 

polynomial can be fitted to the experimental values. This gives the relation: 

Eg ≈ 1.17 + 5.65 × 10
−6

Ta − 5.11 × 10
−7

Ta
2
 − 8.03 × 10

−10
T

3
a + 2.50 × 10

−12
Ta

4
 

 

Fig. 3.3 Bandgap Vs ambient temperature. Squares represent experimental data and solid 

curve is the polynomial fit. 
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Carrier Concentration: Intrinsic Si 

The intrinsic carrier concentration is given by the well-known formula 

………………………………………………9 

 

Where 

………………………………………10 

And 

…………………………………………..11 

Thus 

……12 

The intrinsic carrier concentration is exponentially proportional to temperature via the energy 

bandgap and linearly related to T
3/2

a and the effective masses. As the effective masses were 

shown to be only weakly temperature dependent, the conclusion is that nio goes as roughly 

T
3/2

a exp {−Eg (Ta) /2kTa}. 
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Carrier Mobility 

Carrier mobility is an important consideration as it determines the effective velocity of 

carriers under the influence of electric fields. Mobility is directly related to scattering 

mechanisms, which include scattering due to lattice vibrations or phonons (µps), ionized 

impurities (µii), velocity saturation (µvs), carrier-to-carrier collisions (µcc), and neutral 

impurities (µni). Of these mechanisms, µvs, µcc, and µni are independent whereas µps and µii 

are coupled to each other. Thus the total electron or hole mobility can be obtained by 

considering each of the effects in parallel as: 

………………………………………………13 

Where µpsii is the mobility considering only phonon and ionized impurity scattering. As 

evidenced by equation. 

 

3.4.2 PROPERTIES OF SiGe TRANSISTORS AT CRYOGENIC TEMPERATURES 

 

Doping-Induced Apparent Bandgap Narrowing 

The collector current in a SiGe HBT depends upon the apparent bandgap narrowing which 

can be written 

………………………………………………14 

and occurs due to heavy doping in the base and emitter. As ∆Eapp,g depends on the natural 

logarithm of the ratio of ionized impurities in the base to that in the emitter, the net effect is 

that the bandgap actually looks wider in terms of the barrier that the electrons being injected 

into the base must overcome. Furthermore, since this is a bandgap effect, it is exponentially 

enhanced with decreasing temperature. As it turns out, this, as opposed to carrier freeze-out, 

is actually the limiting factor in the operation of modern silicon BJTs at cryogenic 

temperatures [30]. Fortunately, the bandgap narrowing that the Ge induces is sufficient to 
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compensate out the apparent bandgap narrowing. Nevertheless, it offsets the effect of the Ge 

and, in the case of a triangular Ge profile (i.e., no Ge content on the base side of the base–

emitter depletion region), it is a limiting effect. 

DC Terminal Currents 

Base Current 

From equation 5 the base current can be written as 

……………………...15 

 

Of particular interest is the change in base saturation current, JB0, with cooling. The 

fractional change in base saturation current with cooling from 300 K can be written as 

 

…………16 

 

In order to arrive at an explicit temperature dependence for JB0, it is necessary to write the 

temperature dependences of µpe, LPE, N
+

DE, and Eg. µpe can be assumed to be only weakly 

temperature dependent. N
+

DE is nearly independent of ambient temperature. since N
+

DE is 

nearly independent of temperature and µpe is only weakly dependent on temperature, a 

reasonable approximation is that LPE (Ta) ∝ √Ta. And the bandgap can be written as a 

function of temperature as Eg ≈ 1.17 + 5.65 × 10
−6

Ta − 5.11 × 10
−7

Ta
2
 − 8.03 × 10

−10
T

3
a + 

2.50 × 10
−12

Ta
4
 

 

Thus, equation16 can be rewritten as: 
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………………………..17 

Collector Current 

The same procedure can be repeated for the collector current saturation coefficient, JC0, in 

order to determine its temperature dependency. The value of JC0 (Ta) normalized to JC0 

(TRT ) is given as 

………….18 

Since e γ = µnb,SiGe/µnb,Si, its value is assumed to be temperature independent.  η = (NCNV 

)SiGe / (NCNV )Si is assumed to be only weakly temperature dependent [90]. Thus, it will be 

considered constant as a function of temperature. As discussed above, the mobilities are not 

strongly dependent upon temperature as the doping level in the base is quite high. Thus, 

assuming the base is doped well above the Mott transition, equation 17 can be simplified to 

……..19 

DC Current Gain 

βDC is critical in determining the low-GHz range noise performance of modern SiGe bipolar 

transistors. The temperature dependence of βDC can be evaluated by taking the ratio of 

equation 17 to equation 19 

……………………………….20 

Therefore, the dc current gain is exponentially enhanced by cooling provided that ∆Eg,app 

+∆Eg,Ge (0) > 0. Furthermore, as the enhancement is related to the Ge concentration at the 

edge of the base–emitter space charge region, this effect is expected to vary greatly among 

various SiGe HBT technology platforms. 
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Noise Figure 

Noise figure of the device decreases with decrease in ambient temperature. The three noise 

parameters that decide noise figure are Fmin, Zopt and Rn.  

Fmin is here expressed as Tmin. The two are related as 

………………………………………………………………….21 

Where To is 290 K. 

Derivation of the Noise parameters can be found in reference 1 of the report. Here we are 

mentioning the final approximate values of the parameters to give a basic understanding of 

dependence of noise parameters on temperature. 

……………………………………………………..22 

……………………………………………………………23 

………………………………………………………………….24 

………………………………………………………….25 

Where 

     and     

    

As we have seen earlier, DC gain of the device increases with decrease in temperature. 

Therefore Tmin decreases with decrease in temperature directly as well as because of DC 

current gain. Noise parameters of a SiGe HBTare completely determined by its extrinsic 
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transconductance Gm, extrinsic collector current ideality factor, ncx, and dc current gain, 

βDC.So noise figure can be approximated to 

 ……………………………………………..………………….26  
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3.5 MICROSTRIP THEORY 

 

Microstrip is a type of electrical transmission line which can be fabricated using printed 

circuit board (PCB) technology, and is used to convey microwave-frequency signals. It 

consists of a conducting strip separated from a ground plane by a dielectric layer known as 

the substrate. Microwave components such as antennas, couplers, filters, power dividers etc. 

can be formed from microstrip, the entire device existing as the pattern of metallization on 

the substrate. Microstrip is thus much less expensive than traditional waveguide technology, 

as well as being far lighter and more compact. 

