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Microwave Engineering Lab AUST/EEE-4174/Ex-1

Experiment no: 01
Name of the Experiment: Introductory Study and basic Measurement of Microwave System

(a)Objective:

1. To understand briefly the basic principles of microwave system with special emphasis on antenna and
waveguide.

2. To learn about various terms related to microwave system such as Radiation Pattern, Polarization,
Reflection, Attenuation, Standing wave, Diffraction, Interference etc.

(b)Equipment list:

1. Power supply

2. Transmitter and Receiver

3. Horn Antenna: The transmitting and receiving both antennas are used for vertically polarized
microwave. This wave is generated by FET oscillator mounted vertically. The waveguide takes the wave
and open into a horn.

4. Polarization Grille: This rectangular metal grille with edges of insulating materials is used to test the
plane of polarization. The distance between the metal bars of the grille must be less than half a
wavelength of microwave-signal. If grille having bars in vertical position is placed in the path of
vertically polarized (E field-vertical, H field- Horizontal) microwave signal, then the signal will be
reflected and no wave will transmit through the grill. This occurs because magnetic field cuts across
the metal bars, inducing a current in them and causing microwave to be reflected.

5. Baseboard

6. Waveguide

7. Metal/ Plastic/ Hardboard

(c) Theory
C1. Introduction to Microwave

Microwaves are electromagnetic waves (Figure 1a) that have very high frequency (300 MHz-300 GHz) and very
short wavelength (1Imm-1m). Satellite communication (for TV, weather forecasting, GPS, voice
communication, military), mobile communication, RADARs (used for air traffic control, meteorological,
military, guided missile etc.), land phone relay link, heating (household, industrial/ medical), millimeter wave
imaging are the main areas where microwave wave are used. Typical microwave bands are L (1-2 GHz), S (2-4
GHz), C (4-8 GHz), K, (12-18 GHz), K (18-26 GHz), K, (26-40 GHz) etc.

Bangladesh’s very own satellite ‘Bangabandhu Satellite-1’ has 40 transponders from which use 14 are C band
and 26 k, band. Recently developed 5G technology use LTE frequency range (600MHz to 6GHz) and also
millimeter wave (24-86GHz). Verizon 5G UWB use 28 and 39GHz frequency which has 40x bandwidth
compared to 700MHz 4G LTE. They also use 700MHz -2500MHz range to cover wide area.
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Figure 1.1: (a) Electromagnetic wave (TEM mode) (b)Electromagnetic spectrum
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C2. Sources of Microwave Signal in Laboratory
There are different types of microwaves signal sources, such as-
(i) Klystron Oscillator

Itis vacuum tube type microwave signal source employing velocity modulation and transit time effect. The
details of its working principles will be discussed in Experiment 2.

(ii) Gunn Oscillator

Itis a solid state type oscillator working on the basis Gunn effect (negatively differential conductivity effect
in bulk semiconductor which has two conduction band minima separated by an energy gap. details of its
working principles will be discussed in Experiment 2.

C3. Antenna as source of Microwave Radiation

Microwave signal can be transmitted into free space by the radiating structure called antenna. It is a kind of
transducer that transforms generated electrical energy (power supplied by feeder) into radiating energy (in
the form of electromagnetic waves) into free space. For Transverse Electromagnetic waves (TEM), electric and
magnetic fields are perpendicular to each other and also in a plane perpendicular to the direction of wave
propagation (Figurela). In this experiment we will use Horn type antenna.

b
Convex \
secondary
reflector

(a) (b) ()

Figure 1.2: (a) Horn Antenna (b) Cassergrin feed antenna (c)Off axis or offset feed antenna
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Horn Antenna: It is a kind of aperture antenna consisting of tapered waveguide transition into free space in
the form of pyramidal horn Figure 1.2(a). If the impedance matching is perfect, then all the energy travelling
from waveguide will be radiated. This antenna is used in satellite Communication and is very important for lab
testing because its bore sight gain can be accurately calculated (within 0.1 dB). Most ground based small
broadcast satellite receiver dishes use a small horn feed (of low gain) at focal point of dish between 5 to 1-
meter diameter (such antennas are known as Cassergrin feed antenna (Figurel.2b). Often this feed is offset
from bore sight direction of reflector dish (Figurel.2c). This offset feed arrangement directs the main beam
away feed and this result in less and improved side lobe performance. The main beam hit the feed of sub-
reflectors, it will be diffracted around the obstacle and radiation will be scattered or diffracted into side lobes.
Parallel beams coming from target are reflected by parabola as a convergent beam and reelected by hyperbolic
sub-reflector and converge the rays at feed.

C4. Importance of Waveguide in microwave System

Waveguide is specially constructed hollow dielectric inside metal tube for transfer/guidance of
electromagnetic energy at very high frequency. It consists of metal conductor which surrounds dielectric,
vacuum (Figure 1.3a, b) The metal plates (brass, copper, aluminum etc.) contain the microwave energy and
prevent it from spreading outside. Metal plates must be aligned to the electric field to avoid disturbances to
field. Metal structure dimensions depend on frequency of microwave signals, Microwave signals are reflected
from inside of metal walls and reach destination with minimum loss. In case of microwave signal travels close
to ground they are susceptible to reflection, phase shift. This problem is overcome by waveguides. Outside
part of Metal plates also eliminates external interference. Waveguides are used in underwater microwave.
telephone link systems. There are different modes of propagation of microwave signals through wave guides
such as TM (transverse magnetic), TE (transverse electric) etc. (Fig 1.3d). But TEM (transverse electromagnetic
wave) cannot exist in a hollow waveguide because it would be impossible for magnetic field to surround
transverse electric field without having an axial component and vice versa. The frequency below which the
microwave signals are attenuated are called cut-off frequency. Each of these forms of wave may be set up in
the waveguide in several modes of propagation such as TEio, TIM;; etc.

'&? - Stable Band
< |

» f(GHz)

feaom  feeowm  fewon
6.5617 13.123 14.764

a

(b) (c)

Eleclric field

. Electric
field

Wave propagation

TE mode TM mode

(d)
Figure 1.3: (a) Rectangular waveguide (b) Waveguide dimension (c) Stable Band for WR90 Waveguide (d)TE
and TM mode of a rectangular waveguide
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Cut off frequency: Below a certain frequency the microwaves will be attenuated as they pass along the
waveguide. The Frequency bellow which the microwaves are attenuated is called cut off frequency.

fomm =3 (%)2 +(3)

Here m, n are positive integer including zero and c is the speed of light in vacuum. For TE;o mode and WR 90
waveguide with dimensions a= 2.28 cm and b = 1.02 cm the cut off frequency is 6.56 GHz. So in WR 90
waveguide the lowest frequency that can travel down is 6.56 GHz.

2

For reliable microwave transmission along a waveguide, there should be only one mode of propagation.
Waveguides are designed to operate in a single mode over a range of frequency. The frequency range is called
stable band (Figure 1.3c).

C5. RADAR as detector of Microwave Signal

RADAR (Radio wave detection and ranging) is the most welt known detector of unknown objects. It is
developed more or less simultaneously in UK, USA, Germany and France during World War Il. In a RADAR, a
transmitter send signal (usually radio waves in short rectangular pulses/ large UHF microwave
power/particular type of pulse modulated sine wave) in the direction RADAR is pointing at that time. That
signal is reflected back from the distant target and echo signal is detected by sensitive receiver Fig 1.4. The
receiver receives, analyze and displays the corresponding signal. The received pulse is displayed in oscilloscope
which is triggered to start by transmitted pulse. If a narrow beam antenna is used, the target's detection can
be accurately given by the position of antenna. Antenna rotates and scans the desired area. In the received
mode, the returned signal is amplified, and mixed with the local oscillator to produce the desired IF signal
which is then amplified. Such RADARs often use a continuously rotating antenna for 3600 azimuthal coverages
(display in polar plots)

trunsmitied palse -
reflected pulse e
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Figure 1.4: Signal reflection used to detect airplane in a RADAR system
C6. Microwave Connectors

There are different types of connectors. But, important one are coaxial connectors. Coaxial cable is a round
conducting wire surrounded by insulator spacer surrounded by cylindrical conducting sheath usually
surrounded by another insulating sheath. It is used as high frequency transmission fine to carry high frequency
or broadband signals. It is not suffered by external EM filed because it EM field exist between inner and outer
conductors (see exp. 2 Fig. 2.2)

For operation in microwave frequency region, the average circumference of coaxial cable must be limited to
about one wavelength in order to reduce multimodal propagation and eliminate erratic reflection coefficients,
power tosses and signal degradation. Microwave coaxial connectors can be classified into different types
shown in appendix A2. They are- UHF connector or APC-3.5 (Amphenol Precision Connector 3.5 mm with low
VSWR; male or female end of this 50 ohm connector can mate opposite SMA has threaded coupling and it
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prevents them from being removed accidentally), APC-7 (Amphenol Precision Connector 7 mm that provides
coupling mechanism without male or female distinction, VSWR tow frequency range 1.02 to 18 GHz), BNC
(Bayonet Navy Connector operates upto 4 GHz then radiate EM energy, accept flexible cable of diameter of
6.35 mm, presence constant impedance 50 to 75 ohm), SMA (Sub miniature A used below 24 GHz because of
higher order modest provides RF connectivity between boards and components like fitters, attenuators, mixer,
oscillators), SMB (Sub miniature B can be connected and disconnected swiftly, does not require nuts to be
tightened when two connectors are mated rather they snap fit together), SMC (Sub miniature C is 50 ohm
connector with smaller dimension-dia 3.17 mm than SMA used below 7 GHz) TNC (Threaded Navy Connector
has screw fitting and is threaded BNC to stop radiation at higher frequency operates up to 12 GHz, during
vibration resistance not changed like BNC and result is less noise), and type N (Navy, is high performance RF
coaxial connector which has a threaded coupling interface to ensure that it mates correctly and is able to
withstand high powers compared to BNC or TNC, good for 11 GHz).

A Male connector is the one where inner conductor protrudes and Female connector is the one where inner
conductor forms a sleeve around its mate counterpart. Alternatively, plug is used for male and jack is for
female.

Barrel or male to male adaptor refers to an adaptor with two male ends. Bullet or female to male adaptor
refers to an adaptor with two female ends. Connector saver is an adaptor with one male and another female
end.

C7. Important parameters related to Microwave Signals

i. Polarization: EM wave contains energy associated with electric and magnetic field (both can be in the
direction perpendicular to the direction of wave propagation). Polarization of EM wave is defined as the
direction of electric field of the wave. For transverse EM wave (TEM), polarization at any point between
transmitting and receiving antenna is usually at right angle to the line of sight joining transmitting and receiving
antenna and also perpendicular to direction of magnetic field. Plane/direction of polarization can change with
time and distance -this is called rotation of plane of polarization. If electric field is directed vertical, horizontal,
vary within one plane or plane of polarization rotates a complete cycle every wavelength then corresponding
polarization are called vertical (e.g. Whip, Vertical dipole, Monopole, Discone, Broadside array etc.), horizontal
(e.g. Dipole, Square loop, Quad, Vee, Yagi etc.), plane polarization or circular polarization (eg. Helix, Crossed
Dipole). Electric field generated by antenna is actually runs parallel to antenna and magnetic field runs
perpendicular.

Input Transmit Electric Field Receive Received
Voltage Antenna Polarization Antenna Voltage

Horizontal X

(A Polarization

Vertical

Pnlar|7 ation I
J\lﬂ\lﬂhﬂ /év .
Circular L

Polarization

®\Q@A

Figure 1.5: Effects of polarization mismatch on coupling transmit/receive antenna pairs.
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ii. Reflection: During microwave signal transmission, energy is transmitted by wave and can be reflected off
other surfaces of a particular material. Different material reflects in different amount, the degree of reflection
by a particular material/load is given by,

Electric field of Reflected wave,E., Z, +Z,

Reflection C icient,I' = =
ef lection Coef ficien Electric field of Incident wave,E;, Z; + Z,

Where, Z, = Characteristics impedance of second material/load, Zo=Characteristics impedance of first material

X

medium 2 (03, £, 83)

E,
H, a

{transmitted wave)

¥
L]

medium 1 z=0 medium 2
(g, 20 ) ((y.e3)

(a) (b)

Figure 1.6: (a)Normal Incident (b)Oblique incidnet of the Plane wave

There are different types of reflection such as: Reflection from normally incident (Fig 1.6a) and obliquely
incident (Fig 1.6b) wave. The material can be good conductor or good dielectric.

Another term related to reflection is,
Return Loss,RL = —20log|T'|

iii. Attenuation: During microwave signal transmission, if there are objects (of any material) the path of
propagation, then signal will decay with distance- this is called Attenuation. For each material, there is a
constant which describes the amount by which a microwave beam is attenuated in passing through a unit
distance- this is called Attenuation constant. When microwave beam penetrates a material, the electric field
intensity of the beam is attenuated exponentially inside the material (Fig 1.7)
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Figure 1.7: Attenuation of Electromagnetic wave due to different material
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Here, P =transmitted power, P1= signal power at entrance point r; of material, P,= signal power at exit point
r, of material

Skin depth is defined as the distance at which microwave signal is attenuated by 8.86 dB. Skin depth is a
frequency dependent parameter. Typically, in conductors as the frequency is increased the signal penetration
is less. So high frequency signal transmission in conductors becomes less efficient.

1
Skin Depth = P

Attenuation problems can be overcome by placing antennas at high altitude/ using straight line of sight
communication/ placing large number of repeaters etc.

iv: Diffraction: Diffraction is the spreading of waves when they pass through an opening or round obstacle
into regions where we could not expect them. Fig. 1.8a is a light diffraction which is observed in a Prism. A
diffraction grading has the same effect as a prism but it diffracts by light hitting the periodic gap.

diffraction grating prism

R_G B B G R B G R

Barrier

Barrier
(b) Diffrection (c) Interference
Figure 1.8: (a)Diffraction in Prism and grating (b)Diffraction of plane wave (c)Interference of wave

Diffraction is based on Huygens’s principle which states that, no matter how small a slit is made on an opaque
plane, light on the side opposite to the source would spread out in all direction and no matter how small a
light source is constructed a sharp shadow cannot be obtained at the edge of sharp opaque obstacle. It is
possible to estimate the optimum size of the hole in order to minimize the loss. This kind of diffraction can
occur in satellite antenna (shaped like a concave mirror and made of wire mesh to offer less resistance to wind
and avoid damage). The hole size in the mesh should be a compromise between wind resistance and leaking
of the signal by diffraction. Diffraction lowers the maximum strength of the received signal but also causes a
spreading of the microwave signal.

v: Interference: Interference is a phenomenon which occurs when one electrical signal is affected by another
unwanted signal. It occurs when two waves from the same source meet at a point while travelling through
separate path (Fig 1.8d). High frequency sky waves and microwave propagation are the interesting examples
of interference. It actually disturbs the actual strength of the signal. When microwave signals of same
frequency superimpose at some point they either reinforce (constructive interference [Fig 1.9a]) or cancel
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each other (destructive interference [Figl.9b]). The resulting effect is called interference pattern. This pattern
was first investigated by Thomas Young (commonly known as Young's slit experiment) using light to fall on a
pinhole punched in a screen (Fig. 1.8d). Interference is not quite significant up to VHF because of long
wavelength. A RADAR will be completely blind at null points. To solve this, elevation of antenna should be high
and made to point downwards.

Sk
&

(a) (b)

Figure 1.9:(a) Constructive interference (b)Destructive interference

D) Experiment procedure:

D1. Radiation Pattern

Figure 1.10: Setup for radiation pattern measurement

Place the transmitting and receiving antenna in a straight line. Measure the received signal strength.
Keeping the transmitter in a fixed position place the receiver in 4/5 position in an arc as shown in Fig.
1.10 and measure the data.

Plot the radiation pattern graph from your measured data.

Measure beam width from your measured data.

Alter the distance between the transmitting and receiving antenna and observe how the strength
changes with the distance.

D2. Polarization

1.

Set both the transmitting and receiving antenna for vertical polarization. Check the reading at
receiving end.

Set the transmitting antenna for vertical polarization and receiving antenna horizontal polarization,
check the reading at receiving end.

Rotate the receiver in the vertical plane while keeping receiving antenna in line with transmitting
antenna (Fig 1.11). Locate the positions of maximum and minimum received signal
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Figure 1.11: Setup for Polarization measurement

Set both the transmitting. and receiving antenna for vertical polarization.

1.

Place the grille in the way of vertically polarized microwave signal with the grille bars in the vertical
position. Check the reading.
Place the grille in the way of vertically polarized microwave signal with the grille bars in the horizontal
position. Check the reading.
Place the grille in the way of vertically polarized microwave signal with the grille bars in the slanted
position. Check the reading.

D3. Microwave Signal reflection

3.
4.

Metal reflecting surface

—?-—
Ineident microwave e By Rellected microwave
heam ;. ‘-Iv\,___ e _/""!_- - Deam
Yy Angleal | Apgleof g
m meidenes | rellection .'
Transmitter { Reseiver
angle / angle
R o g
! :
- £ »ie 22 » X=Xz

Figure 1.12: Signal reflection measurement

Set up the transmitter, receiver and metal reflecting plate according to Fig 1.12. Measure the receiver
reading.

Change the position of receiver and take reading for the case of (i) angle of incident < angle of
reflection, (ii) angle of incident > angle of reflection and (iii) angle of incident = angle of reflection.
Check when the reading is maximum.

Replace metal by plastic and repeat steps 1-2.

Use hardboard and repeat steps 1-2.

D4. Microwave signal Attenuation

1.

Set up the transmitter and receiver for a line of sight (LOS) configuration and place a metal plate in
the path of microwave signal. Take reading.

Use plastic and take reading.

Use hardboard and take reading.

Use book, damp paper towel, dry paper towel and take reading.
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5. Observe the effect of thickness of material, take reading. Calculate attenuation constant and skin
depth.

D5. Effect of Waveguide

Set up the transmitter and receiver

Observe received signal strength at receiver without placing waveguide between them
Observe received signal strength at receiver placing waveguide between them.

Measure the length of a and b of the waveguide and calculate cut off frequency for TE;o mode.

PwNPR

D6. Demonstration of Diffraction

enl plaves
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Microma Conrnunizalions
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Figure 1.13: Setup for diffraction measurement

1. Set the transmitter, receiver and an obstacle and hole/opening arrangement suitable for diffraction
between them as shown as Fig 1.13.
2. Vary the size of the opening and measure the strength of received signal.

D7. Demonstration of interference

tiffracted beam
[E S| 5 I:l
v SCarTEK 2000

ST200
MICRCWAVE
TRANSMITTER

ST200
MICROWAVE
RECEIVER

wave front

thitracted beam
Irum 52

Figure 1.14: Setup for interference measurement

1. Set the transmitter, receiver and an obstacle and hole/opening arrangement suitable for interference
between them as shown Fig 1.14.

2. Vary the position of receiver in a line parallel to obstacle plane arrangement and determine the
position of maximum and minimum signal strength.

e) Report:

1. Comment on the results observed in the experiment.

2. Discuss about different microwave signal related terms in a very brief manner.

3. Give practical example where polarization, attenuation, diffraction, interference, reflection becomes
important in case of a wireless communication system.

4. What is the function of horn antenna and polarization grille in the experiment?
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Experiment no: 2
Name of the Experiment: Characterization of microwave Oscillator, Introduction to Spectrum Analyzer and
Power Measurement techniques

2.1 Objective:

1.

2.
3.
4.

Understand the theory, operation and characteristics of microwave oscillators (Klystron and Gunn
oscillator).

To learn about different ways of measuring microwave power.

To learn about different microwave power sensor.

Introduction to Spectrum analyzer, spectrum monitoring and ACPR measurement.

2.2 Equipment:

1. Klystron and Gunn oscillator power supply
2. Microwave Oscillator

(a) (b) (c)
Fig. 2.1: (a)Klystron Oscillator (b)Gunn Oscillator (c)PIN Modulator

3. PIN Modulator:

PIN diodes are mounted as shunt elements between the RF transmission path and ground. The
transmission path has a characteristicimpedance of 50 ohms. When the PIN diodes are forward-biased
the equivalent diode resistance is about 30 ohms and most of the RF energy is absorbed by the diodes
instead of propagating down the 50-ohm transmission path. However, when the diodes are reverse- or
back-biased the equivalent diode resistance is in the order of thousands of ohms and the microwave
currents will flow down the transmission path because diode resistance compared to the 50-ohm path
impedance is negligible. Thus by placing the PIN diode in the path of the transmission line and
modulating the diode with a modulating frequency the RF energy can be amplitude or pulse modulated.
Leaving the diode unbiased could be destructive to the diode when there is a signal flow in the system.

4. Variable attenuator/Fixed attenuator

(b)

Fig. 2.2: Variable attenuators (a) Flap attenuator (b) Cavity attenuator
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A variable attenuator provides attenuation of microwave signal by varying the degree of insertion of
matched resistive strip into waveguide. In our experiment we will use cavity type and flap type
attenuator.