The disadvantages of microstrip compared with waveguide are the generally lower power 

handling capacity, and higher losses. Also, unlike waveguide, microstrip is not enclosed, and 

is therefore susceptible to cross-talk and unintentional radiation. 

 

Fig. 3.4 A typical Microstrip   

A closed-form approximate expression for the quasi- static characteristic impedance of a 

microstrip line was developed by Wheeler:  
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where weff is the effective width, which is the actual width of the strip, plus a correction to 

account for the non-zero thickness of the metallization. The effective width is given by 

 

with 

Z0 =   impedance of free space, 

 dielectric constant of substrate, 

w = width of strip, 

h = thickness ('height') of substrate and 

t = thickness of strip metallization. 

 

Effective dielectric constant 

As a part of the fields from the microstrip conductor exist in air, the effective dielectric 

constant ɛe is somewhat less than the substrate's dielectric constant (ɛr). The effective 

dielectric constant ɛe of microstrip is calculated by: 

 

 

After using this equation the width of microstrip line was calculated with the help of data 

from the data sheet. 
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3.6 TOOLS AND EQUIPMENTS USED 

 

In the project we have used a number of tools to realize the final design and test its validity. 

These tools include various softwares used to simulate and design the circuit and analyzers to 

test the final device. A brief description of these tools and equipments are highlighted in this 

section. 

3.6.1 AWR’S MICROWAVE OFFICE 

 

AWR‟S Microwave office is the main simulation and circuit development environment we 

have used. Some of its features are listed here. 

 Microwave Office by AWR (Applied Wave Research, USA)  

 Can be used to design circuits composed of schematics and electromagnetic (EM) 

structures  

 Generate layout representations 

 Can perform simulations using AWR's simulation engines 

 Can tune or optimize the designs and changes are automatically and immediately 

reflected in the layout 

 

 

Fig. 3.5 A snapshot of AWR 
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3.6.2 GENESYS FROM AGILENT TECHNOLOGIES 

 

GENESYS is an excellent tool for preparation of layout. After reaching the layout stage in 

our design the layout was finally prepared and edited with the help of GENESYS. Some of its 

features are listed below. 

 Create layout from schematic, imported artwork, or direct drawing for EM simulation 

and board fabrication 

 3D viewer for layout with interactive rotation, zoom, vertical stretching, and cut 

planes to verify correct geometry before fabrication 

 Very easy to use layout functionality. 

 Full library of pad/package layout footprints 

 Import /export masks and drill files in popular printed circuit board (PCB) formats 

(e.g., Gerber, DXF/DWG, and GDSII) for PCB board realization on fast prototyping 

machines or chemical etching. 

 

Fig. 3.6 A snapshot of GENESYS 
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3.6.3 NOISE FIGURE ANALYZER 

 

The noise figure analyzer represents the most recent evolution of noise figure measurement 

solutions. A noise figure analyzer in its most basic form consists of a receiver with an 

accurate power detector and a circuit to power the noise source. It provides for ENR entry 

and displays the resulting noise figure value corresponding to the frequency it is tuned to.  

A noise figure analyzer allows the display of swept frequency noise figure and gain and 

associated features such as markers and limit lines. The Agilent NFA series noise figure 

analyzers combined with the SNS-Series noise sources offer improvements in accuracy and 

measurement speed, important factors in manufacturing environments. The NFA is 

specifically designed and optimized for one purpose: to make noise figure measurements. 

We used Agilent N8973A for Noise Figure Analysis.  

 

Fig. 3.7 Agilent N897A Noise Figure Analyzer 

Some features of Agilent N8973A: 

 The Agilent N8973A is a high performance noise figure analyzer designed to 

make fast, accurate and repeatable noise figure measurement. 

 With the N8973A ease of use features, we can set up complex measurements 

simply and easily.  
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 The N8973A offers simultaneous noise figure and gain measurements with the 

ability to view, print and save the data/display in multiple formats. 

 The N8973A offers increased measurement accuracy and faster measurement 

speed over previous Agilent noise figure meters, as well as six user selectable 

measurement bandwidths. 

 

Calibration of Noise Figure Analyzer 

Noise figure measurements rely on a calibrated noise source as a reference. The general 

measurement process is shown in the figures below. In Figure 1, the noise source is 

connected directly to the input of the measuring instrument and a user calibration is 

performed. This measures and stores the instrument‟s own noise figure at its various 

attenuator settings. These results are used to remove the effect of “second-stage” noise 

contribution during a corrected measurement.  

 

Fig. 3.8 Calibration Setup 

 

The measurement arrangement, with the device-under-test (DUT) inserted between the noise 

source and the instrument is shown in Figure 2. 
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Fig. 3.9 General Noise Figure test setup  

Immediately after calibration, the noise source is still connected directly to the instrument, 

which automatically switches to the corrected measurement mode. In this configuration the 

instrument would be expected to display a noise figure and gain of 0 dB, because there is no 

DUT present. In practice however, the instrument may show a noise figure of plus or minus a 

few tenths of a dB as well as an even lower level of gain, but not zero. 

Noise source 

To make noise figure measurements a noise source must have a calibrated output noise level, 

represented by excess noise ratio (ENR). Unique ENR calibration information is supplied 

with the noise source. 

We used noise source NC348A for the calibration. 

Loss compensation 

To make the experiment and measurement more reliable and accurate we also compensated 

for the connecting RF Coaxial cables. Each Connecting cable was first analyzed with the help 

of Network analyzer and their insertion loss values were recorded. These values were then 

duly noted and compensated for in the actual experiment. Files for the connector‟s loss were 

added in the NFA and their loss was compensated by using the Loss Compensation tool of 

the NFA.  
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3.6.4 NETWORK ANALYZER 

 

A network analyzer is an instrument that measures the network parameters of electrical 

networks. Today, network analyzers commonly measure S–parameters because reflection and 

transmission of electrical networks are easy to measure at high frequencies. They can offer 

other measurements commonly associated with devices: such as gain and match. Network 

analyzers do not, by themselves, provide measurement of the noise parameters. The 

measurement of noise parameters generally requires a tuner and software in addition to the 

network analyzer. The resulting measurement system can be complex and expensive. 

Network analyzers are often used to characterize two-port networks such as amplifiers and 

filters.  

We used Agilent E5070B Network Analyzer 

 

Fig. 3.10 Agilent E5070B Network Analyzer 

 

Calibration of Network Analyzer 

The accuracy and repeatability of measurements can be improved with calibration. 

Calibration involves measuring known standards and using those measurements to 

compensate for systematic errors. After making these measurements, the network analyzer 
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can compute some correction values to produce the expected answer. For answers that are 

supposed to be zero, the analyzer can subtract the residual. For non-zero values, the analyzer 

could calculate complex factors that will compensate for both phase and amplitude errors. 

Calibrations can be simple (such as compensating for transmission line length) or involved 

methods that compensate for losses, mismatches, and feedthroughs. 

A network analyzer (or its test set) will have connectors on its front panel, but the 

measurements are seldom made at the front panel. Usually some test cables will go from the 

front panel to the device under test (DUT) such as a two-port filter or amplifier. The length of 

those cables will introduce a time delay and corresponding phase shift; the cables may also 

introduce some attenuation (affecting SNA and VNA measurements). 
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CHAPTER FOUR 

LNA DESIGN METHODOLOGY  

4.1 CIRCUIT CONSTRUCTION 

 

This section of the report illustrates the steps taken to realize the LNA with the goals 

specified in the objectives section. The methodology is simply the steps taken by us and is 

not standard steps to realize a LNA. The most basic step to start the design of an amplifier is 

to choose the transistor to be used in the circuit. Our design uses a SiGe Transistor NXP 

BFU725F, whose datasheet is given in Appendix 1. SiGe transistors are not easily available 

in the Indian market and the choice parameters include performance, cost and availability 

factors. Next we require a design environment to test and simulate our LNA before realizing 

it and predict its performance. AWR‟s(Applied Wave Research) Microwave Office is used as 

Design Environment for developing and simulation of the circuit. AWR‟s basic features and 

advantages are mentioned in section 3.6.1. AWR is not the best Design environment when it 

comes to layout editing. Therefore GENESYS is used for this purpose. More information 

about GENESYS is provided in section 3.6.2.  

The basic schematic of the LNA is given below in figure 4.1. The circuit employs two NXP 

BFU725F transistors (S1 and S2), both with collector feedback bias configuration. The two 

stages are connected with a coupling capacitor C2. Coupling capacitor also serves as a high 

pass filter and flattens the gain curve. It is usually necessary to implement a small bypass 

capacitor, say 100pF (C4, C3 and C7) near the transistor for microwave frequencies and large 

capacitor, say 0.1 µF further away for the lower frequency radio frequency interference and 

static protection. 

The path length between two capacitors provides an inductance, which can result in a high 

impedance and circuit instability (i.e. between C3 and C4; and C4 and C7). Small resistors 

(IN6 and IN7) are thus utilized between the capacitors to dampen this resonance. C7 and C6 

are decoupling capacitors. Resistor IN9 and capacitor C5 forms a feedback system to stabilize 

the output voltage. 
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Fig. 4.1 schematic of the circuit 

 

Noise Figure analysis and S-Parameters obtained during simulation of the schematic are 

displayed below in figure 4.2 and 4.3 respectively.  
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Fig. 4.2 noise figure performance of the LNA schematic 

Note:  The high noise figure in the start of the curve is due to the extrapolation of S- 

parameter values from 0-40 MHz values.  
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Fig. 4.3 S- Parameters of the LNA schematic. 
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After verifying that the schematic works normally and gives satisfying results that meets the 

desired criterion, next step is to make the design realizable. This is done by introducing 

microstrip lines between the components. In real circuits these microstrip lines will serve as 

the connecting link between the devices. Microstrip lines have impedance, capacitance and 

inductance of their own. This affects the working of the circuit and the element values that 

we have chosen before the schematic as explained in the theory section.  

Therefore these values needed to be readjusted using the optimizing and tuning tools 

provided by the AWR design environment. Optimizer is an excellent tool to design a circuit 

when we have few goals to achieve. During optimization process we allow AWR to change 

the values of certain variables as capacitors, width and length of microsrip etc. to achieve a 

certain goal as a particular gain, reflection coefficients and noise figure etc. Optimizer 

changes the values of these parameters and evaluates the result till the cost of change no 

longer improves the result or the specified maximum number of iterations is over. Tuner on 

the other hand lets you change the value of the parameters by manually tuning them and 

viewing its effect on the performance curve such as noise figure and S- parameters curve.  

But optimizing the circuit is not just one click job. Optimizer changes the values (length and 

width) of the microstrip without considering the realizability of circuit using these values. 

Therefore its upto manual insight to use these tools to get an approximation of preferred 

values and then make necessary compromises between the ideal performance and the 

realizable values 

The modified circuit with optimized and tuned values of the circuit elements and microstrip 

lines is shown in figure 4.4. This is followed by figure 4.5 and 4.6 which shows the S- 

Parameter and Noise performance of the final simulated circuit respectively. 
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 Fig. 4.4 Circuit with tuned values and microstrip line. 
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The final circuit has all the basic components of the schematic with the addition of microstrip 

introduced between every two components. The   different shapes of microstrip are due to the 

TEE joints, L joints and tapers introduced to make the layout of the above circuit feasible and 

presentable. In addition to microstrips we have introduced a Pi attenuator in the circuit, 

although it was not present in the original schematic. Pi attenuator is the combination of three 

resistors that appear in a Pi shaped pattern. By adjusting their values we can introduce the 

desired attenuation in the circuit. Attenuator reduces the output reflection coefficient, but at 

the cost of the forward gain. We have used a 6 dB attenuator, which means our S21 and S22, 

both are reduced by 6 dB .Various other values of Pi attenuator combination are given here as 

an example.  