5. Coax cable with BNC (Bayonet Neill-Concelman) connector

It provides a match between a waveguide and a 50 ohm coaxial. Coaxial cable is used as high frequency
transmission line to carry high frequency or broadband signal. Sometimes DC bias is added to the signal
to supply the equipment at other end, as in direct broadcast satellite receivers. Because electromagnetic
field exist only in the space between inner and outer conductors, it cannot interfere or suffer
interference from external electromagnetic field. The BNC (Bayonet Neil Connector) operates very well
at frequencies up to about 4 GHz, beyond that it tends to radiate electromagnetic energy. The BNC can
accept flexible cables with diameters of up to 6.35 mm and characteristics impedance of 50 or 75 ohms
(Fig. 2.3). Waveguide to Coax adapter was also used for the same purpose.

Inner conductor

Outer conductor

(a)

Current

/// ” \ = A
7, “ , o
‘./ k r S~ Electric field
Poynting vector ‘H
b Magnetic field
(c) | (d) (b)
Fig. 2.3: (a) Coaxial cable (b) cross sectional view of a coax showing the electric and magnetic field (c) BNC
Male connector (d) BNC Female connector

6. Waveguide to Coax adapter

Waveguide-to-coaxial adapters are composed of a waveguide component that fits the waveguide tubing
and ends with a flange, and a coaxial probe assembly with a coaxial adapter and connection hardware.
The coaxial cable adapter is typically tapped through one wall of the waveguide adapter housing. It
provides a match between a waveguide (which might be 200 ohm or any other value) and a 50 ohm
coaxial line. The power flow can be in either direction. However, SWR in the adapter should be kept less
than 1.2.

View lookingin Section A-A

> A Coax @

connector

|| E-plane
Back-short” - probe
i Tuning screws this side
O é @) -

(a) (b)
Fig. 2.4: Right angle Waveguide to Coaxial adapter
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7. Microwave Power sensor

a) Very low power (0.01-1 mW): Thermocouple/diode sensor technique. (used in Gunn diode)
b) Low power (0.1-10 mW): Bolometer technique. (used in Klystron).

c¢) Medium power (10 mW-10 W): Bolometer with directional coupler.

d) High-power (10 W—-1 kW): calorimetric watt meter

8. Spectrum Analyzer

Spectrum analyzer is a device that measures the amplitude of an input signal versus frequency. By
analyzing the spectra of electrical signals, dominant frequency, power, distortion, harmonics, bandwidth,
and other spectral components of a signal can be observed that are not easily detectable in time domain
waveforms.

The RSA306B Spectrum Analyzer from Tektronix is a modern USB based Real time spectrum analyzer which
use USB 3.0 port (due to very high data accusation by the spectrum analyzer) to connect to a powerful PC
to analyze data captured by the hardware. The software called SingnalVU-PC can be seen in figure 2.5. As
the Spectrum analyzer is fully digital it uses various DSP techniques and software algorithms to show
various complex analysis of the captured signal, which cannot be done by any traditional heterodyne
spectrum analyzer.

P e
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Fig 2.5: SignalVu software showing (Left top): Real time spectrum (Left bottom): Power vs time (Right top)
:Spectral flatness (Right bottom): Constellation diagram of a Wireless LAN signal

2.3 Theory:
2.3.1 Microwave oscillator

There are two types of microwave signal source which generates microwave signal - (i) tube sources (such as
klystron, magnetron, TWT etc.) and (ii) solid state sources (such as special diodes and transistors). Typically,
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Solid state sources have higher efficiency but after a certain power low efficiency cavity based oscillators are
the main method to generate microwave (Fig 2.6).
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Fig 2.6: (a) Power versus frequency for various microwave sources (b) Air communication loss in dB/km

In communication, there is certain frequency range which is avoided due to high absorption loss due to
molecular/atomic natural frequency of oscillation; e.g., oxygen has these frequencies as 69 and 122 GHz, while
for water it is 23 and 160 GHz (Fig. 2.6). Rain attenuation limits the range to 5 km, while oxygen limits to 1 km
at these frequencies

2.3.1 (a) Klystron Oscillator

Typical single cavity reflex klystron oscillator is low power (less than 2 W) only in the range 1-25 GHz. The
most useful characteristic is its tunability over a wide frequency range.
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Fig 2.7: (a) Schematic diagram of a reflex klystron (b) Applegate diagram showing the bunching process

In Fig 2.7(a) it can be seen that from the electron gun, electron beam is accelerated towards anode plate due
to its high +ve DC potential (~250-1000V) and crosses through its gap to the cavity resonator. It then crosses
the cavity gap mesh grid also (due to momentum) and moves towards the repelled, but never reaches it. It
gets repelled back to the cavity due to its high —-ve potential (~100-1000V). By this time, the modulation
(bunching) becomes still more sharper, i.e. denser. If this bunch of electron returns back at the first wall of the
cavity at the moment when it has +ve RF voltage, then the bunch of electrons loses energy by transferring to
the RF field, which then gets amplified (positive feedback process). This leads to sustained RF oscillations. Then
the amplified signal can be tapped out by probes or loops.

The bunching process: The electron ‘a’ (see Fig 2.7b) coming out of the gap is accelerated during its +ve cycle,
the electron ‘c’ retarded during —ve cycle, while the ‘b’ electron comes out with no change in speed when V; =
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Vi sinwgt = 0 .The faster electron ‘a’ travels deeper in the repeller space (‘d’ in fig 2.7a) as compared to
slower electron ‘c’ and forms bunches. As the bunch is to be formed exactly at the resonator cavity point, we
have to adjust the repeller space and repelled voltage (V:). This way the returning (b) and retarded (c) electron
bunch losses its kinetic energy and gives to the RF field in the cavity. When the energy delivered by a certain
bunch of electron to the cavity is greater than the energy it had collected (while it was crossing forward), then
the oscillation of that frequency signal is sustained.

As in any electronics system noise is always present with all frequencies 0 to = and if there is a +ve feedback
system which keeps on amplifying only that frequency signal, which corresponds to the cavity resonant
frequency, then that frequency signal gets generated (oscillation is sustained according Barkhausen stability
criterion). Here, if the repelled electron bunch reaches back to the cavity at some phase point where it left it,
then it is a +ve feedback.

So for oscillation to sustain (i) The reflected back electrons should form bunch just at the time they reach the
cavity. (ii) At this moment, the signal at the cavity is to be in +ve phase. Thus, the start of the central part of
the bunch is when I, = V; sin wyt = 0 and reaching back time is when V; = V; sinwgt = V; (Peak value) for
optimum efficiency.

2.3.1(b) Gunn Oscillator

Gunn oscillator is used in medium power and low to high frequency application such as 1.0-100GHz microwave
receiver, air traffic control transponder (pulsed mode), CW RADAR source, pump source in parametric
amplifier etc.
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(a) (b)
Figure 2.8: (a) Band diagram of n-GaAs (b) The two-valley model of the n-GaAs conduction band at no bias
condition

Gunn (1963) discovered microwave oscillators in GaAs, InP, and CdTe. All these semiconductors have closely
spaced two or three energy valleys in the conduction band (Fig 2.8a, b). At DC voltage and hence low electric
field (E¢) in the material, most of the electron will be located in the lower valley (Fig. 2.8b). At higher E; beyond
E«» most of the electrons will be transferred to the high-energy upper valley, where the effective electron mass,
m, is much larger and hence the mobility (u2) and velocity (v) are much low than that at lowest valley (u1). As
the conductivity is proportional to mobility, the conductivity and hence current decreases with higher Electric
field, E¢ (Er > Ew) or voltage (V > Vw). This is called transferred electron effect, and the device is also called
Transferred Electron Device (TED) or Gunn diode. The bulk material (without any junction) behaves as a —ve
resistance device over a range of applied voltage and therefore used as microwave oscillators.
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Figure 2.9: (a) Current density (b) Moving e-h dipole in the device (c) Electron concentration

Initially at t=t; (see Fig 2.9) when a bias voltage is applied such that the V>V, to the Gunn diode due to high
field domain is created near cathode. Therefore, increase of E¢ in one region will lead to decrease in rest of
the region.

At t=t; electrons from lower valley gets transferred to Upper valley, so their velocity drops. The electrons to
the right of the domain move out to the anode faster, causing deficiency (Region Dep) of electron (i.e. makes
it +ve charged). To the left of the domain, slow-moving upper valley electrons get accumulated (region Ac)
and thus form the ‘dipole charge region’ around the high-field domain.

This space charge dipole as well as the high field of the domain keeps growing (at t=ts) while moving right
(towards anode) and exits out (at t=ts) of the anode as a current—voltage pulse. Immediately after this, the
electric field again grows to a uniform value and the domain formation restarts at the cathode end, i.e. left
end

2.3.2 Power in RF:

The power is defined as the time rate of transforming energy. In case of microwave, this energy is used in
many different forms: exchange of information over long distance, heating a microwave oven or acceleration
of particles in nuclear engineering etc.

For low frequency signals, power measurements are done from the voltage, current or lumped values of circuit
parameters. For microwave frequencies, the difficulty arises due to

1. Distributed nature of the circuit elements
2. Reflection of the signal, wherever there is an impedance mismatch.

. . - 1T
Average power in an alternating current circuit: P,y = ?fo Eldt
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Figure 2.10: (a) Average Power (b) Pulsed power

Pulsed power: Peak power of the pulse is related to the average power of the pulse by the duty cycle of the
pulse. Thus:

Peak RF Power, Ppogx = P‘;’g;

Here,
Duty cycle, D = TOTN; Pulse Repetitive Time period (PRT)=T = ty, + tosf

Usually, average power is involved in the microwave circuit which has a continuous signal source. But, where
pulsed signals serve as a signal source, peak power is more meaningful way of expressing power.

Power supply [m power

A CW-LUw power
Volts Volts 1“

> Uw

< oscillator

Volts Volts

Vo 4 1w
it — : >
L |fon Je oscillator
. : —>

1l H

4

on

Fig 2.11: CW and pulsed power supply and the corresponding microwave power output

2.3.3 Microwave Power Sensor
(i) Bolometer

Bolometer is a device which is used for measuring the power of incident electromagnetic radiation via the
heating of a material with a temperature-dependent electrical resistance (thermistor in our case).
Bolometers can be thermistor mount or waveguide mount. Fig 2.12(c) shows a waveguide mount
bolometer. Typically, a thermistor bead has a diameter of around 0.05—0.5 mm with a small-size (diameter
of 15-100 um) metal wire embedded inside. The bolometer mount must be designed to satisfy the
following requirements:

1. Present a good impedance match to the transmission line over frequency of interest.

2. Keep i?R and dielectric losses within the structure minimized so that power is not dissipated in
electrical contacts, waveguide walls or insulators.

3. Provide isolation from thermal and physical shocks
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4. Keep leakage small so that microwave power does not escape from the mount in a shunt path
around the bolometer.

- BNG connactor
(1o bridge cirguity

- Spring contact

. POST

R ! i
i 1 ¢
| ! Thermistor
T ------------ l@ : Ba{”c“cr T ___E____ Rl 60 Q/mW RF input
!
]
1

Bead
thermistor

© Bar

50Q/mwW )
(semiconductor
element)

Pt—u:lclncnt

i Waveguide body

1
i
' 3 n, T

1
1

1

1
H
T

— Temp. — Temp.
(@) (b) (©

Fig 2.12: (a) Barretter (b) Thermistor (c) Bolometer in a waveguide

This technique is based on devices such as detectors, bolometers and thermocouples (whose resistance
changes with applied power). A bolometer is a square law device that produces current that is proportional to
applied power. Bolometer can measure power in the range of .1 to 10mW and are very sensitive.

There are two different types of bolometers (Fig 2.12a, b): Barretter (a wire mounted in cartridge like ordinary
fuse & its resistance increases with temperature) and thermistor (a small semiconductor bead with connecting
wire & its resistance decreases with temperature).

(ii) Thermocouple

Thermocouples are based on the fact that dissimilar metals generate a voltage due to temperature differences
at a hot and a cold junction of the two metals. A high-quality thermocouple (high frequency material for
thermo-junctions with low error rate) can convert the microwave energy to a readily measurable DC voltage
which is generated as the wires conduct the high frequency current and heat is generated across the two
different metal contacts. The meter indication is calibrated to represent the power level in the waveguide.

A thermocouple is usually a loop or circuit of two different materials as shown in Fig 2.13(b). One junction of
the metals is exposed to heat, the other is not (Fig 2.13a). If the loop remains closed, current will flow in the
loop as long as the two junctions remain at different temperatures. If the loop is broken to insert a sensitive
volt-meter, it will measure the net e.m.f. In contrast, a power meter works when voltage is applied to a meter
and meter is calibrated to indicate the power.

Modern RF thermocouple use Silicon Oxide and Tantalum Nitride. From the Fig 2.13(b) it can be seen that the
gold-diffused region create the cold junction and tantalum nitride- diffused region create the hot junction of
the thermocouple. This diffused region is heavily doped by diffusing impurities into it.
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Figure 2.13: (a) Hot and cold junction (b) Cross section of a thermocouple
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Since thermocouples are heat-based sensors, they are true “averaging detectors.” So they are used in (CW) to
complex digital phase modulations. They are more rugged than thermistors, exhibit higher sensitivity and also
the DC voltage out is proportional to the input RF power. They are typically used to measure very low power
in the range of .01-1mW.

2.3.4. Power measurement by bolometric (thermistor) using Wheatstone bridge [set- up1]:

One of the simplest methods for bolometric power measurement is to place a thermistor bolometer in one
leg of Wheatstone bridge (Fig. 2.14). The bridge is excited by a regulated DC supply whose amplitude may be
adjusted with R;. Since R4 is a thermistor, its resistance may be controlled by the amount of current allowed
to pass through it.

Y-
R1 82 R3 R6
© @
R4 R7
RF input ¥ RS

Fig 2.14: Bridge assembly using thermistor

In operation, R; is adjusted until just enough current passes through the bridge to make the thermistor
resistance equal to Rs, bringing the bridge into balance and causing the meter to read zero.

In this case, half of the total current I will pass through Ra.

1
14_ = EIT

Power, Pr = IZ R, = I} R,

Microwave power is then applied to the thermistor and heating effect causes the thermistor resistance to
decrease, unbalancing the bridge in proportion to the power applied. The unbalance current is indicated on
the meter, which is calibrated directly in mW. If we adjust R1 to balance the bridge again, the total current
changes. This dc power change is equal to the RF power applied.

DC power, Ppc =5 I3¢ Ry

1
RF power, Pgp = Py — Ppe = " (I3 —I5¢) Ry

1
= Z(IT —Ipc)Ur + Ipc) Ry

1
= Z(AI)(IT + Ipc) Ry
o< Al

This method is acceptable for power measurements when RF power is 1 mW (0 dBm) or above. Otherwise, Al
becomes difficult to deal with.
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2.3.5.1 Spectrum Analyzer

We use an oscilloscope to view the instantaneous value of a particular electrical event (or some other event
converted to volts through an appropriate transducer) as a function of time. In other words, we use the
oscilloscope to view the waveform of a signal in the time domain. Fourier theory tells us any time-domain
electrical phenomenon is made up of one or more sine waves of appropriate frequency, amplitude, and phase.
In other words, we can transform a time-domain signal into its frequency-domain equivalent. Measurements
in the frequency domain tell us how much energy is present at each particular frequency. To transformation
from the time domain to the frequency domain, the signal must be evaluated over all time, that is, over infinity.
However, in practice, we always use a finite time period when making a measurement

For example the f; wave in Fig 2.15(a) looks complicated in time domain but in frequency domain (fig 2.15b)
it can be easily seen it consists of 3 different waveform with frequency f3, f5, f3-

— Level

e
(a) (b)

Fig. 2.15: (a) Time Domain (display in oscilloscope) (b) Frequency Domain

So=fit i+ fy

2.3.5.2 Spectrum Analyzer (SA) architecture

In Fig. 2.16 block diagram, we see that an input signal passes through an attenuator (ensure the signal enters
the mixer at the optimum level to prevent overload, gain compression and distortion), then through a low-
pass filter (This filtering prevents out-of-band signals from mixing with the local oscillator and creating
unwanted responses on the display) to a mixer, where it mixes with a signal from the local oscillator (LO).

Because the mixer is a non-linear device, its output includes not only the two original signals, but also their
harmonics and the sums and differences of the original frequencies and their harmonics. If any of the mixed
signals falls within the pass band of the intermediate-frequency (IF) filter, it is further processed (amplified
and perhaps compressed on a logarithmic scale). It is essentially rectified by the envelope detector, filtered
through the low-pass filter and displayed. A sweep generator creates the horizontal movement across the
display from left to right. The ramp also tunes the LO so its frequency change is in proportion to the ramp
voltage. The output of a spectrum analyzer is an X-Y trace on a display.

RF input

attenuator Log Envelope

Mixer IF gain IF filter amp detector

Input
signal

Video
filter

Pre-selector, or
low-pass filter

Loca
oscillator

Reference
. oscillator
Sweep
generator Display

Fig. 2.16: Block diagram of a traditional spectrum analyzer that uses the heterodyne principle
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The Modern spectrum analyzers (Fig 2.17) digitize incoming signals much earlier in the signal path compared
to spectrum analyzer designs of just a few years ago. The change has been most dramatic in the IF section of
the spectrum analyzer. Digital IFs have had a great impact on spectrum analyzer performance, with significant
improvements in speed, accuracy and the ability to measure complex signals using advanced DSP techniques.

v

Sample and hold
at 11.3 kHz

«2 Video

Fig. 2.17: Block diagram of a Modern DSP based spectrum analyzer

The benefits of using a digital IF based analyzer include the use of high measurement speeds at low RBWs and
the ability to record the signal in the time domain with all of the phase information. This makes it possible to
analyze complex modulations which the heterodyne based SA cannot do. Modern Spectrum analyzer use both
heterodyne and digital IF based architecture to create the SA. It is therefore sometimes known as signal
analyzer rather then Spectrum analyzer.

2.3.5.3 Some Important parameter related to SA

AR Ay
f ‘:
| |

Channel width —

i 100 kHz RBW

10 kHz RBW

1 kHz RBW

Dt : It

Start Center Stop

(a) (b)
Fig. 2.18:(a) Typical spectrum parameter (b) RBW and DANL

A typical spectrum in spectrum analyzer can be represented by inputting the start and stop frequency of
concern. This will make the Ramp generator in the SA to sweep from the ‘start’ frequency to the ‘stop’
frequency. The same can be done by entering the ‘center frequency’ and ‘span’ in the SA interface.

The Resolution Bandwidth Filter (RBW) filter is the bandpass filter in the IF path. Adjusting the bandwidth of
this filter allows for the discrimination of signals with closely spaced frequency components while also
changing the measured noise floor. Reducing the RBW will lower the noise floor of the analyzer and make the
signal clearer but it will also reduce the frequency sweep speed. Fig 2.18 Show the signal in three different
RBW level.

The video bandwidth filter (VBW) filter is the low-pass filter directly after the envelope detector. VBW is used
to average or smooth the display trace. VBW effect the display but not the way the signal is measured

The Displayed Average Noise Level (DANL) is the average noise level displayed on the analyzer. Changing the
RBW from 100 kHz (RBW,4) to 10 kHz (RBWew) results in a change of noise level =-10 dB
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2.4 Experiment procedure:

2.4.1 GUNN OSCILLATOR - THERMOCOUPLE SETUP

Power
Supply

Power
Meter

Gunn Variable Waveguide to Power
ascillator Atlenuator Coax adapter Sensor

Figure 2.19: Setup for measuring the current vs. voltage characteristic of the Gunn diode

(i) I-V characteristics of Gunn oscillator

1. Set up the equipment as shown in Fig. 2.19

2. Set up the voltage to 4 V. Set the variable attenuator to 10 db. This will ensure proper isolation
to Gunn oscillator.

3. Raise the voltage in 0.5 Vincrement. Record the current output to the table.

Voltage(V) | 45| 5 |55| 6 |65| 7 |75| 8 [85| 9 |95|10| 4 [35] 3 |25/ 2

Current (mA)

4. Reduce the voltageto O V.
5. Plot the V-I characteristics curve from the measured data

(ii)Oscillator output power vs. supply voltage

1. Tune the Gunn oscillator so the oscillator output frequency is in X band (8-12GHz).

2. Set the power meter so sense X-band and the unit is “absolute” and in “mW”.

3.  Turnthe power meter on and calibrate the power meter to zero.

4. Raise the gun diode voltage in 0.5 V increment and record the power indication on the power
meter and the attenuator setting.

5. Set gunn diode voltage to 4V.

6. Convert the obtained power reading in milliwatts to dBm. Then add the attenuation (in

dB) to the dBm. Then reconvert this Gunn diode output power back to mw.