 

Fig. 4.5 A Pi type attenuator 

Here first column gives the required attenuation in dB. R1 gives the value of the two shunt 

resistances while R2 gives the series resistance to be used 

 

Table 1 value of resistance for various attenuations 
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Fig. 4.6 Gain and S-Parameters of the final circuit 
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Fig. 4.7 stability factor (K) Vs Freq. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.8 Noise Temperature vs Frequency plot of the final circuit 
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4.2 DESIGN LAYOUT 

 

In AWR layouts have to be prepared manually. Layout of standard chip components like 

0805 and 1206 chip components are available. For any new component the layout have to be 

prepared. Figure 4.9 shows the layout of the NXPBFU725F transistor. Final layout prepared 

in AWR is shown in figure 4.10. Using GENESYS tool, Layout editing can be made easy. 

Therefore GENESYS was used to give a final touch to the layout and also drilling holes etc 

figure 4.11 shows the Top and Bottom layers of the layout as was provided to the fabricator. 

 

 

 

 

Fig. 4.9 Layout of the transistor NXP BFU725F 
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Fig. 4.10 final layout with ground planes as prepared in AWR. 
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Fig. 4.11 Top and bottom metal layer of the circuit. 
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4.3 FABRICATION STEPS 

 

The Printed Circuit Board Manufacturing Process: 

Process starts when we send the layout files (4 in number) to the fabricator. This includes top 

metal and bottom metal gereber file, the drill file and ASCII drill list   

Patterning | Etching 

The majority of printed circuit boards are manufactured by applying a layer of copper over 

the entire surface of the circuit board substrate either on one side or both sides. This creates 

what is referred to as a blank printed circuit board, meaning the copper is everywhere on the 

surface. From here the unwanted areas are removed, this is called a subtractive method, the 

most common subtractive method is known as photoengraving. 

Photoengraving 

The photoengraving process uses a mask or photomask combined with chemical etching to 

subtract the copper areas from the circuit board substrate. The photomask is created with a 

photoplotter which takes the design from a CAD PCB software program.  

Drilling 

Each layer of the printed circuit board requires the ability of one layer to connect to another, 

this is achieved through drilling small holes called "VIAS". These drilled holes require 

precision placement and are most commonly done with the use of an automated drilling 

machine. These machines are driven by computer programs and files called numerically 

controlled drill or (NCD) files also referred to as excellon files. These files determine the 

position and size of each file in the design. 

Solder Plating | Solder Resist 

Pads and lands which will require components to be mounted on are plated to allow 

solderability of the components. Bare copper is not readily solderable and requires the surface 

to be plated with a material that facilitates soldering. In the past a lead based tin was used to 

plate the surfaces, but with RoHS compliance enacted newer materials are being used such as 

nickel and gold to both offer solderability and comply with RoHS standards. 
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Areas that should not be solderable are covered with a material to resist soldering. Solder 

resist refers the a polymer coating that acts as a mask and prevents solder from bridging 

traces and possibly creating short circuits to nearby component leads. 

Silk Screen 

When visible information needs to be applied to the board such as company logos, part 

numbers or instructions, silk screening is used to apply the text to the outer surface of the 

circuit board. Where spacing allows, screened text can indicate component designators, 

switch setting requirements and additional features to assist in the assembly process. 
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4.4 CHASSIS DRAWING 

 

A chassis in an electronic device consists of the metal frame on which the circuit boards and 

other electronics are mounted. Circuit designer have to give the specifications of the PCB for 

construction of chassis. These specifications include the number and type of connectors, their 

location, size of the PCB and the screw holes required for mounting the PCB. Figure 4.12 

gives the 3D CAD view of the Chassis we used for the project.

 

Fig. 4.12 chassis drawing 
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4.5 CAVITY RESONANCE 

 

The device is prepared after soldering the component on the PCB and then mounting it on the 

chassis. But after closing the lid of the device an unexpected bump in gain curve was 

obtained, which was not present without the lid. The reason of this behavior is cavity 

resonance. 

Solutions to the field equations inside an enclosed space reveal that standing wave modes 

may exist inside a cavity. These modes can exist in an empty rectangular cavity if the largest 

cavity dimension is greater than or equal to one-half a free-space wavelength. For a 

rectangular cavity, with dimensions a, b, c and a<b<c, and which is completely filled with a 

homogeneous material, the equation for the resonant frequency is. 

 

Where ɛ is the material permittivity and μ is the material permeability. 

 

How to fix the problem 

Cavity resonance becomes an issue when a circuit, which is designed and built and works 

well, must be protected and/or shielded with a circuit board cover. For shielding purposes, the 

covers are made of or lined with metal. This creates a cavity above the circuit board where 

resonances can exist. 

Relocating a particular circuit element to a different position in the cavity can often fix the 

problem. Intelligent positioning of posts or other objects to disrupt the standing wave can also 

be helpful, but both these methods can involve an investment in engineering design time and 

possible manufacturing delays. 

Using microwave absorbent material in the cavity has proven to be effective at damping the 

resonance.  
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Fig. 4.13 Absorber material at the lid of LNA 

We have used ET 400 RF absorber from Leader Tech to eliminate cavity resonance problem. 

Details about the material can be found in Appendix 2 
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CHAPTER FIVE 

CRYOGENIC COOLING TEST AND 

OBSERVATION 

 

5.1 CRYOGENIC COOLING TEST 

After verifying the normal operation of the device in enclosed condition, the device is 

prepared for the cryogenic cooling test. This is done by sealing the device with the help of 

aluminum tape as shown in the figure 5.1 shown below.  

 

 

Fig. 5.1 LNA sealed using aluminium tape 

 

The device is cooled using liquid nitrogen, which can cool the device up to its boiling point, 

which is 77 K. Device is immersed in a Dewar flask and the liquid nitrogen is poured into it. 
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The test setup can be easily understood by figure 5.2 which represent the block diagram of 

the test setup. 

 

Fig. 5.2 Block diagram of the Test setup. 

 

As clearly seen in figure 5.2, the device is connected to the Agilent noise figure analyzer via 

a calibrated noise source. The LNA is put into Dewar flask and is connected to the analyzer 

using semi-Rigid cables. Using a network analyzer the insertion loss of these cables can be 

calculated and can be fed into the noise figure analyzer for compensation. The flask is left 

open and liquid nitrogen is poured into the container. To note the temperature of the LNA, 

PT100 thermocouple is attached to it using an electric tape. Resistance of the thermocouple is 

recorded by a multimeter. After the flask is filled and LNA is completely submersed inside 

the liquid nitrogen, temperature is allowed to stabilize. The Dewar flask is left open so that 

nitrogen starts boiling off slowly after a few minutes. When the temperature starts to increase 

different sets of readings can be obtained by saving the readings in the noise figure analyzer. 

In figure 5.3, one can see the test setup and its various components clearly, while figure 5.4 

shows the empty dewar flask. 
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Fig. 5.3 Test setup 

 

 

Fig. 5.4 Empty Dewar flask 
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Agilent noise figure generates bitmap file of the screen. Figure 5.5 shows the noise 

Temperature performance and Gain of the LNA at 77K, while figure 5.6 shows the same at 

room temperature. 

 

Fig. 5.5 Noise Temperature and Gain curves for the frequency range of operation at 77 K.  

 

Fig. 5.6 Noise Temperature and Gain curves for the frequency range of operation at room 

temperature 
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S- Parameters of the device were analyzed using Agilent E5070B network analyzer. Figure 

5.7 is the snapshot of the S-parameter values of the device at room temperature. 

 

 

  

Fig. 5.7 S- Parameters of the device. Red (the topmost) is the gain (S21), Blue (middle curve) 

represents the input reflection coefficient (S11) and Green (lowermost) represents the output 

reflection coefficient (S22).  
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5.2 RESULTS ANALYSIS 

From the noise temperature and gain data collected over the temperature range, different 

curves can be obtained to show the trends. Also few readings at same temperature but 

different supply voltages were taken. Figures 5.8  to 5.18  are the various graphs that were 

obtained by processing the data using MATLAB tool. Description of each figure is given 

below it. 

5.2.1 NOISE TEMPERATURE CURVES 

 

 

Fig. 5.8 Change of Noise Temperature with Supply Voltage at 77 K temperature. 

. 

Figure 5.8 consists of different curves of Noise Temperature Vs frequency for various values 

of supply voltages. It is evident from this curves that overall noise performance of the LNA 

decreases with the decrease in supply voltage. But when we decrease the supply voltage 

below 2.0 V the noise figure is increased. This situation can be attributed to the change in 

bias of the  Si-Ge HBT . Noise figure decreases initially due to reduction in current, but as the 

voltage is dropped further, the device could not work properly resulting into increment in 

noise Temperature.   
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Fig. 5.9 Change of Noise Temperature with temperature  

 

Figure 5.9 shows various Noise Temperature Vs frequency plots at various values of ambient 

temperature. As expected noise Temperature decreases with the decrease in temperature. The 

reason behind this is explained in the theory section. Noise figure is both directly 

proportional to temperature and also decrease with increase in DC gain of the transistor 

device. DC gain increases with decrease in temperature, further lowering the noise 

temperature.  
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Fig. 5.10 Noise temperature Vs Frequency curves at different temperature showing the data 

point density 

 

Figure 5.10 represents the same relation as Figure 5.9, but in Figure 5.10 the points are shown 

using symbols and not joined by a smooth cure as was the case in figure 5.9. This shows the 

data set density of our figures.  There are 101 points between 0 Hz to 3GHz frequency range. 

70 points are visible in the above figure where the x axis is limited to 0.5 GHz to 2.5 GHz. 
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 Fig. 5.11 Plot of Noise Temperature with change in temperature at 1 GHz  

Fig. 5.12 Plot of Noise Temperature with change in temperature at 1.5 GHz 

 

Figure 5.11 is the plot of Noise Temperature Vs Ambient Temperature at a single frequency 

point of 1 GHz, while Figure 5.12 is the same plot at 1.5GHz. The information conveyed by 

these two curves is same as Figure 5.9 but way of representation is different. 
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5.2.2 GAIN CURVES 

 

 

 Fig. 5.13. Change of Gain with temperature  

 

Figure 5.13 shows various Gain Vs frequency plots at various values of ambient temperature. 

There is a steady increase in value of overall gain with decrease in temperature. This 

characteristic can be attributed to increase of DC gain with decrease in temperature. This 

effect is explained in the theory section 3.4.2. 
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Fig. 5.14 Change of Gain with Supply Voltage at 77K. 

 

 

Figure 5.14 consists of different curves of Gain Vs frequency for various values of supply 

voltages. Gain of the LNA increases and also becomes stable as we decrease the supply 

voltage from 3.0 V to 2.5V, but decreases again with further decrease in voltage from 2.5 V 

to 1.5 V. this increase of gain with decrease of supply voltage was not observed at room 

temperature. But at 77 K, the current gain of the device was elevated and hence the proper 

biasing voltage gave the maximum gain and any deviation from it resulted in decrease in 

gain.    
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5.2.3 NOISE FIGURE EXTRAPOLATION 

 

Using the noise figure data available, we calculated the quadratic least square approximation 

for the data. Using that equation, noise figure values at 17K and 4K were predicted. Figure 

5.14 contains the curves representing the approximated values of noise temperature at 17 and 

4 K. these curves are valid only if noise temperature varies with the ambient temperature in 

the same way throughout the temperature range. Here we will explain the steps to extract the 

extrapolated values using simple figures. All steps are performed in MATLAB. 

 

Fig. 5.15 Data points 

 

Fig. 5.16 Smoothed Data points 
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First step is to obtain Noise Temperature at different temperatures but same frequency. Here 

we have obtained the points at 1.5GHz. Using „cftool‟ command curve fitting tool can be 

opened and data points can be entered by clicking on the Data command box. Our data set is 

displayed in figure 5.15. Next step is to smooth the given data. We have used quadratic fit 

smoothening to smooth the data. Figure 5.16 shows the raw and smooth data set. Now by 

clicking on „fitting‟ command button we can open fit window. We have used quadratic 

polynomial fit to extract the equation for our data set. The fit is displayed in figure 5.17. After 

obtaining the equation for the curve we can obtain the value of noise temperature at any 

temperature. We have calculated noise temperature at 4 and 17 K. After repeating the 

previous steps at different frequencies, we can plot Noise Temperature Vs Frequency plot at 

4 and 17 K. which is shown in figure 5.18.  