Example:
Assume supply voltage = 8.5 V, power reading = 6.3 mW

Converted power reading in dBm = 10 log (%) =101log (?) =7.99 dBm

Add an attenuation (let 3dB)
Measure the power after attenuation in dBm (Let’s say 3.99dBm)

PaBm) 3.99

Converted power reading in mW =1mW * 10( 10 ) =1x 10(T)= 2.51 mW
7. Repeat the step 5 for Gunn diode voltage of 4.5 and 5 and complete the table.
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Gunn oscillator | Power meter Converted Attenuator Gunn diode Gunn diode
supply Voltage | reading (mW) power (dBm) setting (dB) output (dBm) output (mWw)
4
4.5
5

8. Draw a graph showing the relationships between the supply voltage and the output power.

2.4.2. WIRELESS CHANNEL POWER MEASUREMENT, SPECTRUM HUNTING AND MONITORING USING
SPECTRUM ANALYZER

Channel is the range of frequency in which most of the power is concentrated. Channel is Defined by Start and
Stop frequency (a and b in Fig. 2.20a).

Lower Lower Upper Upper
b Adjacent 2 Adjacent 1 Main Adjacent 1 Adjacent 2
a | | | | |
Channel I | | |
| | | | |
| | | | |
"ﬂ Mhr ‘h qu‘dnw I I | | |
;'I ¥ P \ I I \ | I
f | | | | | |
| | | | | [ 1
| | | | | | |
| ‘ | | | | |
i | | | I | M
i { | |
! Adj Chan Adj Chan Main Chan Adj Chan Adj Chan
| Bandwidth Bandwidth Bandwidth Bandwidth Banadwidth
y [ | | | | |
A
ANt UL 1 [ \ | 1
“ Channel Spacing : Channel Spacing : Channel Spacing : Channel Spacing ;
| | | | |
(a) (b)

Fig. 2.20: (a)RF channel (b) Adjacent Channel, channel spacing and Bandwidth

Average power is the square root of the sum of the squares of the voltage samples over the measurement
time.

Channel Power is defined as the total average RF power in the selected channel (frequency band). Spectrum
analyzer can measure power by integrating all the power in between a range of frequency using the following
formula:

b
Power of the channel = fPower

a

Adjacent Channel Power Ratio (ACPR) is ratio between the total power of adjacent channel (intermodulation
signal) to the main channel's power (useful signal). ACPR measure of the signal power leaking from the main
channel into adjacent channels. So

Padj
ACPRdBC = 1010g_
Pch
Peak/Avg. Ratiois the peak power in the transmitted signal to the average power in the transmitted signal

(located in the CCDF display).

2.4.3 Experimental procedure in SignalVu software: Measuring Channel power and Adjacent Channel Power
Ratio (ACPR) of FM radio channel

1. Connect the Monopole antenna in the N type connector of the RSA 306B SA.
2. After connecting the Spectrum analyzer in USB 3.0 port Open SignalVU software.
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Click Preset to set the instrument to its default state.

Click the Displays button.

Select RF Measurements from the Measurements box (Fig 2.21).

Double-click Chan Pwr and ACPR in the ‘Available displays box’ to add the option. Click ‘OK’ to

complete selection.
Measurements: Available displays:

General Signal Viewin
RF Measurements

Analog Modulation

A

il

GP Digital Modulation* CCDF Chan Pwr MCPR Occupied
Pulsed RF* and ACPR Bandwidth
Audio Analysis™®

Bluetooth Analysis™ M "] M

WLAN Analysis™

802.11ad/11ay Analysis® SEM Signal Spurious

LTE Analysis™ Strength

P25 Analysis®
OFDM Anabysis™
Tracking Generator
Return Loss®

EMC Analysis™

Figure 2.21: RF measurement options
7. Press the front-panel Freq button and adjust the frequency to that of your main channel.
8. Press the Settings button. This displays the control panel for Chan Power and ACPR (the tab displayed
will be the tab displayed the last time the Settings panel was opened).

Chan Power & | Freq & RBW | Measurement Parars | Channels | Scale | Prefs
ACPR

Settings
humber of adjacent pairs; 1

Channel Bandwidth:  1.000 MHz

Restore Charrel Spacing: 2000 MHz
Defaults

Figure 2.22: Channels Tab
9. To set the number of adjacent channels, select the Channels tab (Fig 2.22). Enter the number of
channels in the Number of adjacent pairs value box. If zero is entered for the number of adjacent
pairs, the resultant measurement will be channel power only.
10. To set the spacing between channel centers, enter the required value in the Channel Spacing value
box. (see Appendix B1 and Fig 2.23 for different parameter)

1. FM Radio Broadcasting:

The license of FM radio broadcasting is given from the Ministry of Information. Accerding to NFAP, frequency is assigned from BTRC to the licensee from 87.5 to 108
MHz.

Till 2013, licenses have been given lo twelve organizations including state owned ‘Bangladesh Betar' for FM radio broadcasting. Each organization has been assigned
200 kHz of spectrum.

Figure 2.23: FM Broadcasting standard (from BTRC.gov.bd)

11. To set the channel bandwidth, enter the required value in the Channel Bandwidth value box.

12. After you have configured the channel settings, click the close button in the Settings panel or
press the Settings button again to remove the settings panel.

13. Press Replay to take measurements on the recalled acquisition data.

(e) Report:

Draw respective block diagrams of experimental set-ups and briefly explain the function of each part.
Discuss the results.

Briefly explain different microwave signal generation techniques.

Why spectrum monitoring is used?

el
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Experiment no: 3
Name of the Experiment: Measurement of Standing Wave Ratio, frequency & Wavelength

(a) Objective:

1.
2.

To learn how to determine SWR using slotted line or SWR indicator.
To learn how measure frequency and wavelength of microwave signal.

(b) Equipment & Waveguide component list:

1.
2.
3.

Gunn and Klystron power supply

Gunn and Klystron oscillator

PIN-diode modulator: In old setup external module and in new setup embedded with Gunn
oscillator module.

Variable attenuator

Crystal Detector: The crystal detector is basically a diode assembly which responds to the
electromagnetic field inside the waveguide. The diode assembly consists of a small thin piece of silicon,
a thin tungsten wire and a case. One side of the silicon is directly connected to the case and the other
side is connected to the tip of tungsten wire (Fig 3.1a).

The diode action is due to the different properties of silicon and tungsten. Silicon has few surplus
electrons but there are many free electrons in tungsten. Therefore, when a voltage is applied across
diode in such a direction to force electrons to leave silicon and enter tungsten, a very small current
result in. When direction of the voltage is reversed, a large current flows from tungsten into silicon.
This is how the diode can be used for detection of microwave energy. For such diodes, output voltage/
current is proportional to square of input voltage (square law characteristics)

LI
Detector
Ly Crystal i h.’/
< Detector yd
Detector . Output * [ €
Load (R) ~__
7] ~
/ 7, Probe Slotted Line Vol = sl
7 i~ Carriage  /Section oltage : \
7 / Sampled—— € = R \")
: - A/ by Probe I ] T
/- — ~X ( e
f l Probe ’ 4 it ; ‘—
’ 2 2 \| ry
3 e )

(@) (b)

Figure 3.1: Slotted Transmission Line and Probe (a) Cutaway Sketch of a Slotted Section with Probe,

Carriage, and Detector (b) Equivalent Detector Circuit

Slotted line: In measuring the standing waves inside a waveguide, a slotted line is used to probe the
amplitude and the phase of the standing wave pattern. As the name implicates, a slotted line has slot
along the center line along the long side. An assembly consisting of a probe and a crystal detector, is
designed to slide along the slot and as it does, the probe samples the field in the waveguide, while the
crystal detector provides a rectified signal.
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Figure 3.2: Slotted Line and Crystal detector

7. Slide screw tuner: The primary use of the slide screw tuner is to match loads, detectors, or antennas
to the characteristic impedance of the waveguide. It consists of a probe mounted on a carriage which
slides along a narrow and long on the feeding waveguide. When the adjusting micrometer is turned,
depth of the probe varies. The depth and the position of the probe causes reflection in the waveguide
at a specific amplitude and phase.

Micrometer’s Scale (mm) 3 5 7 9
Probe’s Depth (mm) 7 5 3 1

8. Matched termination: The matched terminator is essentially a matched to the microwave
transmission line. As the standing waves occur due to impedance mismatches in the system, the
matched termination is used to minimize the SWR in a system.

(a) (b)
Figure 3.3: (a)Slide screw tuner (b) Matched termination
9. SWR Meter: The SWR meter has a tuned 1 KHz input BNC to read the SWR. It is basically a calibrated
voltmeter (1000mv in our case) with additional amplifier which can be used to increase the input
signal. The meter has a voltage, dB and SWR scale (Fig. 3.4). In some SWR meters there is also an
expanded SWR scale which is used to measure very low SWR.

Toinler

Figure 3.4: VSWR meter display
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c) Theory:
1. Standing wave ratio:

At any point along a transmission line, electromagnetic field is the sum of two waveforms: one travelling
towards the load (transmitted wave) and another towards generator (reflected wave). It occurs because of
impedance mismatch between left and right side of the observation point of transmission line. Any open spot
on the line is responsible for another impedance mismatch and cause reflection. The amplitude and phase of
the reflected wave depend on the load mismatch. The degree of attenuation of the line affects amplitude of
the reflected wave also. The only way reflection can be eliminated is either the line is infinitely long or there
is impedance match.

A standing wave results from two travelling waves in opposite direction. The vector sum of two waves creates
minimum and maximum points on standing wave pattern in a loss less transmission line. (See Appendix C2 for
standing wave pattern for various case)

E,—»

-,

2 “ 2,

Emax e g

Ef'l'lll'l \_

»

Figure 3.5: Incident and Reflected wave in a circuit

According to transmission line of Fig. 3.5, Reflection coefficient,

E. Z-Z

E, Z+1Z,

For reflection coefficient evaluated at the complex load (Z,),

Z,—Zy
I, =—2
Z, + 7,
E 1+|T
VSWR = |Emax| _ 1+ 1T (3.1)
|Emin| 1- |F|

When RF signal is transmitted down a line into a load, even one with a good match, some of the signal reflects
back toward the source. The amount of signal sent vs. the amount of reflected back is compared and referred
to as the standing wave ratio (SWR). When the pattern deals with measurements of voltage, it is called the
voltage standing wave ration (VSWR)-Fig. 3.4

2. Current or voltage measurement method:

This diagram shows us a sample length of transmission line, in our case X-band wave- guide. In Figure 3.6, we
see an expanded view of the RF sine wave rising and falling along the length of the line. Placing a slotted line
into the transmission line from point A to point B allows us to inspect a probe into the slot in the line. We can
then move the probe along the line reading peaks and dips, emax and emin Which are shown as X and Y. Because
RF voltages are so difficult to measure, we will make the probe like the one in Fig. 3.6.
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Transmission Line
Source of Load

r-fVoltage | o ; R,

Distance along the line - »

Figure 3.6: Voltage Distribution along a Transmission Line

The crystal detector which change the RF voltage into a DC current and will be read by a current meter. Here
we used a “square law” detector. These detectors have an output proportional to the square of the input. So
if we place the probe at Y on the slotted line (Fig. 3.6), we will get

. _ 2
imin = kemin

= erznin = imin/k
Then if we move the probe to point X (Fig. 3.6), we get

. — 2
Imax = Kemax

2 _ .
= emax = Imax/k

Together we get:

e
VSWR = &% —

€min

VSWR = (3.2)

Here, €4 and e,,in are the input of square law detector and i,,,, and i,,;, are the corresponding outputs

This way the measurement of VSWR is by far the easiest, but if minimum reading cannot be measured with
reliable degree of accuracy, the inherent flaws in the detector may create distortion increasing the chance of
error.

3. Double Minimum Method

When standing wave ratios are larger than ten to one, the 'double minimum' measurement system can be
used to increase the accuracy and reduce the percentage error (Fig. 3.7).
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SWR
Pattern

- [ |

v\,|q_

Distance along the line >

Figure 3.7: Double Minimum Method

The mathematical expression of the curve is,
2ml
) 2 2 )
€ = €nin + (emax - emin) sin (T)

Starting at point 'A’, we move to the right (I = g) until the reading is twice (Ze,Zm-n) what it was at point 'A".

d d
2 _ .2 2 2 2 2
2emin = €min T €max Sin (—/1 ) —emin SiN (—/1 )

nd nd
= e2n [1 + sin? (7)] = e2,4x Sin? (7)

et 1+sin? (%)
)
et 2 cos? (%)

e &)

max — 2 & COSZ (T[A_d)

e

e
VSWR =
€min sin (T[_d)
A
! i nd H 2 d
VSWR's with ten or greater angle R will be small, So 1 + sin (T) ~ 1
VSWR ~ ——
. (md
sin (T)
Because of the small angle, sin (ﬂ) ~
g 7 A ~ ﬂ.
A
VSWR ~ —
md (3.3)

4. Frequency measurement using slotted line:
The relationship of a RF wave could be seen as an equation between frequency, wavelength and velocity:

V=f2
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Frequency remains fixed, so that wavelength is directly affected by the velocity. The velocity of our wave is
determined by its physical path of travel if the wave is traveling through air, velocity is equal to:

V =V,=3 x10%m/sec

When it travels along paths other than air, the velocity is affected by other factors, as expressed:

_ VO . T epa e
V= Nk Here u, and &, are the permeability and permittivity of the path.

e
max

| /\‘ ﬂ F

| fl

ernin :l l *
\j Vk/y . g #

Figure 3.8: Frequency and wavelength measurement

The distance d between X; and X, (Fig. 3.8) is represented by the equation A, = 2d. 4; is equal to the
wavelength as measured along the slotted line. When using a coaxial line, velocity V. will be about equal to
free space velocity Vo, so we see that A, = A,.

When we use waveguide, velocity is determined by the larger dimension 'a' of waveguide. We can compare
the wavelength in waveguide to the wavelength of "air" by

1 1 1

E = E + W (For dominant TE;p mode cutoff wavelength, A, = 2a)

(3.4)

Vo = f4¢, we calculate

2 2
VAL +4a” (3.5)

=V
f 0 2al;

d) Experiment procedure

d1) Gunn oscillator setup

1. Set up equipment as shown in Fig. 3.9.

Power Square wave SWR
Supply Generator indicator

Gunn PIN - Diode Fixed Variable Sloticd ling Slide Scrow .\-lmc:hed
oscillator Modulator Attenuator Attenuator Tuner Termination

Figure 3.9: Setup diagram for SWR measurement
2. Turn on the Gunn oscillator. Push the modulation button.
3. Set the variable attenuator to 10dB.
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d 1.1) Measuring low and medium range SWR (direct method)

1.
2.
3.

Completely disengage the probe of slide screw tuner (VSWR reading should be less than 1.3)

Set the gain in SWR meter to 0dB and fine dial to fully CW direction

Move the probe of the slotted line and observe SWR indicator meter deflection. If there is no
deflection increase the gain of the meter.

Increase the gain dial until the there is a deflection and the deflection can be adjusted to SWR =1 using
the fine dial.

Move the probe in slotted line until a maximum deflection is observed in SWR scale. Adjust the fine
dial to set the maximum deflection as SWR=1.

Move the probe, when there is a minimum deflection take the SWR reading and put it on the table
(this is the VSWR).

Repeat the procedure for three different probe depths.

Probe depth (mm)

VSWR

d 1.2) Measuring high SWR (double Minimum method)

1.

LN U A

Maximize the depth of the probe of the slide screw tuner. Large depth of the probe is required for
high SWR measurements.

Move the probe from left to right along the slotted line until a maximum deflection is observed on the
SWR scale.

Adjust the gain of the meter until 0dB is shown on the dB scale. If required, reduce the attenuation.
Record the position reading as do. (see Figure 3.10)

A

3dB

0dB

£!| d’o (112 d[’]
Fig 3.10: Wave shape for Experimental data

Move the probe to the left along the slotted line until 3 dB is obtained on dB scale.
Record the position of the probe under the d; column in table.

Move the probe to the right along the slotted line until 3 dB is obtained on dB scale.
Record the position of the probe under the d; column in table.

Move the probe to the right until a 0dB value is observed again. Record the length as d’o.
Repeat the measurement at three different probe depths.

Probe
do da d> d’o A =2(dy —dy) _
[();F:;;] (mm) | (mm) | (mm) | (mm) (mm) SWR = -
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d2) Klystron oscillator setup (Using current Measurement/square law detector)

1. Set up test fixture in Figure 3.11

2. Connect one of the BNC cables from the detector on the slotted line to the input marked VSWR on the
power supply.

3. Turn on power supply and apply RF power.

4. Move probe on slotted line and adjust for maximum deflection (try to keep this at the center of the
slotted line if possible).

5. With the shorted attenuator set at maximum, adjust the RF feed attenuator for a close to full scale
reading.

6. Move the probe for a minimum reading.

e .t
{/

A
- e P

- - v

Figure 3.11: Klystron Oscillator setup
7. Adjust the short feed attenuator for a reading of about 1/4 scale.
8. Measure and record the readings at the points indicated on Table.

Position (cm)

Current (uA)

9. Using equation 3.2 Determine the VSWR for the system

(e)Report:
1. Draw respective block diagrams of experimental set-ups and briefly explain the function of each part.
2. Briefly explain mathematical background of VSWR, frequency and wavelength measurement.
3. Comment on the results.
4. Explain (a) Reflection coefficient, (b) Transmission coefficient, (c) Standing wave Ratio with respect to

a microwave signal transmission line.
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Experiment no: 4
Name of the Experiment: Measurement of unknown Impedance using SMITH chart

a) Prelab:

e Have a clear understanding about Smith chart
e Understand how to measure VSWR of a system

b) Objective:

e To learn how to use smith chart to measure unknown impedance with slotted line using the minima
shift method.

c) Equipment list:

Gunn power supply

Gunn oscillator

PIN-diode modulator

Isolator: The isolator is a two port device with small insertion loss in forward direction and a large in
reverse attenuation. It thus allows power flow in one direction only. It can thus absorb reflected power
from a mismatched load and isolate the Gunn source.

Variable attenuator

Slotted line

Slide screw tuner

Matched termination

SWR indicator

PwnNE

Lo NW

d) Theory:
Smith Chart:

Smith chart is a graphical indication of the impedance of a transmission line and of the corresponding
reflection coefficient as one moves along the line. For a load impedance of Z, the reflection coefficient is:

Z, —Z

r=—-—7>- (4.1)
Zy + Z,

And

Where Z; = R + jX =load impedance and Zo is the characteristics impedance. Normalized impedance z is

zZp=——=r1+jx (4.3)

From equations 4.1, 4.2 and 4.3:

P=r, 4jn =21 (4.4)
- = z,+1 ’
The Smith chart is constructed within a circle of unit radius (|| < 1) as shown is Fig 4.1(a). Equation 4.4 can
be rearranged as:
(1+TL)+JT;

Z =r+'x=—_ (45)
L Gy
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Using equation 4.5 we can get equation of circle as a function of r and x. By plotting all the r circle Fig 4.1(b)
and x circle Fig 4.1(c) and combining them we get the Smith chart (see appendix for the full smith chart.

T, 1)

(b)
Fig 4.1: (a) IT'| < 1 Unit circle. (b) r Circle (c) x Circle

Impedance measurement:

The VSWR, S can be expressed as a function of reflection coefficient as:

5= Vinax! _ 1+
Vininl 1 — L1l
= I = % (4.6)
The angle of rotation of the phase of '8' at a distance 'd' from the load is determined by
r= ZALd (4.7)
g

Once we know the I, by combining equation 4.6 ,4.7 and using equation 4.4 we can easily determine the
normalized impedance using equation 4.3.

Impedance measurement using minima shift method with Smith Chart:

With the load connected, read VSWR, (s) using the VSWR meter. Draw the s-circle on the Smith chart.
With the load replaced by a short circuit, locate a reference position for Z, at a voltage minimum point.
With the load on the line, note the position of Vmin and determine £ as shown in Fig 4.2(a).

On the Smith chart, move toward the load a distance £ from the location of Vmin. Find Z, at that point
as shown in Fig 4.2(b).

5. If the shift is to the left, then the load is inductive + resistive and if the shift is to the right, then the
load is capacitive + resistive. If there is no shift or exactly 1, /4 shift, then the load is purely resistive.

PwnNPRE

¢ = distance toward load

[ T ]
0 25 50cm

(a) (b)

Fig 4.2: (a) Minima shift due to short and Load (b) Impendace measurement using Smith chart
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The method described here is based on the fact that the waveguide is assumed to be lossless, otherwise traces
of smith chart will be spiral rather than a circle (We will see this effect in the Network Analyzer experiment).
In a lossy line, the SWR increases when the point of observation moves towards the load and decreases
towards the generator.

e) Experiment procedure:

el. Minima shift method with Smith Chart

Power Square wave SWR
Supply Generator indicator

Gunn PIN - Diode Variable Frequency Slotted line Slide Serew Martched
oscillator Modulator Allenuator meler Tuner Termination

10.

11.

Fig 4.3: Setup for the experiment

Set up the equipment as shown in the Fig 4.3. The Load is matched in the setup.

Tune the probe of the slide screw tuner such that the depth of the probe is approx. 5 mm. Keep the
position of the tuner in a fixed position. This will make the Load mismatched (inductive or capacitive)
Set the SWR meter such that maximum deflection is observed.

Measure VSWR using any of the techniques mentioned in the previous experiment.