 

Fig. 5.17 Curve Fit through smoothed data set 
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Fig. 5.18 Noise Temperature Extrapolation curve 
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CHAPTER SIX 

CONCLUSION 

 

Based upon the observation and analysis of the data we can conclude that device performance 

is within the specified limits. The S- Parameter requirements are sufficiently met at both 

simulation and real test phase. The device is not feasible to be used at room temperature 

because of the poor noise performance at room temperature. The existing HEMT LNAs at 

GMRT have lower Noise figure than our SiGe based LNA. But when cooled to a cryogenic 

temperature, SiGe LNA‟s performance increases drastically. The Noise figure Falls below the 

mark set by the HEMT LNAs and gain of the device is also improved. Although the test 

could only be performed till 77K, using our calculation we can estimate that LNA will give 

excellent performance once cooled to 17K. Also, LNA performs better at certain supply 

voltages as inferred from the results in chapter 5. Few points which can make the LNA better 

are discussed in next few lines. Design can be improved with more optimized values of the 

components. Cryogenic effects can be studied under both cooling and warming up phase 

using closed circuit cooling chamber. The LNA can be designed for optimum supply voltage 

obtained from the report. Work can be done on realizing the design and to be interfaced with 

the other components of front end at GMRT. Field test can be performed to evaluate the 

effect of parameters that are negligible inside lab environment. Design can be optimized to 

eliminate cavity resonance without the use of RF absorber material. LNA can be made 

compact in size so that it is easier to install at feed of the antenna.   
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APPENDIX 1 

This appendix contains the datasheet of the transistor used in the design. 
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S-Parameters file for the device NXP BFU725F 

Filename: BFU725F 2V10mA with noise 

    MHz S MA R 50 

    Freq-MHz S11-mag S11-arg S21-mag S21-arg S12-mag S12-arg S22-mag S22-arg 

40 0.93642 -2.84 25.66 177.01 0.002012 88.42 0.9987 -1.65 

50 0.93093 -3.41 25.572 176.84 0.002085 87.38 0.9986 -2.07 

60 0.93432 -3.97 25.613 176.35 0.002529 87.05 0.9961 -2.44 

70 0.93268 -4.85 25.613 175.8 0.003045 88.83 0.99961 -3.11 

80 0.9295 -5.46 25.536 175.36 0.003566 86.88 0.99719 -3.61 

90 0.92706 -6.22 25.558 175.05 0.003946 86.94 0.99719 -4.13 

100 0.92704 -7.01 25.523 174.36 0.004516 85.29 0.9965 -4.74 

120 0.92424 -8.24 25.452 173.51 0.005245 83.44 0.99444 -5.55 

140 0.92499 -9.73 25.415 172.44 0.006099 84.4 0.99447 -6.57 

160 0.92812 -10.98 25.434 171.54 0.006919 83.86 0.99344 -7.47 

180 0.92599 -12.33 25.364 170.49 0.007735 82.42 0.99046 -8.38 

200 0.92589 -13.69 25.363 169.45 0.008692 82.07 0.98936 -9.4 

220 0.92269 -15.11 25.276 168.34 0.009533 80.77 0.98623 -10.37 

240 0.92185 -16.45 25.223 167.33 0.010364 80.67 0.98486 -11.32 

260 0.91827 -17.74 25.131 166.31 0.011134 79.45 0.98175 -12.2 

280 0.91459 -19.2 25.047 165.31 0.012038 78.75 0.97918 -13.2 

300 0.911 -20.58 24.968 164.32 0.012813 78.06 0.97653 -14.09 

320 0.90901 -21.85 24.883 163.38 0.013614 77.31 0.97389 -14.97 

340 0.9072 -23.22 24.783 162.43 0.014434 76.68 0.97122 -15.89 

360 0.90659 -24.55 24.728 161.47 0.015282 75.8 0.96799 -16.83 

380 0.90589 -25.86 24.663 160.49 0.016071 75 0.96454 -17.75 

400 0.90317 -27.17 24.597 159.47 0.016845 74.46 0.96135 -18.65 

420 0.89984 -28.44 24.503 158.4 0.017616 73.62 0.95748 -19.52 

440 0.89615 -29.69 24.391 157.41 0.018375 72.76 0.95268 -20.42 

460 0.89178 -31 24.268 156.44 0.019162 72 0.94837 -21.31 

480 0.88692 -32.31 24.146 155.46 0.019878 71.44 0.94483 -22.16 

500 0.88305 -33.63 24.031 154.53 0.020592 70.7 0.94034 -22.99 

550 0.87533 -36.77 23.723 152.18 0.022437 69.04 0.93009 -25.16 

600 0.8692 -39.81 23.434 149.85 0.024235 67.21 0.91771 -27.32 
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650 0.85868 -42.83 23.109 147.56 0.025871 65.39 0.90403 -29.34 