Towards generator
—

VSW with short (2 case)

VSW with load (1% case) Load plane

I

1 1

i i

i E\ Short

: YRR

1 ]

1 ]

1 1
1

\\ n ..
i< l"lrﬁ_t minimum
: : position towards
s T : generator
Shift of minimum from
x| toxy Le., towards
generator
(i.e., inductive load)

T

Shifi of minimum toward
generator (left) (when load replaced
by short) (inductive load)

Fig 4.4: Minima shift due to change in load.

Starting from the load side move the probe along the slotted line until a maximum deflection is
observed on the SWR indicator.

Adjust the SWR indicator until the meter indicates 1.0.

Move the probe along the slotted line until min deflection is observed. This is the X1 point in Fig 4.4.
Remove the slide screw tuner and the matched termination from the setup. Place a shorting plate to
the slotted line.

Measure how much the minimum distance has shifted by locating the X, point.

Obtain the distance, d of two consecutive minimum point and determine the guided wavelength, 1, =
2d

Repeat step 3-10 with a different probe depth and position.
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Probe Load Load Short Minima shift Guided Impedance of the
Depth | VSWR | Minima | Minima £ =x1— X, Wavelength | load connected
(mm) s x1 (mm) | x5 (mm) (mm) Ay =2d Z, =R+ jX

Sample Calculation:

. Y
£ in term of wavelength = A—/l =
g

As the 2 = 720" in smith chart, This corresponds to an angular movement in s circle in degree =
So the normalized complex impedance (from the Smith chart) is, z; =

Actual impedance of the load, Z; = zyz;, =

e2. Minima shift method without using Smith chart:

Fill up the following table using the data from previous table and hence calculate the load impedance.

=2 — — )

=t | x| 2 4 4g(x1 DT e 7, =0

MTs+1 || 7P| = Gamx) o =1f(cos +jsing) | TE T 14T,
g
f) Report:

1. Draw respective block diagrams of experimental set-ups and briefly explain the function of each part.
2. How the characteristics impedance (z;) of the system should be actually calculated
3. Discuss the results.
4. Explain (a) Smith Chart (b) Impedance measuring technique with respect to a microwave signal

transmission line.
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Experiment no: 5
Name of the Experiment: Study of Waveguide components

a) Objective:

1. To learn the basic properties of a directional coupler.
2. To understand the basic principle of hybrid tee.
3. To study isolators and circulators.

b) Equipment List:

1. Gunn power supply and Oscillator
PIN-diode modulator

Variable attenuator

Crystal Detector

SWR indicator

Matched termination

Waveguide to Coax adaptor
Thermocouple mount

Power Meter

10. Frequency meter

11. Waveguide section

12. Isolator, Circulator, Directional coupler, Hybrid Tee.

LN R WN

(c) (d)
Figure 5.1: (a)lsolator (b)Circulator (c)Directional Coupler (d) Hybrid Tee

Page 39 of 123



Microwave Engineering Lab AUST/EEE-4174/Ex-5

c)Theory:

e A N-Port network is by described by N X N size square matrix.
e For a Symmetric network if [S] = [S]” then the network is said to be reciprocal.
e For a Unitary Network if

N N
Z SkiSki =1 andz SkiSkj =0 Herei # j
k=1 k=1

then the network is said to be lossless. (see Appendix E)

e IfS;; = 0then the i port is said to be matched.
C1) Two Port Network

C 1.1) Isolator:

Isolator is a two-port device having unidirectional transmission characteristics. transmission occurs only in the
direction from port 1 to port 2 but not the other way around.

S parameter for a two port network is:

S S
S = [ 11 12]
S21 S22

As both the port are matched in anisolator S;; = S,, = 0. From the above discussion power can only transmit
from port 1 to port 2 (S,; = 1) and no power should be reflected from 2 to port 1 (S;, = 0).

s=[0 4

10

Since the scattering matrix is not unitary, the isolator must be lossy. And also as the [S] is not symmetric
isolator is a nonreciprocal component.

C2) Three Port Network:
C 2.1) Circulator

The circulator is a three port junction that permits wave transmission in only direction. Clockwise or anti
clockwise.

For a three port device for all port to be matched and network to be non-reciprocal, the S-Matrix is:
0 Si2 Si13
[S]=1521 0 Su
S31 S3z 0
For the network to be lossless:
S22 + 1132 =1
1S211% + 1S23]% = 1

1S311% + 1S322 =1

S§1532 =0
551523 =0
5f2513 =0
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Here we have six parameters (812,513, S21,523,S31,532). To satisfy the 1% three equations, it can be seen
S1, and S5, Sp;pand S,3,531 and Sz, cannot be zero at the same time. Also to satisfy non-reciprocal
condition we have to maintain S;; # Sj; fori # j (i.e. S;; # Si2). So to satisfy all six equations we can have
only two combinations:

Combination 1: If §;, = S,3 = S31 = 0then [Sy1] = [S3,] = S35 =1
Combination 2: If 521 = S32 = 513 = 0 then |512| = |Sz3| = |S31| =1

Putting the value from combination 1 and 2 into the S-Matrix we have two type of circulator, clockwise and
counterclockwise as seen in the Fig

@ ‘ [_l l 0 @

© ®
(a) (b)

Figure 5.2: Two types of circulators and their scattering matrices. (a) Clockwise circulation (b)
Counterclockwise circulation

Just to explain S;, = 0 means that no power can flow from port 2 to post one also S,; = 1 means 100%
power will flow from port 1 to port 2 and vice versa.

If the three-port network is allowed to be lossy, it can be reciprocal and matched at all ports which is the
resistive power divider.

Parameter associated with circulator:

Insertion loss: The ratio of the power supplied by a source to the input port to the power detected by the
detector in the coupling arm (i.e. output arm with other port terminated to the matched load) is defined as
insertion loss or forward loss. For a CW circulator S,1, S35, S13 are insertion loss. (ideally 1)

Isolation: It is the ratio of power fed in the input arm and the power detected at not coupled port with other
port not terminated in the matched load. For CW circulator S;, , S»3, S31 are Isolation (ideally 0)

Input VSWR: The input VSWR of an isolator or circulator is the ratio of the voltage max to the voltage min of
the standing wave existing on the line and the others have matched termination. For circulator VSWR can be
determined from S;1, S,,, S33 (Ideally O for perfectly matched port i.e. VSWR=1)

C3) Four Port Network
C 3.1) Directional coupler

It is a four port/three port sampling device that does not introduce reflections to the main systems. Power
supplied to port 1 is coupled to port 3 (the coupled port) with the coupling factor|S;3|? = 82, while the
remainder of the input power is delivered to port 2 (the through port) with the coefficient |S;,|? =
a? = 1 — B2.In an ideal directional coupler, no power is delivered to port 4 (the isolated port).
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Input @ @ Through

I;olmcd @ @ C oupl(;d

Y

Figure 5.3: Directional coupler with power flow direction

For a four port device, the scattering matrix:

When all four ports are perfectly matched to the junction
S11 =522 =833 =544 =0
symmetric property of scattering matrix gives
(S12 = S21,S23 = S32,813 = S31,S24 = S42,S34 = S43,541 = S14,)
As there is no coupling between ports 1 and 4, and also no coupling between 2 and 3, therefore
514, = 54,1 = 0and 523 = 532 =0
All the above leads to scattering matrix with four unknown parameters:

0 Sy Sz O
S 0 0 Sy
S5 0 0 Sy
0 Sy Sy O

[S]=

Applying unitary property on the above matrix it and further simplification can be made by choosing the
phase references on three of the four ports shown that

Si2 = S34 = @, 513 = Pe’? and S,, = pe’®
Here a and B are real and a? + 8% = 1. @ and @ are Phase constant where § + @ = 7 + 2nm. So the
Scattering parameter for a directional coupler is:
0 a pel® 0
a 0 0 pel®
Be’? 0 0 a
0 pel® a 0

[S]=

Based on the value of Phase f3 (i.e. 8 and @)directional coupler can be of two types:

0 a jp O 0 a p 0
_la 0 0 jB Ja 0 0 —-p
[S] - ],8 0 0 a [S] - ﬂ 0 0 a
0 jB a O 0 -8 a O
Symmetric Coupler (8 = @ = i /2). An anti-symmetric Coupler(6 = 0,0 = m).

So it can be said that any reciprocal, lossless, matched four-port network is a directional coupler.
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Parameter associated with Directional Coupler:

The directional coupler that we have has 3-ports as the 4™ isolated port is permanently terminated with a

matched load.
J‘ TpsF J’ TpaR

P1— | | p2 — «—p2 | | < p1

(a) (b)

Figure 5.4: Sampling direction of a directional coupler (a) forward wave (b) reflected wave.

P P
Coupling coef ficient = C = 1OlogP—1 = —20logp = 1010gP—1(dB)
3 3F

P Ps B _ Psp
Directivity = D = 10log— = 20log = 10log— (dB)
Py 5141 P3p

P P
Isolation = I = 10log— = —201og|S;4| = 10log— (dB)
Py P3p

Insertion Loss = L = 1010g% = —201log|S;,| (dB)

The coupling factor indicates the fraction of the input power that is coupled to the out- put port. The directivity
is a measure of the coupler’s ability to isolate forward and back- ward waves (or the coupled and uncoupled
ports). The isolation is a measure of the power delivered to the uncoupled port. These quantities are related
as | =D+ C(dB). The insertion loss accounts for the input power delivered to the through port, diminished by
power delivered to the coupled and isolated ports

Return loss measurement:

P3 T.[—l
P2 — | F— our

P1 —
%pr

Fig 5.5: Return loss measurement

To measure return loss, the input signal is applied at the port 2 and the device under test (DUT) is connected
to port 1 then the return loss signal is picked up at port 3. The power at port 3 when the coupling coefficient
is Cis:

Ppyr = 2
3DUT_C

Now if the DUT is replaced by a short all the power is reflected back and therefore P1 should appear at the
port 3. The actual power at port 3:

P)snore = 1
3/Short — C

Since the voltage reflection coefficient of the DUT is given by, || = \E . The ratio of the two signals detected

at port 3is
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(PS)Short_Pl C _P1 1

(Ppur € B B T2

(P3)DUT

& Return Loss, |T| = |[———
(P3)Short

The accuracy of return loss measurement is dependent on directivity of the coupler, which describes how
much of input power at port 2 leaks to port 3.

C 3.2) Waveguide Hybrid Junction / Magic-T

A magic tee (or magic T or hybrid tee) is a hybrid or 3 dB coupler used in microwave systems. The magic tee is
a combination of E and H plane tees. Arm 3 forms an H-plane tee with arms 1 and 2. Arm 4 forms an E-plane
tee with arms 1 and 2. Arms 1 and 2 are sometimes called the side or collinear arms. Port 3 is called the H-
plane port, and is also called the X port, sum port. Port 4 is the E-plane port, and is also called the A port,
difference port.

@

(A} E-Arm

z O @ _,
180°
(A) | hybrid

@ @

3@
(a) (b)
Figure 5.6:(a) Symbol for a 180° hybrid junction (b) A waveguide hybrid junction or magic-T.

When a signal applied to port 3 it will be evenly split into two in-phase components at ports 1 and 2
(S,3 = S13)and port 4 will be isolated (S43 = 0).

If the input is applied to port 4, it will be equally split into two components with a 180° phase difference at
ports 1 and 2 (S,, = —S;4)and port 3 will be isolated (5,4, = 0)

When operated as a combiner, with input signals applied at ports 1 and 2, the sum of the inputs will be formed
at port 3, while the difference will be formed at port 4. Hence, ports 3 and 4 are referred to as the sum and
difference ports respectively.

©) €

l

7 b | 1
W | o— — o | | (] ®—
(a) (b)

Figure 5.7: Electric field lines for a waveguide hybrid junction. (a) Incident wave at port 3. (b) Incident
wave at port 4.

+— (@

First consider a TE;o mode incident at port 3. The resulting E, field lines are illustrated in Figure 7.50a, where
it is seen that there is an odd symmetry about guide 4. Because the field lines of a TE10 mode in guide 4 would
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have even symmetry, there is no coupling between ports 3 and 4. There is identical coupling to ports 1 and 2,
however resulting in an in-phase and equal-split power division.

For a TEio mode incident at port 4 (Figure 7.50b). Again ports 3 and 4 are decoupled, due to symmetry (or
reciprocity). Ports 1 and 2 are excited equally by the incident wave, but with a 180 phase difference.

For a four port device, the scattering matrix:

S11 S12 S13 Sua
[S] = S21 S22 Sa3 Saa
S31 S32 S33 Sz
Ss1 Saz Saz Sas

It can be said from previous discussion, the H-plane tee section symmetry around port 1 (S,3 = S;3) and port
4 (S,4 = —S14). Also input at port 3 cannot come out of port 4 as they are isolated (S35, = S43 = 0).

Due to symmetry property (S5 = Su1,S13 = S31,534 = S43,824 = S42,541 = S14). We also assume port 3
and 4 are perfectly matched (S35 = S,4 = 0).

S11 S12 S13 Sia

_ 512 S22 Siz —S1a
S = S13 Si3 0 0
Sia —S14 O 0

1

Applying the unitary property we can find out S;; = S5, = 0 and also S13 = S14 = > - This also shows S5 =

T
0.
_0 0 1 1 -
V2 V2
; M 1
(5] = V2 V2
LOE S
V2 V2
1 95 ,
V2 V2
0 0 1 1
_1jo 0o 1 -1
V2|1 1 0 0
1 -1 0 0

From the S-matrix it can be said that the magic of magic Tee are (i). If any two ports are perfectly matched to
the junction, then the remaining two ports get, automatically matched to the junction and (ii). The signal input
at port 1 does not come out of port 2, in spite of being collinear; i.e. ports 1 and 2 are isolated. Similarly ports
3 and 4 are isolated.
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(d) Experiment procedure:
D1. Directional coupler measurement

D 1.1: Coupling factor measurement

1. Set up the equipment as shown in Figure 5.8(a). Set the variable attenuator at 20dB. Apply 1000Hz
modaulation signal to pin diode modulator and turn on to the Gunn oscillator. Read the SWR indicator.
Use this value as reference.

Power Square wave SWR
Supply Generator indicator
(u_mn PIN - Diode Variable Waveguide Crystal
oscillator Modulator Attenuator Detector

Figure 5.8 (a): Initial setup for coupling factor measurement

2. Replace the waveguide with the directional coupler Figure 5.8(b). Move the crystal detector to the
auxiliary arm of the coupler.

SWR
Indicator
Crystal
Detector
Power Square wave
Supply Gienerator
Gunn Pin - diode Variable L 1 Matched
oscillator Modulator attenuator LI 1 Termination
Directional
Coupler

Figure 5.8(b): Setup diagram for coupling factor measurement

3. Adjust the variable attenuator until the same reference reading as in (1) is obtained.

A1 —-A; Aq A3—A4+(n><10)

A: (dB) A; (dB) A; (dB) (dB) (dB) (dB)

4. Fillinthe table above with attenuation of the attenuator. The coupling factor of the directional coupler
is A1-A2.

D 1.2: Directivity measurement

1. Set the attenuator to 20 dB.
2. Read the SWR. Use this value as reference. Record the attenuator setting.
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SWR

Indicator

Crystal

Detector
Power Square wave
Supply Generator
Gunn Pin - diode Variable L Matched

iC : : : : Termination
ascillator Modulator aftenuator Directional
Coupler

Figure 5.8(c): Directivity measurement

3. Change the coupler orientation as shown in Figure 5.8(c).
4. Reduce the attenuation and increase the SWR indicator gain by 10 dB steps until the same value in (2)
is obtained. The directivity is A3 — A4 + (n X 10) dB.

D 1.3: Return loss measurement

1. Set up the equipment as shown in Figure 5.8(d).

Crystal SWR

Detector Indieator

Variable

Atlenuaton
Power Square wave ‘
Supply Generator
Gunn Pin - diode Fixed Frequency 1 Shide Berew Matched
i TR T T Toner 1 e
oscillator Muodulator attenuator meter Ditectional 2 Termination

Coupler
Load

Figure 5.8(d): Return loss measurement

Set the probe depth of the slide screw tuner to 5mm.

Set the attenuator to 0dB (A5). Read the SWR indicator. Use this as reference.

Change the attenuator to maximum attenuation. Replace the load with a short.

Decrease the attenuator until the reference level in (3) is obtained. Record the attenuator position
(As) in case it is necessary to change the range on the SWR indicator, add increase value to the position
of the attenuator to get Ae.

6. Thereturnloss=As — A + (n X 10)

e wN

As —Ag + (n X 10) Return Loss

SWR
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D2. Hybrid- T measurement

D 2.1: Initial adjustments

1. Set the equipment according to Figure 5.9(a).

SWR
Power Square wave Indicator
Supply Generator
Gunn Pin - chode Fixed Variable Crystal
oscillator Madulator Attenuator Attenuator Detector

Figure 5.9(a): Initial Setup Hybrid T

Adjust the SWR indicator gain for obtaining any convenient deflection.

Apply 9 volt to the Gunn oscillator.

Apply modulation voltage to the pin diode modulator.

Adjust the offset voltage and the pulse freq of the square wave generator to obtain max deflection on
the SWR indicator.

vk wN

D 2.2: Measurement of decoupling between H-arm and E-arm

1. Set the equipment according to Figure 5.9(b).

Matched SWR
Power Square wave Termination Indicator
Supply Generatar
A2
Gunn Pin - diode Fixed Variable Hybrid Crystal
oscillator Modulator Attenuator Attenuator All  Tee Ad Detector
A3

Waveguide 1o
coax adapter

Thermocouple
mount

Power
Meter

Figure 5.9(b): Setup diagram for measurement of decoupling between H arm and E arm.

2. Set the attenuator to 20 dB (A1)

3. Select the range on SWR indicator which gives a reasonable deflection on the indicator. Adjust the
gain control to a reference reading on the dB scale of the indicator.

4. Remove the detector and connect the variable attenuator to arm1.

5. Connect matched termination and power meters to arm2 and arm3 and connect the detector to arm4.
Keep the power meter at off position.

6. Increase the sensitivity of the SWR indicator in 10 dB increment until the same reference level as in
(3) is obtained. The attenuation (Az) of the attenuator may be reduced if necessary.

7. Record the result as in table.
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Attenuation of the variable Variations of the SWR Decoupling
attenuator Meter Gain (in 10dB steps) n A — A, + (nx10)
A, (dB) A; (dB) steps (dB)

D 2.3: Measurement of insertion loss

1. Inthe Connect the detector to the attenuator which is set to be 20dB.

2. Select a range on the SWR indicator which gives a reasonable deflection on the indicator. Adjust the
gain control to a reference reading on the dB scale of the indicator.

3. Remove the detector and connect the arm (1) of the hybrid T to the attenuator.

4. Connectthe matched termination and the power meters to arm3 and arm4. Also connect the detector
to arm2.

5. Decrease the attenuator (A4) until the same reference level as in (2) is obtained. The insertion loss
between arm 1 and arm 2 is A3-A4.

6. For insertion loss between arm 1 and arm 3 repeat (4) and (5).

For insertion loss between arm 4 and arm 2 repeat (3), (4) and (5)

8. Record the results.

~

Insertion loss Attentiation Absolute
A3 (dB) A4 (dB) Value
1-2 20
1-3 20
4-2 20
D 2.4: Return loss Measurement of H-arm
Power
Supply
Gunn
oscillator
Power Square wave
Supply Generator
Crystal Pin - diode Variable 1 | Shorting
0 : Modulator Attenuator | FR—— | Plate
Detector Modulator ato Directional ate

Coupler

Figure 5.9(c): Initial setup for return loss measurement.

Set up the equipment as in Figure 5.9(c).

Turn on the oscillator. Do not exceed 9 V. Adjust the square wave output for the max modulation.
Set the variable attenuator to 20 dB (A5)

Set up the reference point on the SWR indicator.

el S
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Power
Supply
Gunn
oscillator
Matched
Power Square wave Termination
Supply Generator
A3
Crvstal Pin - diode Variable L L Al Hybrid
Detector Modulator Attenuator Directional Tee Ad
Coupler A2

Waveguide to
coax adapter

Thermocouple
mount

Power
Meter

Figure 5.9(d): Return loss measurement setup.

5. Remove the shorting plate. Connect arm1 to the directional coupler as shown in Figure 5.9(d). Connect
a matched termination to arm3. Leave arm4 open. (arm4 is the E-plane T. Since the decoupling to
arm4 is almost 30-40 dB leaving it open should not affect the accuracy).

6. Increase the gain of the SWR indicator in 10 dB increments. Decrease the attenuation (A6) until the
same level as in (4) is obtained. Record the results.

7. Repeat (5) and (6) using E-plane T (arm4) instead of H-plane T (arm1)

Attenuation Gain increase of the SWR meter Return Loss
Object in 10dB steps Absolute
As (dB As (dB dB
s (dB) s (dB) Ag — As + (n X 10) value
Arm1
Arm4

D3. Circulator and Isolator measurement

D 3.1: Input VSWR measurement

1.
2.

Set up the equipment as shown in Figure 5.10.

Connect the isolator or circulator in the direction of flow of energy. The input port is towards the gunn
and the output port is connected to matched termination. 3. Energize the microwave source for 10GHz
of frequency.