700 0.84469 -45.94 22.719 145.33 0.027418 63.82 0.89108 -31.27 

750 0.83666 -48.91 22.361 143.31 0.028935 62.27 0.87845 -33.19 

800 0.83098 -51.63 22.018 141.27 0.030475 60.8 0.86594 -35.18 

850 0.81988 -54.42 21.664 139.17 0.031906 59.28 0.85125 -37.06 

900 0.80691 -57.3 21.297 137.19 0.033218 57.88 0.83767 -38.7 

950 0.79838 -60.17 20.951 135.28 0.034557 56.6 0.8256 -40.43 

1000 0.79156 -62.83 20.63 133.38 0.03586 55.16 0.81183 -42.25 

1050 0.78005 -65.41 20.275 131.42 0.037059 53.74 0.7963 -44 

1100 0.76623 -68.08 19.894 129.61 0.038049 52.59 0.78252 -45.47 

1150 0.75759 -70.69 19.539 127.87 0.039171 51.39 0.76999 -47.07 

1200 0.74963 -73.11 19.206 126.12 0.040222 50.18 0.75704 -48.68 

1250 0.73984 -75.44 18.855 124.37 0.041211 49.01 0.743 -50.23 

1300 0.72695 -77.98 18.49 122.72 0.042101 47.92 0.72847 -51.57 

1350 0.71869 -80.38 18.159 121.22 0.042964 46.97 0.71665 -52.91 

1400 0.71299 -82.6 17.858 119.65 0.043874 45.96 0.70521 -54.37 

1450 0.70339 -84.71 17.538 118.06 0.044666 44.88 0.69159 -55.81 

1500 0.69254 -87.03 17.212 116.53 0.045386 43.9 0.67791 -57.05 

1550 0.68427 -89.33 16.897 115.14 0.046097 43.09 0.66603 -58.23 

1600 0.67828 -91.3 16.604 113.73 0.046822 42.22 0.65525 -59.52 

1650 0.67065 -93.32 16.309 112.28 0.047522 41.35 0.64349 -60.82 

1700 0.65996 -95.5 16.003 110.87 0.048087 40.45 0.63128 -62.01 

1750 0.65293 -97.55 15.715 109.58 0.048672 39.71 0.62094 -63.06 

1800 0.64844 -99.47 15.447 108.3 0.049341 39.03 0.61184 -64.16 

1850 0.64169 -101.2 15.191 107.01 0.049901 38.23 0.60111 -65.35 

1900 0.63262 -103.3 14.921 105.66 0.05041 37.4 0.58867 -66.51 

1950 0.62583 -105.3 14.646 104.47 0.050848 36.87 0.57812 -67.41 

2000 0.62105 -107.09 14.393 103.3 0.051341 36.24 0.56984 -68.41 

2050 0.61545 -108.7 14.164 102.04 0.051912 35.53 0.56056 -69.68 

2100 0.60778 -110.41 13.914 100.89 0.052309 34.92 0.55005 -70.58 

2150 0.60082 -112.35 13.664 99.76 0.052742 34.36 0.54083 -71.45 

2200 0.59907 -114.08 13.453 98.73 0.053194 33.88 0.53332 -72.31 

2250 0.59476 -115.6 13.241 97.62 0.053645 33.23 0.52561 -73.32 
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2300 0.58617 -117.29 13.016 96.41 0.05402 32.6 0.51634 -74.42 

2350 0.57947 -119.18 12.795 95.36 0.054375 32.12 0.50736 -75.23 

2400 0.57689 -120.65 12.594 94.43 0.054762 31.72 0.50052 -75.89 

2450 0.57414 -122.06 12.409 93.42 0.055209 31.2 0.49421 -76.86 

2500 0.56811 -123.77 12.216 92.32 0.055616 30.59 0.48515 -77.99 

2600 0.55995 -126.86 11.818 90.46 0.056143 29.76 0.47048 -79.47 

2700 0.55259 -129.66 11.486 88.54 0.056911 28.8 0.45877 -81.44 

2800 0.546 -132.61 11.132 86.75 0.057321 28.08 0.44326 -82.72 

2900 0.54156 -135.35 10.839 84.93 0.058038 27.26 0.43182 -84.66 

3000 0.53521 -138.27 10.519 83.25 0.05844 26.56 0.41808 -86 

3100 0.53099 -140.79 10.273 81.48 0.059099 25.89 0.40724 -87.75 

3200 0.52513 -143.69 9.9729 79.85 0.059499 25.39 0.39474 -88.94 

3300 0.52103 -146.06 9.7438 78.24 0.060232 24.74 0.38762 -90.43 

3400 0.51566 -148.83 9.4918 76.58 0.060644 24.13 0.37486 -91.71 

3500 0.51464 -151.06 9.2803 74.98 0.061343 23.61 0.36701 -93.3 

3600 0.50742 -153.67 9.0289 73.31 0.061612 22.97 0.35672 -94.89 

3700 0.50647 -155.74 8.8471 71.84 0.062274 22.55 0.35062 -96.07 

3800 0.50186 -158.37 8.6281 70.22 0.062723 21.9 0.33895 -97.55 

3900 0.50086 -160.37 8.4391 68.76 0.063285 21.59 0.33247 -98.84 

4000 0.49548 -162.89 8.2406 67.21 0.063759 20.95 0.32458 -100.44 

4100 0.49616 -164.88 8.0746 65.77 0.064266 20.6 0.31754 -101.57 

4200 0.49171 -167.15 7.8946 64.24 0.064778 20.05 0.31061 -103.3 

4300 0.49105 -169.2 7.7297 62.93 0.065179 19.73 0.30447 -104.27 

4400 0.48864 -171.36 7.5781 61.42 0.065767 19.26 0.29564 -105.92 

4500 0.48899 -173.24 7.426 60.07 0.066218 18.92 0.28903 -107.24 

4600 0.48595 -175.26 7.2763 58.56 0.066743 18.4 0.28552 -108.95 

4700 0.48644 -177.28 7.1343 57.28 0.067215 18.03 0.27721 -109.75 

4800 0.4848 -179.24 7.0019 55.75 0.067777 17.51 0.27158 -111.78 

4900 0.48225 178.7 6.8592 54.47 0.068135 17.27 0.2657 -112.9 

5000 0.48294 177.03 6.74 53.06 0.068812 16.8 0.26125 -114.38 

5200 0.48275 173.33 6.4978 50.44 0.069904 16.09 0.2531 -117.41 

5400 0.48304 169.63 6.2811 47.78 0.070885 15.39 0.23858 -120.51 

5600 0.48205 166.13 6.0637 45.22 0.071965 14.67 0.23313 -123.09 
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5800 0.48314 162.71 5.8685 42.57 0.073003 13.84 0.22311 -126.71 