With the help of the slotted line, probe and VSWR meter find out SWR of the isolator or circulator for
low and medium SWR measurements.

Repeat the procedure for other frequencies.
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D 3.2: Measurement of insertion loss and isolation

1.

8.
9.

Remove the isolator and circulator from slotted line. Connect the detector at end of slotted line. The
output of the detector mount should be connected to the VSWR meter.

Energize the microwave source for maximum output for a particular frequency of operation (eg.
10GHz). Tune the detector mount for maximum output in the VSWR meter.

Set any reference level of a power in VSWR meter with the help of a variable attenuator and gain
control knob of the VSWR meter. (P1)

Remove the detector mount from slotted line without disturbing others. Insert isolator/circulator
between slotted line and detector mount. Keeping input port to the slotted line and detector mount.
Record the reading in the VSWR meter. If necessary, change range dB switch to high or lower position
and taking 10 dB change for one step change for one step change of switch position (P2).

Compute insertion loss on P1-P2 in dB.

For measurement of isolation, the isolation or circulation has to be connected in reverse, the output
port to the slotted line and detector to input port with other port terminated by matched termination
after setting a reference level without isolator or circulator in the set up as described in insertion loss
measurement. Let same P1 level is set.

Record the reading of VSWR meter inserting the isolator or circulator as given in step 7. Let it is P3.
Do the same for other ports of circulator. Always terminate the unused port of the circulator.

10. Repeat the same for other frequencies.

E) Report:
1. Give example and block diagram of the system where Isolators, circulator, directional couplers and
Hybrid tee are being used.
2. What is a reciprocal network? Give example with mathematical basis.
3. Define Insertion loss, return loss, Isolation, coupling factor with necessary diagram.
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Experiment no: 6
Name of the Experiment: Inverse square law of Electromagnetic Wave Propagation.

6.1 Objective:
1. To understand the function of antenna as a radiating structure.
2. To be familiarized with antenna transmitter, receiver and stepper motor controller
3. To be familiarized with various antenna types.
4. To study the variation of field strength of radiated wave with distance from transmitting antenna

(verification of inverse square law).
5. To understand the Friis radiation formula.

6.2 Equipment list:
1. Antenna Transmitter

It delivers necessary electrical signal to the antenna so that it can be transmitted in the form of
electromagnetic wave. Fig. 6.1(a) & (b) shows the front panel layout of AMITEC & FALCON antenna transmitter
respectively. The following controls are similar for both the cases-

ANTENNA DIGITAL RF TRANSMITTER ATSéObéf : &

I
2
*

R

@

K

Fig. 6.1 (a) Front panel layout of transmitter (AMITEC)

ANTENNA DIGITAL RF TRANGHITTE R ATS2001T

[ swer ﬂmﬂ
©) @ ;
oowN DOUN |
0] o] Ll oy |

o © © @ I <

Fig. 6.1 (b) Front panel layout of transmitter (FALCON)

LCD (is used to display the frequency of the signal generated. The range is 86-860 MHz. The frequency
displayed on Power ON is the frequency stored in the memory before power was switched off. For AMITEC,
various step size for scrolling the frequency upward/downward are available from 50, 100, 250, 500 KHz, 1,
10, 100 MHz. For ATS, the resolution is 100 KHz with accuracy better than 10 KHz.)

UP/DOWN (increases/decreases generated frequency by selected steps),

MIC (connects the condenser microphone to frequency modulate the voice signal in the carrier signal
displayed).
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FM/CW (This toggle switch is used to select the modulation; CW is used for taking antenna measurements as
the level remains stable; FM is used to frequency modulate voice etc. for communication).

EXT (This BNC input is used to connect any external signal to frequency modulate the generated carrier).

RF OUT (this is where the transmitted signal is present; for AMITEC & ATS, output impedance are 50 & 75
ohms respectively; the transmitting antenna can be connected to it with BNC lead provided).

HIGH LOW (the toggle switch is used to adjust the output level of the transmitted signal; high level is 110 dBuV
(3 dBm for 50 ohm line) & low level is 70dbpV. In case of AMITEC, it is a pin diode attenuator.

AMITEC- trainer

ENTER for AMITEC (Purpose is to store a particular frequency in the current location of memory and also to
select & store a particular step size and initiate serial dump. Frequency and level both are stored at any desired
memory location on pressing this button. This display will blink to indicate that frequency has been changed.

MENU (is used to select the operation modes like frequency step size from 50 KHz to 100 MHz. Also to change
from Manual to auto mode).

ESCAPE (is used to cancel any command and revert to default position)

FM deviation (is used to vary the frequency deviation of the FM signal. Rotating CW will increase the deviation
and vice versa)

FALCON trainer

Memory UP & DOWN (is used to increment/decrement memory locations. There are 63 locations. On pressing
the switch, the location number will be displayed in place of frequency for few secs after which the display
revert back to frequency for that location.). Pressing it long will start the scroll mode & locations will start
rolling,

STORE (is used to memorize a particular frequency to a specific location. This will blink to indicate that
frequency has been stored)

STEP (is used to to select the frequency step size from default of 1 MHz to 100 KHz).

Antenna Receiver

Electromagnetic wave received from antenna is converted to electrical signal. Fig. 6.2(a) & 6.2 (b) shows the
front panel layout of AMITEC & FALCON antenna receivers respectively. The following controls are similar for
both the cases-

) ANTENNA DIGITAL AF RECEIVER ATS2002R

Fig. 6.2 (a) Front panel layout of receiver (AMITEC)
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Fig. 6.2 (b) Front panel layout of receiver (FALCON)

LCD (is used to display the frequency of the signal received. The range is 86-860 MHz. The rest is similar to the
transmitter LCD)

UP/ DOWN (increases/ decreases received frequency by selected steps)

RF IN (this is where the received signal from antenna is present for measurement. For AMITEC & ATS, input
impedance are 50 & 75 ohms respectively; the receiving antenna can be connected to it with BNC lead
provided).

HIGH LOW (the toggle switch is used to adjust the input level of the received signal; in low level the sensitivity
is 40 dB down).

AMITEC only

ENTER for AMITEC (purpose is same as transmitter)
MENU (purpose is same as transmitter).

ESCAPE (purpose is same as transmitter)

FM demodulation (it gives demodulated output at CRO)

RS 232 (used to dump serial data with the help of RS232 cable into PC. If MENU key is pressed a number of
times till serial mode dump appears. If it is No press up key and it will toggle to Yes. Now press Enter key and
LCD will display uploading. It will actually upload whatever data has been stored in instrument to PC. Before
uploading data into PC, open the software GUI and select the comport where RS232 lead from instrument is
to be connected to PC. Suppose lead has been connected to COM1 to PC. Select Com1 from software GUI,
then dump data from instrument.)

Down converter (It is a 39 MHz output which can be connected to any spectrum analyzer for viewing FM
modulation and received RF level of receiver. When received signal decreases, it also decreases.)

RSSI (stands for received signal strength indicator. It is a DC output corresponding to received RF level. It can
be viewed on CRO in DC coupled mode or a multimeter)

Stepper in (A stepper in cable with a switch is connected at the end of cable can be connected at this input.
Put receiver in auto mode using menu and press the switch at different angular positions by rotating the
antenna to be plotted in step size of 5 degrees etc. It will advance the memory location and store the received
signal at different angular position.)
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FALCON only

Memory UP & DOWN (purpose is same as transmitter.)
STORE (purpose is same as transmitter)

PC2 (this earphone socket is used to connect lead to the ,line in* of computer. An internally generated 1 KHz
signal whose level varies in proportion to the received signal strength is sent to the sound card of computer.
The software in computer then plots the pattern of the antenna)

STEP (purpose is same as transmitter).

Stepper motor controller

Fig. 6.3(a) & 6.3 (b) shows the front panel layout of AMITEC & FALCON stepper motor controller respectively.
The following controls are similar for both the cases-

¥ G TS ANTENNA STEPPER MOTOR CONTROLLER ATS10 *

Fig. 6.3 (a) Front panel layout of stepper motor controller (AMITEC)

FALOON ANTENNA STEPPER POS ITION CON TROLLER ASP 2001
ANUULAF PORITION DAGRLES

moToN arer STer

© 0 6

on READ 4 om

Fig. 6.3 (b) Front panel layout of stepper motor controller (FALCON)
Motor on (LED lights up to indicate that stepper motor is running)

Beep (This buzzer is used to indicate that the motor has reached its desired/specified position and readings
can be taken)

UP (increases angular position of motor tripod by selected steps, pressing it longer starts the scroll mode and
position will start to roll slowly and then faster. There is delay of few sec after which the motor starts to rotate).

DOWN (decreases angular position of motor tripod by selected steps & rest is same as UP).

Auto (is used to initiate the auto rotation mode. All other switches are disabled in auto mode. Pressing again
will switch off the auto mode)

Motor control output (This 9 pin socket is used to connect the poles of the stepper motor to the controller).
LCD (to display the angular position of the motor tripod along with memory locations step size etc. Display is

0 degree on power reset)
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AMITEC only

POS (this LED is used to indicate that the motor has reached its specified location and readings can be taken)

MENU (used to select the operation modes like angular step size from 1,5,10, 45 degree. Also to change from
Manual to auto mode).).

ESCAPE (purpose is same as transmitter)

Enter is used to store a particular angular position in the current location of memory and also to select and
store a particular step size)

Pulse (this phone socket is used to connect lead to the PULSE input of receiver. A 10ms pulse is generated
internally and supplied to the receiver every time the motor reaches its specified location. This triggers the
receiver to take reading of RF signal level)

Trigger out (it’s a BNC o/p which is used to connect additional stepper motor controller. Instead of pressing
pulse key every time a manual reading is to be recorded, a stepper motor controller will send pulse every time
stepper motor rotates by lor 5 degree and with receiver and stepper motor controller in auto mode the pulse
from motor controller will advance and log readings in memory locations.)

FALCON only

Memory UP & DOWN (is used to increment memory locations. There are 99 locations. On pressing the switch,
the location number will be displayed in place of angular position for few secs after which the display revert
back to frequency for that location.)

STORE (purpose is same as transmitter)

PC1 (this earphone socket is used to connect lead to the ‘line in’ of computer. A 10ms pulse is generated
internally & send every time the motor reaches its specified location. This triggers the software to take reading
of received signal level.

STEP (purpose is same as transmitter).
4. Antenna Tripod
5. Yagi-Uda and Yagi antenna

These are passive antenna arrays with a single driven element and other elements driven parasitically. The
elements are strung out along the direction of propagation. The phase of the currents in each passive elements
are such that when the phase delay is added for the wave to get from element to the next, the individual
element currents all add contribution to the radiated field which are in phase with each other at the front of
the antenna (Fig. 6.4).
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Fig. 6.4 (b) Yagi-Uda antenna

6.3 Theory:

6.3.1 Function of an antenna

Antennas are basically radiating structure which radiates electromagnetic energy into free space (Fig. 6.5). It
is a transducer that converts electrical energy into radiating energy and vice versa. It transfers electric signal
(it receives from its feeder circuit) into electromagnetic energy at its output. The power for such radiation is
supplied by a feeder which is often a length of transmission line or a waveguide having well defined
characteristics impedance. The process of electromagnetic wave propagation through an antenna is effected
by an impedance transformation between space and source. The transmission line/ waveguide act as an
antenna when its ends are flared or tapered in such a way that fields of the propagating EM wave expand in
an ordinary manner thereby reduce the mismatch between guide/line and source. Antennas are actually tank
circuit which resonates at a particular frequency (the radiating signal frequency).

Free-space wave

/—}%
E lines
Transmission line / . Ay Transmission line
| — — — A *V ¥V g — AV A ¥ A 5 3 >
Transmitter \ Receiver
I =
Antenna Antenna
(transition region) (transition region)

Transmitting Antenna Receiving Antenna

Fig. 6.5 Building up of energy radiation from antenna
6.3.2 Basic antenna types:

There are various types of antennas used for various purposes- dipole type, wire type, slot type, aperture type,
parabolic type etc.

Slot type: Used in the frequency range 200 MHz to 10 GHz. Series of half wave slots are used in rectangular
waveguide to form a leaky RF field across a narrow slot in a conducting plane.

Micro-strip antenna: Recently very popular and can easily be fabricated. It consists of an area (almost any
shape) of conductor which is excited on the surface of substrate dielectric having back plane so there is more
energy stored in reactive RF region.
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Fig 6.6:(a)Slot antenna b) Micro-strip antenna

Wire type: Simplest form of all radiators. Here wire need to be straight.

Loop antenna: It’s a magnetic dipole type antenna (dimension << wavelength). Here a coil loop usually carry
RF current. The loop need not be circular. There can be more than one turn.

Dipole type: A straight conductor broken at some point so that most electromagnetic wave propagate into
space & not remained confined within the system. There are different types of dipole antenna such as
halfwave dipole, infinitesimal dipole, folded dipole etc. (Fig. 6).
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Lens antenna: Convert a spherical wave into a plane wave.
Helix antenna: Used to generate circular polarization.
Dielectric rod antenna: It is a dielectric extension to the waveguide.

Parabolic type: Radiation from a short dipole/slot/horn directed towards a large conducing surface which
reflects energy. If primary radiation is at infinity, geometric optics predicts parallel beam will emerge from
such a reflector.

Aperture type: Radiation from an open area in a conducting surface. It works on the basis of Huygene principle
such that any wave front is a source of secondary wave front. (eg. Waveguide horn). Most ground based
satellite receiver dish have a smooth horn feed of narrow gain at focus of dish (0.5-1 m). There are different
types such as flared H-plane, flared E-plane. If impedance is correct, all energy toward waveguide will radiate.

Antenna array: These are formed from multiples of the other kind of antennas. Active arrays have individual
element individually driven by its own feed, whereas passive arrays have a primary radiator passing near field
energy to parasitic elements. eg. Yagi, Broad side, End fire, Log periodic etc.

Non-Array antenna: Eg dipole, wire, loop, aperture, slot, helix, parabolic etc.

(a)  (b)
Figure: (a)Karl G. Jansky Very Large Array (Astronomy) (b) China YJ-26 radar (Military) (c)Millimeter wave
phased array antenna from IBM research (Communication)

6.3.3 Antenna classification based on Radiation pattern

formworff -

m

M

e T Dl e

LR
7 e

240°

F10)

Vertical Horizontal Vertical Horizontal

(a) (b)
Fig 6.8: (a)Directional antenna (b) Omnidirectional antenna
Directional antenna — This kind of antenna has the rotational variance around vertical axis. Example: Horn,

Parabolic, Quad, Slot, Yagi-uda, Helical Dipole (when placed horizontally)

Omnidirectional antenna: This kind of antenna has rotational invariance around vertical axis (radiates
uniformly in azimuthal plane. Example: Whip, monopole, Dipole (when placed vertically).
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2407 E 2407 = 300

Vertical Horizontal

Fig 6.9: Isotropic antenna

Isotropic antenna: It’s a kind of antenna which radiates equally in all direction. It is a reference radiator with
which other antennas are compared. If the power supplied to this radiator is P watts, then the energy density
at a distance R meter is P/(4mR2)

6.3.4 Some important laws and definition
Inverse square law:

Let the total power radiated from a point source (e.g. antenna) is P,,4. At large distance from the source
(compared to the size of source), this power is uniformly distributed over larger and larger spherical surfaces
as the distance from the source increases. Since the surface are of the sphere of radius ‘R’ is A=4rmr? then
power density (which can be measured in dB) at distance ‘R’ is

Prad _ Prad

W === e

Near field region: In this case, the polar radiation pattern depends on the distance from the antenna and there
is reactive power flow in and out of the region. Energy emerging here has an oscillatory longitudinal
component and is transferred to and from the near field region.

Far field region: In this case, the polar radiation pattern is completely independent of distance from the
antenna.

Rayleigh distance: The transition from near to far field happens at Rayleigh distance (far field distance) which
is equal to 2d?/A.

Far-field (Fraunholer)

R=062 J}ﬁ;' region
Ra=20710
Radiating near-field Transmitting Receiving
{Fresnel) region antenna antenna
Reactive 4
near-field region A |
o " o v/
R -
P.
Gr
(a) (b)

Fig 6.10:(a)Radiation zone of an antenna (b)Transmission and receiving antenna
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Friis radiation formula

For the microwave radio link shown in Fig 6.12(b)
P;, P. = transmitted & received power
Gy, G= transmit & receive antenna gain

R= distance between transmitter & receiver
2

2
B =P GGy (47TR>

6.4 Experiment procedure:

1. Keep both tripods at a minimal distance of 0.5 m from each other, center to center using measuring
tape.

2. The minimal distance ensures that testing antennas are in the far field region.

3. Transmitted RF signal from Yagi (4el) antennas is intercepted by Yagi (3el) and sent to receiver.
Measure the level in dBuV.

4. Note down the level reading at 0.5 m distance.

5. Take the reading at 0.7 m distance. Ensure that no scattering objects are in the vicinity of the antenna,
which could reradiate and distort the field pattern and consequently the reading. Avoid any
movement of persons while taking the readings.

6. Take further readings at 1m, 1.4m, 2m, 2.8 m, 4m, 5.6m, 8 m, and 11.3 m.

7. Readings can be distorted if the Yagi captures signal from its behind due to wall or from the ceiling
etc.

6.5 Report:

1. Plot dB reading vs. distance.
2. Relate the results with theory.
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Experiment no: 7
Name of the Experiment: Study of the Characteristics Features of Various Antennas.

7.1 Objective:

1. To understand the concept of radiation pattern of an antenna.

2. To understand the concept of azimuthal plane, elevation plane, boresight direction, beam width etc.

3. To be familiarized with the radiation pattern of Omni-directional, directional, dipole and folded-dipole
type antenna.

4. To confirm reciprocity theorem of antenna.

5. Todifferentiate between resonant and non-resonant antennas, calculate resonance frequency, VSWR
and impedance of antenna.

7.2 Equipment list:

1. Antenna Transmitter (already discussed in the lab sheet of Expt. 6)

2. Antenna Receiver (already discussed in the lab sheet of Expt. 6)

3. Stepper motor controller (already discussed in the lab sheet of Expt. 6)

4. Antenna Tripod (already discussed in the lab sheet of Expt. 6)

5. Yagi antenna (already discussed in the lab sheet of Expt. 6)

6. Directional & omnidirectional antenna (already discussed in the lab sheet of Expt. 6)

7. Dipole antenna: It is the most common radiating structure which consists of a straight conductor broken at
some point where it is excited by a voltage derived from transmission line etc. Dipole antennas that are much
smaller than the wavelength of the signal are called Herzian, short or infinitesimal dipoles. They have very low
radiation resistance and a high reactance. Dipole antennas which have half the wavelength of the signals are
called half-wave dipole (Fig.7.1) A half wave dipole is cut to length according to formula [(in feet) =

‘Lfﬂ (MHz) or l(in meet) = 14;'65 (MHz) .

l#—————— Length = 143/f(MHz) meters — |
E | -’ ]

75 Ohm feedline

Figure: Half wave dipole Antenna

8. Folded dipole antenna: It is a half-wave dipole antenna where an additional parallel wire links the two ends
of the half-wave dipole. It presents a driving point impedance of about 300 ohms (4 times of dipole) (Fig.7.2)
Here addition of an extra rod raises the impedance because current in the extra rod mirrors the current in the
driven rod, both currents being in the same direction. Since it can be considered as two parallel wire
transmission line shorted at top and bottom ends where the folds are), the folded dipole presents an open
circuit to any differential mode current which might be included in the transmission line considered as a
parallel rod line. The current which radiates is twice the current delivered by feeder to the real radiation
impedance. Therefore, the same total radiated power halving the feed current must quadruple the radiation
resistance.
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9. Polarizer connector

10. Resonant antenna: It corresponds to a transmission line that is exact number of half wavelengths long and
is open at both ends. A low impedance source can easily be coupled to it at its low impedance point without
causing any disturbance to the standing wave pattern.

11. Non-resonant antenna: It's a kind of non-resonant transmission line in which standing wave are
suppressed by correct termination so that no power is reflected and only forward wave exist.

12. Return loss bridge (FALCON): It has three terminals -antenna, RX, TX. Here, RLB is matched to 75 ohms of
receiver and transmitter and its reference impedance. It compares the antenna impedance to 75 ohmes. If the
antenna is 75 ohm then bridge is balanced and there is no output at the receiver end.

13. Directional Coupler(AMITECH): The directional coupler is matched to 50 ohms input impedance of receiver
& 50 ohms output impedance of transmitter. It compares the antenna impedance to its internal reference
impedance of 50 ohm (which is port 4). If the antenna is 50 ohm, then the bridge is balanced and there is no
power at receiver end. The more antenna impedance differs from 50 ohms, the more will be output of
receiver. Maximum receiver output will be at antenna impedance shorted or open circuited. For VHF and UHF,
the null will be 35 dB and 15 dB respectively.

7.3 Theory
1. Antenna radiation pattern

The relative field strength/ radiation intensity/ power density/ average pointing vector in various direction or
the general dependence of directivity on elevation and azimuthal plane is called the radiation pattern.
(Fig,7.3). Radiation pattern of omni directional and directional antennas are shown in Fig.7.4. For the latter
case the pattern consists of a major lobe in boresight direction and smaller lobes in other direction.