6000 0.4861 159.38 5.6848 40.03 0.074143 13.05 0.21318 -130.16 

6200 0.485 156.22 5.5009 37.64 0.07516 12.53 0.20661 -132.55 

6400 0.48794 152.88 5.3352 35.11 0.076271 11.85 0.19908 -137.24 

6600 0.49034 149.69 5.1832 32.62 0.077523 11.05 0.19124 -140.41 

6800 0.49229 146.84 5.0304 30.13 0.078758 10.37 0.18608 -144.05 

7000 0.49507 144 4.8913 27.7 0.080066 9.63 0.18149 -148.87 

7200 0.49821 140.92 4.7565 25.28 0.081273 8.79 0.17261 -152.63 

7400 0.49993 138.31 4.6224 22.89 0.082465 8.05 0.17046 -156.92 

7600 0.50359 135.87 4.5156 20.67 0.084085 7.39 0.16808 -161.06 

7800 0.50975 133.01 4.401 18.11 0.085466 6.44 0.16368 -166.3 

8000 0.51435 130.11 4.2968 15.67 0.086924 5.47 0.16514 -170.91 

8200 0.5207 127.4 4.1896 13.2 0.08826 4.5 0.16027 -177.19 

8400 0.5231 125.07 4.079 11 0.089537 3.67 0.15824 178.46 

8600 0.52793 122.35 3.9999 8.52 0.091204 2.63 0.16038 174 

8800 0.53705 119.9 3.9135 6.17 0.092455 1.84 0.16114 168.88 

9000 0.5425 117.41 3.8219 3.72 0.093953 0.84 0.16286 164.84 

9200 0.54845 115.01 3.7397 1.33 0.095791 -0.2 0.16727 157.98 

9400 0.55528 112.22 3.6538 -0.96 0.097421 -1.19 0.17008 153.15 

9600 0.56204 109.77 3.5745 -3.48 0.098769 -2.54 0.17194 148.28 

9800 0.56826 107.41 3.4972 -5.71 0.099847 -3.54 0.17576 142.42 

10000 0.57055 104.82 3.4404 -7.72 0.10204 -4.16 0.1743 141.11 

10500 0.58662 99.67 3.2494 -14.14 0.10605 -7.62 0.20377 128.08 

11000 0.60957 93.81 3.1233 -19.95 0.11028 -10.76 0.22286 116.68 

11500 0.62557 88.76 2.9675 -25.66 0.11394 -13.58 0.24197 108.39 

12000 0.64352 83.29 2.7788 -31.59 0.11722 -17.44 0.28098 99.7 

12500 0.6678 78.47 2.6718 -37.68 0.12073 -20.9 0.30819 91.59 

13000 0.68869 73.59 2.5314 -43.91 0.12455 -25.01 0.33822 85.48 

13500 0.71944 68.5 2.4177 -49.11 0.12787 -29.05 0.37395 79.02 

14000 0.73765 62.22 2.3058 -56.16 0.12948 -33.47 0.41297 72.29 

14500 0.7463 57.61 2.173 -62.19 0.13091 -38.03 0.45189 67.45 

15000 0.77207 53.66 2.0369 -67.48 0.13249 -41.35 0.48927 61.73 

15500 0.78186 48.93 1.9262 -73.4 0.13306 -46.17 0.53089 56.4 
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16000 0.80181 45.19 1.8179 -78.51 0.13235 -50.35 0.56614 51.23 

16500 0.83489 41.34 1.7329 -84.03 0.13164 -53.07 0.59945 46.02 

17000 0.84366 35.84 1.6318 -90.29 0.13252 -58.23 0.62715 41.47 

17500 0.87344 32 1.5356 -95.85 0.12867 -62.37 0.65762 37.32 

18000 0.88323 27.94 1.4282 -101.33 0.12674 -63.36 0.67776 32.34 

18500 0.87778 23.58 1.336 -106.2 0.12902 -65.21 0.69711 28.88 

19000 0.90226 20.45 1.2392 -110.67 0.13074 -68.23 0.72466 25.54 

19500 0.90564 16.66 1.1687 -115.28 0.13325 -73.79 0.73892 22.15 

20000 0.92285 12.38 1.0892 -120.2 0.1305 -74.64 0.76863 19.96 

20500 0.93441 7.64 1.0268 -124.33 0.13654 -81.18 0.79362 16.93 

21000 0.91128 4.38 0.9698 -129.13 0.14042 -84.42 0.80452 13.76 

21500 0.87328 2.31 0.90941 -131.83 0.14248 -89.64 0.83319 12.99 

22000 0.88198 -0.03 0.85082 -137.11 0.1351 -99.39 0.85549 7.41 

22500 0.89283 -1.44 0.80582 -140.66 0.12664 -101.23 0.85124 6.97 

23000 0.90704 -3.74 0.76663 -146.03 0.12559 -106.72 0.88514 3.32 

23500 0.93185 -6.38 0.69754 -150.65 0.11695 -109.81 0.87502 0.65 

24000 0.93281 -9.75 0.63473 -154.69 0.11436 -113.64 0.91415 -0.14 

24500 0.88163 -8.26 0.61853 -154.97 0.10989 -114.88 0.91141 -4.09 

25000 0.93991 -3.58 0.59939 -155.98 0.10798 -112.4 0.91034 -5.17 
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Noise Parameter file 

! Noise Parameters BFU725F 

 ! Freq-MHz Fmin-dB Гopt-mag. Гopt-Ang. Rn/50 

600 0.36 0.5098 6.89 0.183 

700 0.36 0.5009 8.73 0.179 

800 0.37 0.4921 10.57 0.176 

900 0.38 0.4835 12.42 0.172 

1000 0.38 0.475 14.28 0.169 

1100 0.39 0.4666 16.14 0.165 

1200 0.4 0.4583 18.01 0.162 

1300 0.4 0.4501 19.88 0.159 

1400 0.41 0.4421 21.76 0.156 

1500 0.41 0.4341 23.65 0.153 

1600 0.42 0.4263 25.54 0.15 

1700 0.43 0.4186 27.44 0.148 

1800 0.43 0.4111 29.35 0.145 

1900 0.44 0.4036 31.26 0.142 

2000 0.45 0.3963 33.18 0.14 

2200 0.46 0.382 37.03 0.135 

2400 0.47 0.3681 40.91 0.13 

2600 0.49 0.3547 44.81 0.126 

2800 0.5 0.3418 48.73 0.122 

3000 0.51 0.3294 52.68 0.119 

4000 0.58 0.2744 72.8 0.105 

5000 0.64 0.2312 93.53 0.097 

5400 0.67 0.2172 102 0.095 

5800 0.7 0.2051 110.56 0.094 

6000 0.71 0.1998 114.87 0.093 

7000 0.77 0.1803 136.83 0.094 

8000 0.84 0.1726 159.39 0.098 

9000 0.91 0.1767 -158.09 0.104 

10000 0.97 0.1927 -142.3 0.11 

11000 1.04 0.2204 -126.51 0.117 
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11500 1.07 0.2388 -118.62 0.12 

12000 1.1 0.2601 -110.72 0.123 

12500 1.13 0.2843 -102.83 0.125 

13000 1.17 0.3115 -94.93 0.126 

14000 1.23 0.3748 -79.15 0.127 
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APPENDIX 2 
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