2. Some definitions related to antenna radiation pattern:

z

Main Lobe

Viewpoint

Center of
Plot Box

(a) (b)
Figure: (a) Azimuthal and Elevation plane (b) Radiation pattern of an antenna
Azimuthal plane: From the radiation point of antenna, if we look around horizontally then we get the

azimuthal plane. Angle varies between 0 to +360°.

Elevation plane: From the radiation point of antenna, if we look up and down with respect to local horizon,
then we get the elevation plane. Angle varies between -90° to +90°.

Boresight direction: The direction along which the radiation is most highly concentrated.

Beamwidth Angular separation between two half power points on the power density radiation pattern
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Bandwidth: The frequency range over which satisfactory operation is possible or the frequency separation
between two 3 dB points in g-curve.

Front to back ratio: Difference between the field strength etc. (in dB) in the boresight and in its 180° opposite
direction

Antenna Gain: It measures the directive character of a given antenna. It is defined by the ratio of maximum
radiation intensity from subject antenna and the radiation intensity from lossless perfect isotropic source /
antenna having the same total accepted input power. If the direction is not specified, the value for gain is
taken to mean the maximum value in any direction for the particular antenna. Mathematically,

_ 4A
A3

Where, A = capture area (intercept or absorption x- section of received antenna)

In case of horn antenna both at transmit and receive end,

_Anr (B
AO P tr

If two identical horn antennas are not available,

_13325.71
gazgel

Where, 8,, and 6,; are azimuthal and elevation Beamwidth in degrees respectively.

Directivity: ratio of radiation intensity in any direction by a particular antenna to that by an isotropic antenna.
Assume both antenna radiates same amount of power. In another angle, directivity is also defined as the ratio
of the radiation intensity in a given direction from the antenna to the radiation intensity averaged over all the
directions. This averaged intensity is equal to the total power of the antenna divided by 4. If the direction is
not specified, the directivity refers to the direction of maximum radiation intensity. Also the directivity of an
isotropic source is unity since its power is radiated equally well in all directions.

_ 41000
gazgel

Where, 8,, and 8,; are azimuthal and elevation Beamwidth in degrees respectively.

Directivity W e % Directh
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Figure: directivity patterns of a A2 dipole
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It is apparent that when 57.44° < § < 122.56°, the dipole radiator has greater directivity (greater intensity
concentration) in those directions than that of an isotropic source. The maximum directivity of the dipole
(relative to the isotropic radiator) occurs when 8 = /2 and it is 1.67 (or 2.23 dB) more intense than that of the
isotropic radiator (with the same radiated power).

Efficiency: The ratio of gain and directivity.

Radiation resistance: The resistive impedance presented by an antenna to the transmission line / free space
impedance is called radiation resistance. Energy transferred to antenna & environment by resistive power
flow heats up surrounding. Mathematically,

power radiated by antenna

Radiation resistance =
(current at feed point)?
Reciprocity theorem (Fig. 7.5): Consider two separate sources, J1, M1 and J2, M2 which generates fields E1,
H1 and E2, H2 respectively in the volume V enclosed by the closed surface S. The equation corresponding to
reciprocity theorem is given in the following table for two separate cases

When S encloses no charges When S bounds a perfect conductor
f(Elxﬁz)-dszf(ﬁzxﬁl)-dS f(ﬁl-fz—ﬁl-Mz)-dv=f(Ez-fl—ﬁz-Ml)-dv
S S v v

The theorem states that the system response E1 & E2 is not changed when the source and observation points
are interchanged.

For antenna, it means that the transmitting and receiving radiation patterns of an antenna are equal.

The physical reason is that the only difference between outgoing and incoming waves lies in the arrow of time.
Since the electromagnetic equations are invariant except for the signs of magnetic field and current, under
time reversal, there can be the difference between transmit and receive mode in the physical current and field
distribution.

Antenna resonance: The tendency of a system to absorb more energy when the frequency of its oscillations
matches the system natural frequency of vibration is called resonance. Electrical resonance occurs in an
electrical system when the impedance between the input and output of the circuit is at minimum (or when
the transfer function is minimum). Resonance of a circuit involving capacitors and inductors occurs when the
collapsing magnetic field of the inductor generates an electric current in its windings that charges the capacitor
and discharging the capacitor provides an electric current that builds the magnetic field in the inductor and
the process is repeated continuously. In some cases, the inductive reactance and capacitive reactance of the
circuit are of equal magnitude causing electrical energy to oscillate between the magnetic field of inductor

and electrical field of capacitor. If L & C are inductive and capacitance respectively, then wL = ﬁ and w =
1

Vic
RL = —20log|T|
VSWR — 1+ Z
~1-|Il R,
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7.4 Experiment procedure:
Omni directional antenna (Fig.7.6)

1. Connect a polarization connector to the tripod and a dipole antenna to the polarization connector.
Dipole antenna should rest in vertical position.

2. Set transmitting frequency at 600 MHz, attenuator low/high for FALCON/ AMITECH

3. Connect the monopole antenna to the stepper tripod and set the frequency of receiver to 600 MHz
and attenuator upward for maximum sensitivity.

4. Set the distance between antennas to be around 1 m (a distance between 1-1.5 m ensures multipath
reflection is minimized, otherwise reading will vary, variation higher than 6 dB is not good. Keep the

5.

antennas in same horizontal plane & remove any stray object in the LOS)
Using stepper tripod, rotate the vertical monopole antenna around its axis & take readings.

Directional antenna

Follow the same procedure as before but, (i) connect dipole antenna directly to transmitter tripod and (ii)
connect Yagi antenna in place of monopole antenna in the receiver tripod, (iii) reading should be taken for
both azimuthal & elevation plane.

Dipole antenna

Follow the same procedure as before but, connect another dipole antenna in place of yagi antenna.

Folded dipole antenna

Follow the same procedure as before. But, connect a folded dipole antenna in place of dipole antenna at the

receiver.
AMITECH approach FALCON approach

1. Set up the directional coupler for forward Connect the return loss bridge to the
power measurement as Fig. 7.7 transmitter tripod through the TX RF

2. Connect the TX at input port of directional connector.
coupler (RF IN, port 1), RX at coupled port Connect the dipole antenna to the RLB at the
(SAMPLE, port 3), antenna at output port (RF connector, connect the receiver to the RLB at
OUT, port 3). Take forward power reading. ANT connector.

3. Connect the antenna at input port of For frequencies set from 500 to 750 MHz,
directional coupler (RF IN, port 1), RX at record receiver readings, there will be distinct
coupled port (SAMPLE, port 3), TX at output decrease in level due to bridge null where
port (RF OUT, port 2). Take reverse power antenna resonates. Locate that frequency.
reading. Difference between the two reading is Change antenna dimensions and locate the
the return loss. new null frequencies.

4. Follow step 3-6 of the FALCON approach. Repeat the same for folded dipole antenna.

From the return loss table, calculate antenna
impedance, VSWR.

Antenna reciprocity test

1. Connect Yagi to receiver stepper and dipole antenna to transmitter tripod, keep antennas in
horizontal plane at 1 meter distance and both are set at frequency 600 MHz.

2. Rotate the Yagi around its axis and take readings.

3. Interchange Yagi and dipole antenna, rotate dipole antenna & take readings

Page 66 of 123




Microwave Engineering Lab AUST/EEE-4174/Ex-7

7.5 Report:

Plot radiation pattern of different antennas studied during the experiment.

Calculate Beamwidth, front to back ratio, side lobe level, directivity and gain of antennas studied.
Relate the results with theory.

Present other results studied during the experiment, relate them with theory.

PwnNPRE
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Experiment No: 11
Name of the Experiment: Introduction and calibration of Vector Network Analyzer

(a)Objective:

1) Necessity of transmission line theory in Microwave and millimeter wave devices
2) Challenges of Measurement in microwave frequency.

3) Introduction to Scattering Parameter and its usefulness

4) Introduction to Vector Network Analyzer

5) Understanding Error Model of a 2-port Network.

6) Calibration method and SOLT calibration

(b)Theory
2.1 Lumped element model and Distributed element model (Transmission line Model):

The lumped element model simplifies electrical network by considering the electrical network as combination
of resistors, capacitors, and inductors, etc. joined by perfectly conducting wires. The model also assumes the
energy transfer from source to load is instant.

Practically energy transfer is not instant, but EM field propagate in the circuit at propagation velocity

(vp = \/%) The wavelength A, is defined as a function of the propagation speed (V, or c) and the sine wave

generator frequency (fo) in Equation

2
fo

When the frequency (fo) is low, the wavelength is large, and the length of the cable is negligible compared to

the size of the wavelength. As a result, the measured voltage and current are independent of the location on

the cable. As the energy transfer in the network is instant the voltage in point ‘a’ and point ‘b’ is the same

(there is no voltage drop or phase change). This situation is illustrated in Fig 1(a), and the circuit is referred to

as being a lumped element circuit or lumped.

Vv
¥ v
HOMPED DISTRIBUTED o Vinax
I » ckt size o ' Vi,
> X "
Fig 1(a): Circuit response at low frequency Fig 1(b): Circuit response at high frequency

When the frequency (fo) of the source increases, the wavelength is reduced. Thus, as frequency increases, the
wavelength eventually becomes similar in size or even smaller than the length of the cable. In a scenario where
the wavelength of the signal is similar or smaller in size to the length of the cable, the measured voltage and
current will depend on the position, as shown in Fig 1(b) Thus, measuring the voltage with a voltage probe is
invalid because the result will be dependent on the probe’s position. In this scenario, the circuit must be
treated as a distributed element circuit rather than as a lumped circuit.

Analysis of a distributed circuit is more complex and involves the use of transmission line theory. In
transmission line theory, electrical power traveling along the line can be considered as a voltage (E-field) and
current (H-field) traveling and relation is imposed by the electrical properties of the line. the cable itself will
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behave such that it is characterized by an inherent impedance that does not change as long as the properties
of the line or cable do not change. This impedance is called the characteristic impedance (Z).

As the electrical power hits the termination (Riead), the voltage to current relationship is now imposed by the
impedance of the load. Under the condition where the load impedance is equal to the characteristic
impedance, the power is fully absorbed. If the load impedance is different from the characteristic impedance,
the ratio of voltage and current will change at the point where the transmission medium occurs. As a result,
the load will not absorb all the power, resulting in a portion of the power traveling back towards the source.
They are known as incident and reflected wave. The ratio of them is known as reflection coefficient:

V" (wo) _Zy—Zy
V-(wo) Z,+Z

I'(wp) =

At each point along transmission line, there are two waves traveling. They are a) forward wave moving towards
load b) reflected wave moving generator/signal source keeping a variable phase relationship between them.
So, there are some points where both waves are in phase & in some they are in antiphase. Corresponding
voltages in those points will be Vmax and Vmin respectively. Ratio of Vmax & Vmin is called VSWR

2.2 Scattering parameter/ S-parameter:

The S-parameters describe the magnitude and phase relationship between incident and reflected waves. They
relate to familiar measurements such as gain, loss, and reflection coefficient. They are defined in terms of
voltage traveling waves, which are relatively easy to measure. S-parameters don’t require connection of
undesirable loads to the device under test. The measured S-parameters of multiple devices can be cascaded
to predict overall system performance. If desired, H, Y, or Z-parameters can be derived from S-parameters.
And very important for RF design, S-parameters are easily imported and used for circuit simulations in
electronic-design automation (EDA) tools. S-parameters are the shared language between simulation and
measurement.

Incident S21 Transmitted
all v
S11 _4] b2
Reflected 0 out )
b Port 1 Port 2 Reflected
¢ i,
Transmitted S12 Incident

Fig 2: Signal Path in an ideal two port network

For a two-port network shown in Fig. 2 al and a2 are the incident wave in port 1 and port 2, b1 and b2 are
reflected/ transmitted wave in port 1 and port 2 respectively. Because the system is linear mathematically it
can be written as:

by = S11a1 + S12a,

by = S;1a4 + Syza;

when the characteristic impedance (Zo) is equal to 50 Ohms, and if a 50 Ohm termination is present at port 2
(in fig 3 a2 is reduced to zero) resulting in equations for S11 and Sz1. This principle can be applied in the reverse
direction as well. By setting a; to zero, equations for Sy, and S1; can be obtained.
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Incident S 2 Transmitted .
4, g
S Zo
"
Forward Reflected ] out [ <%Z| Lload
1 ar =10
a;— ) b 2
Zo |22 u B S 2
Dot Reflected Reverse
Load
< 183
b, Transmitted S 12 Incident

Fig 3: Definition of S parameter from forward and reverse transmission

Defining incident wave as a; = V;" and a, = V" and reflected/transmitted waves as b; =V, and b, =V, .

So for forward transmission the s parameters are

¢ = Wave reflected fromport1
17 Wave Incidnet atport1

Wave transmitted to port 2

S,q =
21 Wave Incidnet at port 1

And for reverse transmission the s parameters

= Wave reflected from port 2

227 Incidnet wave at port2
reflected wave fromport 1

12 — =

Incidnet wave at port 2

= 7

Vi b
AR =)
Vo by

ay a,=0
Vi by
vt a, - N
Vi b
vVt a, —

The numbering convention for S-parameters is that the first number following the “S” is the port where the
signal emerges, and the second number is the port where the signal is applied. So, Sz is a measure of the
signal coming out port 2 relative to the RF stimulus entering port 1. When the numbers are the same (e.g.,
S11), itindicates a reflection measurement, as the input and output ports are the same. The incident terms (al,
a2) and output terms (b1, b2) represent voltage traveling waves. An N-port device has N? S-parameters. So, a
two-port device has four S-parameters. For 1 port network the scattering matrix is [S;1]. Similarly for 2 port

SlZ
522

511

and so on.
521 ]

network the matrix is [
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Port 1

Port 2

Input port match, I, = Sq4

Output port match, Iy, = Syz

Return loss at the input port,

Return loss at the output port,

> RLin = ~20logyolSu| (dB) (RL)oue = =2010g10lSz2! (dB)
1+ 15111 14 Tyl VSWR _ 14182, _ 1+ [Touel
( )LTL 1— |511| 1— |Fin| 1 |522| 1 |Fout|
Scalar logarithmic reverse gain, grep
Scalar logarithmic gain, g = Insertion loss, IL = —201logy0lS12| (dB)
Sxy

= —201log4|S21| (dB) Reverse Isolation, I e, = |grey|

= [—201log;0lS12l

2.4 Vector Network Analyzer (VNA):

Network Analyzer is an instrument used to measure impedance. At lower frequencies impedance can be
measured with a sine wave generator, a volt meter, a current meter. The ratio of voltage and current will give
out the impedance of the network. At higher frequency, the voltage and current vary with position due to the
standing wave produced by the interaction of transmitted and reflected wave (explained in the previous
section). Thus, impedance measurement at higher frequencies is done with measurement of incident and
reflected waves. In fact, the VNA is able to measure the amplitude and phase differences between incident
and reflected waves, using one of the waves as a reference.

The primary use of a VNA is to determine the S-parameters of numerous passive components, including cables,
filters, switches, diplexers, duplexers, triplexers, couplers, bridges, transformers, power splitters, combiners,
circulators, isolators, attenuators, antennas, and many more. In addition, VNAs can also characterize active
devices such as transistors and amplifiers using S-parameters, as long as they are operating in their linear
mode of operation.

2.5 Architecture of a 2-port Vector Network Analyzer:

The fundamental principle of a vector network analyzer is to measure the amplitude and phase of both
incident and reflected waves at the various ports of the DUT. The general design of a VNA is to stimulate an
RF network at a given port with a stepped or swept continuous wave (CW) signal and to measure the travelling
waves, not only at the stimulus port but at all the ports of the network terminated with specific load
impedances, typically 50 Ohms or 75 Ohms. A typical but simplified VNA architecture is illustrated in Fig 4.

A typical VNA have one or more signal source (SRC) with controllable frequency. The test port contains some
signal separation hardware (e.g. directional coupler) to split out the incident and reflected travelling waves.
The test set can contain switches to route the signal source to the different test ports and terminates other
ports with specific load impedances. The ‘ref’ port typically measure the incident wave from the coupled line
and the test port measure the reflected signal.
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Terminator

'Ag‘h ! T":?L [ (typically

500)

Directional
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line
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Fig 4: Simplified VNA block diagram

1D Plate — Instrument modei number identification 5. Operate / Standby Power Swilch
Trigger In 6. Test Port 1—K(m)

. 10 MHz External Reference Input |7. Test Port 2— K(m)

|8, USB Port

5 W N =

DC Power Supply Connsctor

Fig 5: Anritsu MS43122A-20 Vector Network Analyzer
2.6 VNA Errors and Calibration:

In the VNA measurement there are three types of errors: random, systematic and drift. Random errors vary
with time and are thus unpredictable and cannot be removed by calibration. Typical random errors include
those caused by instrument noise, and the repeatability of switches, cables, and connectors. In contrast,
systematic errors occur in a reproducible manner. They are caused by imperfections in the VNA, can be
characterized, and thus can be removed mathematically through calibration. Drift occurs after a calibration
has been performed because of changes in VNA performance arising from variations in ambient temperature.

A VNA is only as useful as the accuracy with which it makes measurements, and this requires the instrument
to be calibrated. The calibration process employs a technique called vector error correction. Vector-error
correction is the process of characterizing systematic error terms by measuring known calibration standards,
and then removing the effects of these errors from subsequent measurements mathematically. The process
of removing these errors requires the errors and measured quantities to be measured vectorically (Magnitude
and Phase).

Each network analyzer can be separated into an Error Network (or linear error model) and an ideal network
analyzer. The parameters of the error network are considered ‘error terms’ and can be directly interpreted as
raw system data. Correcting system errors is the primary goal of calibration, and any remaining errors are
expressed by the effective system data and depend on the accuracy of the error terms and the repeatability
of the measurement process.

The calibration process determines the error terms, requires a test system consisting of a VNA, cables and a
calibration standard. These calibration standards are one-port and two-port networks that have known
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characteristics. It is impossible to manufacture a calibration standard that has ideal properties, so the
deviations of the standards are sent to the VNA as ‘characteristic data’. This data is provided as data files to
the VNA software. After calibration, the analyzer mathematically computes the error terms using the values it
measured during the calibration process along with the characteristic data of the standards. It is then possible
to correct the raw measured values in later measurements and calculate systematic error free S-parameters
for the device under test.

2.7 Error Model:

Fig 6 show simplified error model of the Error network. There are three class of systematic error in an Error
network. Signal leakage, Signal reflection and Frequency response. The errors relating to signal leakage are
directivity and crosstalk. Errors related to signal reflections are source and load match. The errors related to
frequency response of the receivers are reflection and transmission tracking. The full two-port error model
includes all six of these terms for the forward direction and the same six (with different data) in the reverse
direction, for a total of twelve error terms. This is why two-port calibration (3 receiver VNA architecture) is
referred as twelve term error correction.

R A B8
Directivity Crosstalk

A AT

ol - e
/
- T R
Freguency response
— reflection tracking (A/R) Source Load

— transmission tracking (B/R) Mismatch Mismatch

Error Network

Signal leakage Signal reflection F::qul:)en”:ev
1. Directivity L.Source Match 1.Reflection Tracking
2. Crosstalk 2.Load match 2.Transmission Tracking

Fig 6: Classic Two-Port 12 term Error Model of VNA

The interface between the error network and the device under test is called the reference plane. When using
coaxial calibration standards, the reference plane is the mating plane of the outer conductor, an example of
which is shown in Fig 7.
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Fig 7: Location of the reference plane in a Type-N connector
2.8 Calibration standard and SOLT Calibration:

There are many different types of VNA calibration methods like SOLT, SSLT, SSST, LRL, ALRM and so on. For
our purpose, we will use the most common calibration technique called SOLT (Short, Open Load, Through).
SOLT calibration technique use four calibration standards (short, open, load and through) to acquire all 12
term which is required for full two port calibration (see Appendix A for detail). The characteristics data of the
SOLT standard can be seen in figure 8 with the actual cal kit and the data sheet of the kit.

7% stzndard Infc (SOLT) X
[ Tosikreoa
000K |
Broadbard Lozd
BE Load 1 (SN J00000)
R parfio)] 10 frm) L0(e-12) COE-15)
w [ e | [e ][ o]

BE Load 2 {SN 2000000

R{Q) 20(0) 10 frren) L0 (e-12) 0 (e-15)
10°: a&ir equivalent length polynomial cosf0 50 ‘ [ 50 ‘ [ 0 ‘ ‘ 0 ‘ ‘ 2 J
Slidirg Lozd BreakPoint Freq én GHz)

2
Shart (SN 2000004

LO{e-12) L1 (e24) 12 {c-33) L3 (c-42) Offzct length fmm)

[e | [ |[» ][] [ _sa |
Open (SN Y000009

CO0(o-15) Cl{e-27) C2(e-26) C3 [e45) Cffact lergth {mm)

[s 1[0 ][ ][u] [so |

Where LiH) = L0+ L1°f+ 12°§"2+ L37f"2 and CiF)=C0+C1*f=C2*f"2+C3°f"2

TOSLKF50A-20 Calibration Kit Specifications

Through (Thru) Spec Open Spec [ Short Spec Load Spec
Length 16.07 mm Length 5.01 mm | |Length 5.01 mm DC Resistance 500+025Q
Return Loss (DC to 10 GHz) > 34 dB €O (1E-15) F 5.000 | [LO(1E-12)H 8.000 Return Loss (DC to 10 GHz) | > 42 dB
Return Loss (10 to 20 GHz) > 32dB C1 (1E-27) F/Hz 0.000 |L1 (1E-24) H/Hz -995.000 | |Return Loss (10 to 20 GHz) >36dB
Insertion Loss (DC to 20 GHz) | < 0.025 x V(f/GHz) dB | |C2 (1E-36) F/Hz2 1.500 |L2 (1E-33) H/HZ? 33.000 Max Power 05w

(C3(1E-45) F/Hz? | 0100 | |L3(1E-42) H/HZ® 029 |
Phase (DCto 10 GHz) | =< £ 1.5° [Phase (DCto 10 GHz) | =< + 1.5°
Phase (10to 20 GHz) | = +3.0° Phase (10 to 20 GHz) | = +2.5°

Fig 8: SOLT Calibration kit, characteristic data in ShockLine Software and data sheet of TOSLKF50A-20
coaxial calibration kit from Anritsu

Short: A coaxial short (Fig 9) can be constructed that has near ideal characteristics, with a total reflection of
magnitude 1. The reflection coefficient of the short is dependent only on its length offset, which represents
the length between the ‘reference plane’ and the short. The loss occurring over this length can generally be
ignored. Modeling the short in a VNA requires that only its electrical length be entered into the instrument,
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but in some cases the model can be extended using the polynomial coefficients Lo to Ls; to account for parasitic
inductance.

L=Ly+Lf+Lyf?+Lsf3

—s

Liine

¢ feference plane ;ﬁ

Fig 9: Internal construction and equivalent circuit diagram of the short standard

Open: A coaxial open standard (Fig 10) is constructed using a closed design to avoid effects caused by entry of
stray electromagnetic energy. At the open end of the inner conductor, a frequency-dependent fringing
capacitance is formed. Even if an open standard could physically be constructed with a length of 0, fringing
capacitances would result in a negative imaginary part for S11at higher frequencies.

C=Co+Cif +Cof?+Csf3

T - 7 = Co
+— | —> ¥ | Rarasitic Lina ¢
R C.if] Lo fringing T (
H b L it ;
‘i‘/—“" capacitances Ling & |
L} e
4 Reference plane $ 6

Fig 10: Internal construction and equivalent circuit diagram of the open standard

Match/ Load: A match is a precision broadband impedance that has a value corresponding to the system
impedance (50 Ohm in this case). An implementation in which the inner conductor terminates into a
resistively-coated substrate is shown in Fig 11.

Transition from coaxial to
/ coplanar mode

Zl.mﬁ ZI ine R

| N— L|_m¢ R L!. ine

M~ Resistive coating with

trimming holes gr

L« Reference plane

Fig 11: Internal construction and equivalent circuit diagram of the load standard

Through: A through (Fig 12) is a two-port standard that allows direct connection of two test ports with low
loss. The characteristic quantities of a through are insertion loss and electrical insertion length. the through is
assumed to be ideally matched. If connectors of the same type but of a different gender are used, the two test
ports can be directly connected to produce a through connection. This special case of a through has an
electrical insertion length of 0 (zero) mm. Through standard is modeled as a transmission line length with some
frequency dependent loss. A root-f frequency dependence of that loss is assumed. If 0 is entered for f, (the
reference frequency), the loss is assumed to be constant with frequency.
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—1 Inner conductor
‘_‘-’,,4 suppart
Reference —pig—— mechanical ___plg Reference
plane insertion length plane
Fig 12: Thru standard

(c)Experimental Procedure:
1. Connect both the wire to Test Port 1 and Test port 2 (see Fig 5).
2. Turn on the power supply.
3. Click to open “ShockLine” software. ShockLine is a software made by Anritsu which can be used as the
interface of the MS46122A-20 Vector Network Analyzer.

g —
e Main Manu —3

Chuanat!

02
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| e vl ewl |
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i i ‘N | \‘l I\P
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i [Hlued

lul‘
lll

M" |
.| \I
f‘JI

e

:‘.! il i
H. ,l sl 1l | /

~|f< x

Ui

1

1
|

Fig 13: Anritsu ShockLine software interface

4. The default interface should look like Fig 13.

5. Click ‘Preset’. This will change all the setting of the VNA to its default setting. In the status bar (bottom
of the screen) the Start Stop frequency of the VNA, frequency, IF bandwidth, Measurement status can
be seen at a glance. As the VNA is in default status the calibration is void. (can be seen as “UNCORR”
in the status bar)

6. To change the start and stop frequency of the sweep, click frequency on the right side of the screen

or Click ‘Main>Frequency’ from the main menu.
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Fig 14: Start and Stop frequency selection

7. Enter the Start and Stop frequency in the dialog box (Fig 14), also enter the ‘number of points’.
increasing the number of points the resolution of the measurement can be increased but it will also

slow down the sweeping speed.

8. To start calibration, click ‘calibrate’ from the main menu. In the calibration menu click
Calibrate>Manual Cal> 2 Port Cal (Fig 15). In “Two Port Cal’ menu port 1, port 2 is calibrated one at a

time using the Open, Short, Load standard. Then Thru calibration is done.

Fig 15: Calibration Sub menu

9. To calibrate port 1, click ‘Port 1 Reflective Devices’.
10. In the Refl. Device(s) sub-menu click ‘port 1 Connector’

11. Set all the parameter according to the Fig 16. Select “TOSLKF50A” as the Cal kit for test port 1 and test

port 2. Click Ok.
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Fig 16: Calibration process

12. Now connect the Open standard at the end of the cable and click ‘open’ in the ‘refl. Device(s)’ menu.
After the calibration, there will a small check mark on the side of open menu.

13. Then disconnect the open standard and connect the short standard. Click ‘short’. After the calibration,
there will a small check mark on the side of Short menu.

14. Then disconnect the short standard and connect the Load standard. Click ‘Load’. After the calibration,
there will a small check mark on the side of Load menu.

15. If all three standards are calibrated successfully the menu will look like Fig 17.

16. Now for port 2 calibration, repeat steps 12-14 for port 2.

17. For thru calibration connect thru standard in-between port 1 and in port 2. Click thru in ‘two port cal’
Menu. After the calibration, there will be a check mark on side of the thru menu.

18. If allis done right after the Thru calibration there will be a dialog box saying “Please click “done” button

to complete the calibration”. Click ok.
19. Click Done in the ‘Two port cal’ Menu (fig 17)

Refl. Device{ ]
p—— ]

Port 1 Connector

| K-Conn(M)

e

Tuwo Port Cal —%
Modify -
Cal Setup
Port Selected
| 1,2
= Port 1
¥ peflactive Devices™
g Portd g
Reflective Devices
(%} Th ’Ir
= " . A'g

Fig 17: Menu after complete two port calibration

20. If the calibration is done the Status bar will show “CORR” as the Measuring State.

Calibration
complete

<hi [ TR Sten10MHz  StopBGH TFaW 1hHe
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21. Verify all the calibration during or after the calibration by connecting the short, open and load to
port 1 and 2. View the impedance in smith chart format and compart with fig 19.

7=0 2 : \
Short circuit | /

Z=0co

Open circuit

X z=1 /s
Impedance matched |

Fig 19: Ideal Position for Open, Load and short circuit in Smith Chart

22. To view the measurement in smith chart format, connect load/short/open in port 1 or 2 then click
Display>Trace Format> Smith (R+jX) >Impedance.

(d)Report:

1. Whatis a VNA?

What type of connector does the VNA and cable use? Why?
Explain in brief the Error model of a VNA.

Why it is absolutely essential to calibrate a VNA before using it for measurement?
Ideally the trace in Smith chart should follow the r and x circle but why the trace in VNA spiral inwards?

nhiwnN
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Experiment no: 12
Name of the Experiment:  Study on Transmission line matching circuit using vector network analyzer

12.1 Objective:
1. To understand the theory of impedance matching.
2. To understand the design of impedance matching networks by using analytical method (transmission
line theory)
3. To understand the design of impedance matching networks by using graphical method (Smith Chart)

12.2 Equipment:
1. Vector network analyzer
2. ETEK MSA-2003-01 Module

12.3 Theory:

Impedance matching is very important with radio and microwave transmission lines. Otherwise, standing
waves lead to increased losses and corresponding transmitter malfunction. A line terminated in its
characteristic impedance has a standing-wave ratio of unity and transmits a given power without reflection.
Also, transmission efficiency is optimum where there is no reflected power.

Matching a transmission line has a special meaning, one differing from that used in circuit theory to indicate
equal impedance seen looking both directions from a given terminal pair for maximum power transfer. In
circuit theory, maximum power transfer requires the load impedance to be equal to the complex conjugate of
the generator. This condition is sometimes referred to as a conjugate matching. In transmission line problems
matching means simply terminating the line in its characteristic impedance.

Impedance matching or tuning is important for the following reasons:
1. Maximum power is delivered when the load is matched to the line (assuming the generator is
matched), and power loss in the feed line is minimized.
2. Impedance matching sensitive receiver components (antenna, low-noise amplifier, etc.) may
improve the signal-to-noise ratio of the system.
3. Impedance matching in a power distribution network (such as an antenna array feed network) may
reduce amplitude and phase errors.

Three methods for Impedance matching are:
1. Matching with Lumped Elements (L Networks)
2. Stub Tuning
3. The Quarter-Wave Transformer

The equation of reflection coefficient, load impedance and characteristic impedance are written as

1" _ ZL - ZO
I+ 7, (1.3)
Return Loss = —201log|T'| dB (1.2)

For lossy transmission line we know: y = a + jf3; y=propagation constant, a=attenuation constant, f=phase
constant. For lossless case @ = 0. The input impedance of a transmission line as shown in Fig. 12.1 terminated
ataload Z; is:

Z;, + Zy jtan(Bl)
Zy + Z; jtan(Bl)

Zin = Zo[ (1.3)
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o— —
Zo
| 32
Zin Zo
o— —
Z=| Z=0

Fig 12.1: input impedance of a transmission line terminated in a load

Where,

Zy =The characteristic impedance of transmission line

Z; =The load impedance

[ = the distance to load (Length of transmission line between source and load)

B =the wave number (21/1)

Let us consider several special cases from equation (1.3):

Table 12.1: Transmission line

wave transformer)

ZO+Zthan[27n*%]
= 7§ = ZinZy,

= ZO = ﬂZinZL

Sl. | Conditions Mathematical Relation Remarks
1. |l=1/4 7, + 7, jtan [ZTE N %] !f the input impedance Zin a.nd load
(Quarter Zin = Zy impedance Z; are given, we can designa A/4

transmission  line  with  characteristic
impedance /Z;,Z; to match between Z;,
and Z;.

Thus the 1/4 transmission line is also called
as A/4 impedance transformer.

2. ZL = 0

where

(n—lMSIS (2n—12
4 2

n=1273..

Zse = ZianL=0
= jZ,tan Bl
= jwL,Whenl < 1/4

A short-circuited terminated transmission
line act as an inductive device (we can also
see this while calibrating VNA with a short).
Thus, we can use it to substitute a parallel
inductive device. Moreover, the trace will
move in counter clock-wise on the Smith-
Chart.

3. |Z,=0and

Zse = jZotan Bl

The A/4  short-circuited terminated

I=21/4 o A transmission line can be seen as an open
= jZ,tan (7 * Z) circuit.
Short In  implementation, the higher the
circuit condition = characteristic impedance of transmission line
is, the better the result we can obtain.

4 Z;, = Zoe = Zliinoo Zin An open-circuited terminated transmission
where L line can be seen as a capacitance device (we
2n-1)1 na _ % can also see this while calibrating VNA with

7 Sls3% ~ jtan(Bl) an open).
n=123 1 1 Thus, we can use it to substitute a parallel
= jw_C' Whenl < Z capacitance device. Moreover, the trace will

move in clock-wise on the Smith-Chart.
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5. | Z, =o0and Zoe = lim Z;,
l=1/4 Zrmee
) 2t A
Open = TJZocot (7 * Z)
circuit condition =0

The A4  open-circuited terminated
transmission line act as a short circuit.
In  implementation, the lower the
characteristic impedance of transmission line
is, the better the result we can obtain.

12.3.1 Stub Matching: This is a method of impedance matching where a small section of short/open circuited

transmission line is connected in shunt Fig 12.2(a) or series with
position of the stub d from the load and length of the stub [, (sho
that the reflected wave produced by shunting impedance or stub
already existing on the line.

main transmission line. The distance or
rt stub) or [,(open stub) are chosen such
is equal and opposite to reflected wave

Open or
shoried |
stub

(a)

(b)
Figure 12.2: (a) Single-stub tuning circuits (b) Open circuited stub (c)Short circuited stub

Equation related to Single stub match:

(c)

Letaload Z; = R + jX; connected to a transmission line. To impedance match the load to a impedance of Z,

the distance d of the stub from the load will be:

1
d Etan‘1 t fort=0
271 .
E(n+tan‘ t) fort<o0
Heret=—ﬁ
27,

Also the length of the stub is:

ly 1 (B
For an open-circuited stub 1 = - Etan (70)
For a short-circuited stub l_s = itan_l (E)

A 2 B

Here,
B = Susceptence of the transmission line which can be derived as
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and Yy, = Admittance and Z, = Yl

Rit — (Zo — X, )X, + Zot)
B = >
Zo[R} + (X, + Zot)?]

0

From here is quite clear that the stub matching calculation from analytical formula is quite complex and
cumbersome. This can also be done using Smith Chart which is relatively easier.

12.4 Procedure:

Case 1: Quarter wave (A/4) impedance transformer

1.

w

o

Refer to the circuit diagram of A/4 impedance transformer in Fig. 12.3 or Figure MSA 1-1 in ETEK MSA-
2003-01 trainer module.

Let the load impedance Z; = 1500 to be matched to Z;,, = 50Q. Calculate Z,.

Connect the DUT to the VNA and see the Return loss in Log magnitude format.

Using the Marker function of the Network Analyzer mark the frequencies at 2350MHz, 2400MHz and
2450MHz respectively.

Also view the S;1 in Smith Chart format.

Record all the measured results in graph or table.

Based on the Si; plot determine the f of the matching DUT and hence calculate A/4. Try to measure
the length from SMA port of the DUT to the load.

—Al4

I_

—
|_> 2 §ZL ~150Q

Zin

Fig. 12.3: A/4 impedance-transformer

Case 2: Single Short stub shunt tuning

1.

w

o

Refer to the circuit diagram of single-port short stub in Fig. 12.4 or Figure MSA 1-2 in
ETEK MSA-2003-01 trainer module.

Let the load impedance Z; = 15011 to be matched to Z;,, = 50Q.

Connect the DUT to the VNA and see the Return loss in Log magnitude format.

Using the Marker function of the Network Analyzer mark the frequencies at 2350MHz, 2400MHz and
2450MHz respectively.

Also view the Si1 in Smith Chart format.

Record all the measured results in graph or table.

Based on the Si; plot determine the f at which the DUT is matched. Try to measure the length of d
and [ of the setup.

—g—

Zin - -

Fig 12.4: Diagram for single short stub shunt matching network
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Case 3: Single open stub shunt tuning

1. Refer to the circuit diagram of single-port short stub in Fig. 12.5 or Figure MSA1-2 of

ETEK MSA-2003-01 module.
2. Letthe load impedance Z; = 150Q to be matched to Z;,, = 50Q.
3. Connect the DUT to the VNA and see the Return loss in Log magnitude format.
4. Using the Marker function of the Network Analyzer mark the frequencies at 2350MHz, 2400MHz and

2450MHz respectively.
5. Also view the S;1 in Smith Chart format.
6. Record all the measured results in graph or table.
7. Based on the S;:1 plot determine the f at which the DUT is matched. Try to measure the length of d

and [ of the setup.

—g—
. I
T Zo
’_' Zof | | §ZL ~1500
)
Zin =
Fig. 12.5: Diagram for single open stub shunt matching network
12.5 Report:

1. Discuss and explain different results obtained in the experiment.
2. Explain when transmission line act as a capacitor or inductor.
3. What are some of the drawbacks of impedance matching using quarter wave transformer technique

(Case 1)?
4. Using Smith chart calculate the distance of the stub from load and stub length for both short stub

(Case 2) and open stub (Case 3).
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Experiment number: 13
Experiment Name: Design and simulation of a Microstrip Patch Antenna (MPA)

13.1 Objective:

Understand the theoretical concept of Microstrip patch antenna (MPA)
Understand the design aspects of MPA

Understand the design steps of MPA

Simulate MPA using CST studio software

Understand the characteristics of MPA using CST studio software

vk wNeE

13.2 Theory
13.2.1 Introduction

Microstrip Patch antennas (MPA) are low profile, low cost, low weight, robust, printed circuit manufacturable
antennas and are compatible with MMIC design. These high-performance antennas have tremendous
prospect in aircraft, space craft, satellite, missile, present and future wireless technology (such as LTE, WiMax,
3G, 4G, 5G, 6G) applications. They can be designed by sophisticated software simulation technologies for
different frequency, polarization, radiation characteristics so that they can be integrated into wide bandwidth
high speed complicated communication network in a flexible and comfortable manner. Major disadvantages
are low efficiency, low power and low Q factor. The concept of MPA was initiated during 1953 and received
much attention from 1970.

13.2.2 Structure of MPA:

As shown in Fig. 13.1, the antenna structure consists of dielectric substrate on ground plane, microstrip
metallic patch and feeding line. Electric energy received by feed line is converted in electromagnetic energy
and is radiated through thin metallic patch (which can have different shapes shown in Fig. 13.2). Thickness,
width and length of patch are denoted as t, w, L and substrate height as ‘h’ (small fraction of wavelength,
0.0031 << h << 0.05 1) with dielectric constant between 2.2 < g, < 12. Thick substrates with lower
dielectric constant are required for better efficiency, larger bandwidth. Thin substrates with higher dielectric
constant are suggested for undesired coupling minimization. This antenna is a broad side radiator (maximum
radiation perpendicular to patch). End fire radiation can be also be possible. For rectangular patch, L is to be
intherange 1/3 < L < 4/2.

——r—
—t
& of]“‘-—i —1'7? h
Ground plane T

Ground plang

(a) (b)

Fig. 13.1: Microwave Patch antenna (a)Top View (b) Side view

1@ 4 90

(a} Square (h) Rectangular (¢) Dipole (d} Circular tel Elliptical

) Triongular ) Circokir rin

Fig. 13.2: Different type of patch design
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13.2.3 Feeding Technology:

There are many feeding techniques developed so far (Fig. 13.3a). Such as microstrip line feed, probe feed,
aperture coupled feed, proximity feed etc. Corresponding equivalent circuits are shown in Fig. 13.3b

Microstrip line feed is easy to fabricate, simple to match by controlling inset position and simple to model. But
there is bandwidth constraint for higher thickness substrate, but for probe feed, inner conductor is connected
with patch and outer conductor to ground plane. Its characteristic more or less similar to that of probe feed
but it is difficult to model Aperture coupled feed take care of the cross-polarization problem of previous one
by using non contacting aperture. But it is difficult to fabricate. Have narrow bandwidth. On the bottom side
of lower substrate, there is a microstrip feed line whose energy is coupled to a patch through a slot on the
ground plane separating the two substrates. It allows independent optimization of the feed mechanism.
Typically matching is done by controlling the width of the feed line and length of slot. Finally, proximity coupled
feeding provides the best bandwidth, it is easy to model but difficult to fabricate. The length of feeding stub
and width to line ration of patch is used to control the match.

il
[}
]
!

Q
L=

(a) Microstrip line (h) Probe

£ -
T

(o

p—

() Aperture-coupled () Proximity-coupled

1) Prosiminy-coupled feed

(a) (b)

Fig. 13.3: (a)Microstrip antenna feeding technique (b)Their circuit equivalent
13.2.4 Fringing effects:

It is be mentioned that dimensions of the patch are finite along length and width. So the field at the edge of
patch undergoes fringing (Fig. 13.4)

iy ——

Fatch

{2) Microstrip line {h) Electric field lines
T
] \+“ £, ’(
Li @ 5 —r1¥ @ l

(b Side view

Fig. 13.4: Fringing effect of a MPA
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13.2.5 Important Design equations:

For low frequencies the effective dielectric constant is essentially constant. At intermediate frequencies its
values begin to monotonically increase and eventually approach the values of the dielectric constant of the
substrate. The initial values (at low frequencies) of the effective dielectric constant are referred to as the static
values, and they are given by

ForW/h>1
&g+1 g —1 ( h)—o.s
= 1+12— (13.1)
re =5+t +1ag

Because of the fringing effects, electrically the patch of the microstrip antenna looks greater than its physical
dimensions. For the principal E-plane (xy-plane), this is demonstrated in Fig. 13.4 where the dimensions of the
patch along its length have been extended on each end by a distance AL, which is a function of the effective
dielectric constant €.¢r and the width-to-height ratio (W /h). A very popular and practical approximate
relation for the normalized extension of the length is

w
L e.rr +0.3) (% +0.264
7=0.412(eff )(h )

(13.2)
(cers — 0258) (% + 0.8)

Since the length of the patch has been extended by AL on each side, the effective length of the patch is now
(L= A /2 for dominant TMo1o mode with no fringing)

For the dominant TM010 mode, the resonant frequency of the microstrip antenna is a function of its length.
Usually, it is given by
Vo

(fo1o = T\/a (13.4)

where vg is the speed of light in free space. Since (eq. 13.4) does not account for fringing, it must be modified
to include edge effects and should be computed using

(frcdoto = Qm (13.5)
Were,
_ (frc)OlO
T Bow (136

13.2.6 MPA Design steps

Based on the simplified formulation that has been described, a design procedure is outlined for practical
designs of rectangular microstrip antennas. The procedure assumes specified information regarding the
dielectric constant of the substrate (&), the resonant frequency (f;), and the height of the substrate (h). Then
determine W, L

Specify:
& fr(inHz)and h
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Determine:
W,L
13.2.7 Design procedure:

1. For an efficient radiator, a practical width that leads to good radiation efficiencies is

Vg 2
w=-2 (13.7)
2fy & +1

where vg is the free-space velocity of light.

2. Determine the effective dielectric constant of the microstrip antenna using equation (13.1)
3. Once W is found, determine the extension of the length AL using equation (13.3).
4. The actual length of the patch can now be determined by solving equation (13.5) for L, or

—2AL (13.8)

1
L=—ox ——
Zfr\/ Eeff €olo

13.3 Patch Antenna Simulation Using CST

13.3.1 CST Software features and Application Area:

CST Studio Suite is a software package for electromagnetic and multiphysics simulation used in leading
technology and engineering companies around the world. CST has specialized solvers for applications such as
motors, circuit boards, cable harnesses and filters. CST also has support for multithreaded CPU, Cluster
computing, GPU and hardware acceleration for complex problems. Some of the application area and industry

covered by CST are:

1. Aerospace and Defense
Installed antenna performance, Lightning strike and
environmental electromagnetic effects (E3), Radar, Co-site
interference

2. Construction, Cities and Territories
Building shielding, Cabling, Lightning protection !

3. Energy and Materials
High-voltage components, Generators and motors, Solar
panel optimization, Transformers £ !

4. Industrial Equipment _

RFID, Non-destructive testing (NDT), Motors and actuators, ‘
Welding and lithography

5. Life Sciences

MRI, Implant safety, Wearable devices, RF diathermy, X-ray

tubes 2 : i

6. High Tech d
Antenna performance, Microwave and RF components, “" ]j
Electromagnetic compatibility (EMC), Signal and power " # j,‘ji
integrity (SI/PI), Touchscreens, Cables and connectors, - - ,’j'
Specific absorption rate (SAR) exposure ‘! t "f

7. Transportation and Mobility Fig. 13.5: Electric field from a

Antenna installed performance, Cable harness, Automotive pacemaker antenna inside the

radar, Electric motors, Wireless charging, Onboard human body. (Life Science field)
electronics, Sensors (Courtesy: CST Brochure)
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13.3.2 Modeling the MPA

Let the dielectric constant for FR4 material &, = 4.3 ,Hight of the copper layer, Ch=.035mm and Hight of the
FR4, h=1.6mm. Using the parameter mentioned above calculate the L and W of the 2.4GHz patch antenna.
Also using microwave line calculator, it was found width of a 500hm microstrip line is, Fw=3.12mm.

1. Open CST Studio suite
2. Click ‘New Template’. A window called ‘Create Project Template’ will appear (Fig. 13.6a).

Bormoos

Create Project Template

Choase an application area and then select one of the workflows:

g’l Antennas

% circuit & components

Radar Cross Section

&
-
Biomedical, Exposure, SAR

A optical Applications

Periodic Structures

/il

(a) (b)
Fig. 13.6: (a)New template wizard (b)Summery of the wizard

3. In the ‘Choose an application area and then select one of the workflows’ section click ‘Microwave
&RF/Optical’ then click ‘Antennas’. Click ‘Next’.

4. In ‘Please select a workflow’ section click ‘Planar (Patch, Slot, etc.)’. Click ‘Next’.

5. In ‘The recommended solvers for the selected workflow are:” section select ‘Time Domain’. Click
‘Next’.

6. In ‘Please select the units:’ section keep the default setting. Click ‘Next’.

7. In ‘Please select the Settings’ section enter ‘2GHz’ as ‘Frequency Min.:" and ‘3GHz’ as ‘Frequency
Max.:” . As we want to create an antenna at 2.4GHz that is why we have chosen this parameter. We
can change this later on. Click ‘Next’.

8. Finally, a window will appear that will show the summary of the setting (Fig. 13.6b). Click ‘Finish’.

9. The main Window of the CST will appear (Fig. 13.7).

§
¥

CHUUSNS S F BN ENNLEE BT

Fig. 13.7: Main interface of CST studio suite
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10. On the bottom part of the Main interface of CST, create and enter the following variable in the
“Parameter List” section as shown in Table 13.1:

Table 13.1: Parameter for Patch antenna

Name Expression Description

w 38 Width of the patch

L 29.5 Length of the patch

h 1.6 Hight of the substrate

Ch 0.035 Hight of the copper layer
Fw 3.12 500hm Feedline width

11. On the Top ribbon click “Modeling” tab (Fig. 13.8).

Fig. 13.8: Modeling Ribbon

12. Click ‘Local WCS’ From the WCS group (Fig. 13.9a). We can see the axis change from Global x,y,z to
local U,V,W axis.

13. Click ‘Brick’ from Shapes group (Fig. 13.9b). Click on the main window and press Esc in keyboard. A
window will appear (Fig. 13.9c). Enter parameter as shown Table 13.2 for substrate. Select FR-4 (lossy)
as the material. Click ‘Ok’. This will be the main substrate (FR4) board.

Z = Transform WCS Brick X
.-lhgr' WCS ~ Nsa:biltrate
Local = e Cancel
WCS:= & F o Umin: Uma:
Wes | m | | W | Preview
Vimir: Vmax: Help
(a) E L
Wnir: Wmand:
EOHOO- - Lo | [b |
) Component:
H::' 1;‘:? ] F componentl
Material:
5 Ll FR-4 (lossy)

(b) (c)
Fig. 13.9: (a)WCS group (b)Shapes Group (c)Settings for Brick

14. Repeat the previous step and create the Ground copper layer.

Table 13.2: Parameter for Patch antenna

Name Umin Umax | Vmin Vmax Wmin | Wmax | Material
Substrate -W W -L L 0 h FR4(lossy)

Ground -W w -L L 0 -Ch Copper (annealed)
Patch -W/2 W/2 -L/2 L/2 0 Ch Copper (annealed)
Feedline -Fw/2 | Fw/2 0 -L/2 0 Ch Copper (annealed)
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15. Now click ‘Pick Face’ from Picks group. Double click on the top of the substrate. Top Face of the
substrate will be highlighted. From WCS group click Align WCS>Align WCS with selected face. This will
align the Local WCS reference frame with the top face.

16. Now create a Brick and create the patch according to the Table 13.2.

17. Now from WCS group, click Transform WCS (Fig. 13.10a). Put ‘DV=-L/2’.Click Ok. This will move the
WCS axis in V axis by -L/2 distance and should look like Fig 13.10b.

Transform Local Coordinate System x

Transform type

®Move ()Rotate II'
| cancel |

one
o
[IMove in global system

(a) (b)
Fig. 13.10: (a) WCS Transform setting (b) WCS frame after transformation

18. Now click on the Brick and create the Feedline using the values mentioned in the Table 13.2.
19. Now Select Feedline and Patch both from the Navigation Tree> Components> Componentl (Fig.

13.11a).
20. From Modeling Ribbon click Tools>Boolean>add. This will join two separate brick Feedline and Patch

and make a single compound object (Fig. 13.11b).

Mavigation Tree
=-E@ Components
=-§3 component1

-6 Groups
-G Materials

(a) "~ (b)
Fig. 13.11: (a)Selecting two brick object in Navigation Tree (b)After Boolean operation

13.3.3 Input excitation:

1. Click ‘Picks>Pick Face’ from Picks group. Double click on the end of Feedline as shown in (Fig.
13.12a).

Page 91 of 123



Microwave Engineering Lab

AUST/EEE-4174/Ex-13

EE Colculete port extension cosfficient x

Ty

(&) Micraskp

() Ship Line
Dimenzons

W [mm] |[312

- . Pleaze pick B mesal face a2 depicted above betors launching e mecem!

| |16
: Ma:lo hebs‘tn selun the wiavepuide port size for planar fiznemizdon ines. The
. — = pait iz =sterded by Fackar kin oicer I get Ine impedance wib =i
.smollu Ihat 13 The eatenzion coeflicient can be however acjusted manual.

Malerial Fropetties Exlension Cosfficient

v &3 | i- [5e | veies i theronge: 327657

Frequency 1znge 2103 GHz Cakulale Conshuct pait rom picked face Cloze

(a)

(b)

Fig. 13.12:(a) Select feedline face for creation of Port (b) Port extension coefficient calculation window

2. Click Home Ribbon. Click “Macros>Solvers> Ports>Calculate port extension coefficient” (Fig. 13.12b).
Click ‘Calculate’. Extension co efficient will be calculated. Click ‘Construct port from picked face’. A
port will be created based on the Dimension dan material property of the Face. CST will use the port
to excite the entire structure. To see the port from ‘Navigation Tree’ click ‘Ports>Port 1'.

13.3.4 Monitors and Simulation Setting:

1. Click ‘Simulation’ ribbon.

2. Click ‘Field Monitor’ from ‘Monitor’ group.

3. In the monitor we can select the type of output we want to see and also at what frequency. To see
the Electric field distribution at 2.4GHz, select ‘E-Field’ and enter ‘2.4’ next to frequency. Click Apply.
A new entry will be created in ‘Navigation Tree>Field Monitor’.

4. Include ‘Farfield /RCS’ field monitor’ at 2.4 in the simulation.

To start the simulation, Click ‘Setup Solver’ in the ‘Solver’ group.

6. In the ‘Time Domain Solver parameters’ window Select ‘Port 1’ from ‘source type’ dropdown box.
Keep all the other setting to the default position. The accuracy/ time taken to solve the problem can
be modified by varying various parameter of the window.

7. Click ‘Start’ to start the simulation.

o

13.3.5 Result Post processing:

1. To see the Si1 parameter of the antenna, Click Navigation Tree>1D Result>S-Parameter (Fig. 13.13a).

S-Parameters [Magniuda in dB]

o H H H H H H H s11 Voitape Standing Wave Ratio (VSWR]

— Y5WR1

2 21 232 23 24 25 26 7 28 18 3
Frequancy | GHz

(b)

2 21 2.2 3 2.4 2.5 2.6 7 18 2.9 3

Frequency / GHz

(a)
Fig. 13.13: (a)S11 Plot of the MPA (b)VSWR of the antenna
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2. VSWR or any other 1D result can be seen in this manner (Fig. 13.13b).

3. To find out the lowest point of the curve Click ‘1D Plot’ Ribon. In the ‘Markers’ section Click ‘Axis

Marker> Move Marker to minimum’.

4. To see the data at any point of the curve, click ‘Curve Marker>Add Curve Markers’. Double click on the

curve to see the x and y axis data on that point.

5. To see the Radiation pattern of the MPA, Click Navigation Tree>Farfields>farfield (f=2.4). The 3D

radiation pattern can be seen (Fig. 13.14a).

6. To see the 1D Polar plot, click ‘Properties’ from the ‘Farfield’ ribbon.

7. In the Window select ‘1D Polar’ from the Plot type dropdown box. Enter Phi=0. Click ‘Ok’. This will

create the 1D polar plot at Phi=0 axis (Fig. 13.14b).

Phi=

Farfield Diectivicy Abs [Phi=0)

1]
——_

e

’ Frequency = 2.4 GHz
150 e /ﬁu

.
—_— Main bbe magniude = 6,84 dbi
180 Main kbe drecion = 0.0 deg.

Angular vedth (3 48] =

farfield (f=2.4) [1]

3 -] 30 Phi=180

80.1 deg.

Theta / Degree vs. dBi Side lobe level = -13.3 dB

(b)

Fig. 13.14: (a)3D plot of the radiation pattern (b) 1D polar radiation plot of the MPA

13.4 Report

1. Calculate and simulate a MPA aimed at frequency. Consider as €,,

as the hight of

the substrate and ___ as the hight of the copper layer. Also consider the shape patch and

Recessed microstrip-line feed as the feedline technique.

Fig. 13.15: Recessed microstrip-line feed

2. What is the effect of using the Recessed microstrip-line feed technique shown compared to the one

used in the lab?

3. Discuss about the MPA characteristics from your simulation results.

13.5 Prepared by

1. Dr. A.K.M. Ehtesanul Islam, (Theory section)
2. Md. Aminur Rahman, (Simulation Section)
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Experiment number: 14
Experiment Name: Low pass filter synthesis, verification and measurement

14.1 Objective:

Understand the theory behind Low pass filter

Understand the challenges behind circuit design in microwave frequency
Understand the design steps for lumped element and Microstrip based LPF
Simulate Microstrip and lumped element circuit in QUCS.

Perform a full electromagnetic simulation in CST Studio suite

vk wnN R

14.2 Theory:
Network Synthesis:

A network analysis means that a network is analyzed using various network theory like KVL, KCL, Norton etc.
to predict the response of the network. In contrast in Network synthesis a desired output is first selected and
then the network is designed such that response of the network gives out the desired output.

Filter design by the insertion loss method

A perfect filter would have zero insertion loss in the passband, infinite attenuation in the stopband, and a
linear phase response (to avoid signal distortion) in the passband. Practically it’s not possible to create a filter
like that and there is where various method is used to optimize the design afilter. In the insertion loss method,
a filter response is defined by its insertion loss (IL) or power loss ratio, Pig:

Power available from source Py, 1
Power delivered to load ~ P, 1—|I'(w)|?

Power Loss ratio, P.p =

IL = 10log(Pr) = —101log[1 — |T(w)|?]

It can be shown that |['(w)|? is an even function of w, so it can be expressed as a polynomial in w?. Thus:

M(w?) M(w?)
F@)F = e Tnw) — Nwd)
So,
IL =10 log [%Eﬁj))]

By selecting the polynomial ratio M/N the IL vs. frequency gives out various response. Some are:

(i) Butterworth (called maximally flat)
(i) Chebyshev (called equal-ripple)
(iii) Ecliptic function

(iv) Linear phase
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Prg 4

_— AN/

min

chebyshev

, .
st order simpl
e % one LCR modu

5(/ filter

7~ Butterworth

0 05 1.0 1.5 /0, : : .

(a) (b)
Figure 14.1: Low pass filter Response (a) Insertion loss (IL) of Butterworth (maximally flat) and chebyshev
(equal-ripple) (c) Power loss (P.r) of Elliptic-function

3dB

o

Low pass filter and filter Order:

Binomial or Butterworth response provides the flattest possible passband response for a given filter
complexity, or order. For a low-pass filter, it is specified by

Pr=1+k? (wﬂc)m (14.1)

w \2N

IL(dB) = 10 log ll + k? (—) l (14.2)
We

where N is the order of the filter, w, is the cutoff frequency and K is a constant. If we select K=1 at cut off

frequency w = w,, the IL = 10log(2) = 3dB. The passband extends from w = 0 to w = w,. at the band

edge the power loss ratiois 1 + k? (3dB point in IL diagram). Also the rate of IL with depends on 2N in the

equation.

80

70

60

50

40

I} or Attenuation (dB)

1.1 1213 11517 2 3 4 6 8 11
Normalized frequency (f})

Figure 14.2: Butterworth filter (maximally flat) filter. Insertion loss in a low pass filter versus normalized
frequency (fn) (for n = 1-6)
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For w < w, it has low insertion loss

(i) For w > w, the insertion loss increases monotonically with frequency.
2N
(ii) For w > w.: IL = 10log [KZ (%) ] =20N log (%) for K=1, which shows that the insertion

loss increases at the rate of 20N dB/decade.
Prototype filter

A low-pass Prototype filter is defined as a filter whose element values are normalized to make the source
resistance or conductance equal to one, denoted by go = 1, and the cutoff angular frequency to be unity,
denoted by Q. = 1(rad/s).

Two possible realizations of n-type and T-type of generic normalized low pass filter are shown in Fig. 14.3. The
element values of L, C components in Fig. 14.3 are numbered as go (for generate) to g».1(load). The elements
in the circuit alternate between series inductance and shunt capacitance. These elements are defined as:

go = Generator resistance in m-type filters (Fig. 14.3a) or generator conductance T-type filters (Fig. 14.3b)
gn = Inductance for series inductor of the filter or capacitance for shunt capacitor of the filter (n=1, 2, 3, ... N)
gn+1= Load resistance for p-type filter or load conductance for T-type filter.

0Q
0

&

(n odd)

o9

or

(n even) (n odd)

(b)
Figure 14.3: (a) n-type (b)T-type prototype filter for LPF

For Butterworth response of the LPF the normalized prototype element value are:

go = 10

_(2i-Dm .
gi = 2sin T fori=1toN (14.3)
In+1 =10

Here N is the order of the filter.
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Lumped Element value for practical LPF: Frequency and element transformation

Previously for low pass prototype filters, which have a normalized source resistance/conductance g, = 1.0
and a cutoff frequency of {1, = 1 we obtained normalized prototype element values (g).To obtain actual
lumped values for practical filters from the normalized prototype element value, frequency and element
transformations need to made.

For inductor the equation becomes:

u (%Z) - 2, Yog
Q \ (Z e
() :
o (TR0 > o MW
= (Zi‘}c)g (14.4.1)

Here the g is the element value of an inductance. In case of a capacitor the transformation equation
becomes:

e 1

ke )£
e () T
- C= (Zozlnfc) g (14.4.2) 1- I

In this case the g is the element value of a capacitor.
Here Impedance scaling factor for a 500hm line is y, = f}— =—=250.

Stepped Impedance implementation:

In microwave frequency the lumped element values required for any filter becomes very difficult to get from
the market in some cases impossible to buy out of the store and need to custom made. Also the frequency
response and size of the lumped element also need to be taken into account. For that purpose, in very high
frequency Microstrip based filter implementation is used.

Stepped Impedance filters use alternating sections of very high and very low characteristic impedance lines.
They are also known as hi-Z, Low-Z filters. They are easier to design and take up less space than a similar low-
pass filter using stubs. As there are approximations involved their electrical performance is not as good, so
they can’t be used where a sharp cutoff is required.

A short Length of high-impedance (Z.) lossless line terminated at both ends by relatively low impedance, Z,
(Fig 14.4a) is represented by a m-equivalent circuit (Fig 14.4b).

T '

X =278l

Z Ze B % = J |
-I- ' o o)
[+

)
<L

(a) (b) ()

Fig. 14.4: (a)High-impedance Transmission line (b) Equivalent circuit (c) Approximated circuit
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The Circuit parameter for Fig 14.4b :

X =Z_sin(Bl) §=ltan ll
X , <2n ) 2 Z Agh
= — =sin| —
Zc Agh
A X
e i 14.5.1
=1 o SN (Zc) ( )

Assume short length of line (l < /lg/8) and large characteristic impedance (Z, > Z,) we can ignore the
shunt capacitance, so X =~ Z,fl and B = 0. Which implies a series inductor (Fig: 14.4 c) and the equation
14.5.1 becomes

()

| = <%‘> (g—Z)g (14.5.2)

Here Z. = Z) /Zy= Impedance of the high impedance line. 1,5;,= Guided or effective wavelength of the high
impedance line, X = g, = Normalized element value of the inductor.

Length can also be calculated using

XZZOﬁl
| = 1X—<RO)X (14.5.3)
g S Zy  \Zy "

Here Sl is the electrical length (in degree) of the high impedance (inductive line) and X = g, = Normalized
element value of the inductor.

For a short length of low-impedance (Z,) lossless line terminated at either end by relatively high impedance
(Zo) (Fig 14.5a) is represented by a T-equivalent circuit with the circuit parameters

T T T J3 5o
i ! 6 o (UBT0L__ (U000, © ©
= B=Y,BI
Zy Ze Zy =B 5 .
o o

(a) (b) (c)

Fig 14.5: (a)Low Impedance Lossless line (b) Equivalent circuit (c) Approximated circuit

The Circuit parameter for Fig 14.5b :

B =Y, si l
o sin(Al) X Z.tan ll
. <2n ) 2 g
= B = —sin| —
c Agl

Agl .
= | =—sin"Y(BZ,) (14.6.1)

2n
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Now assume short length of line (l < /19/8) and small characteristic impedance (Z, < Z,) we can ignore the
series reactance, so X = 0 and B = Y, 1. Which implies a shunt capacitor (Fig: 14.5c) and the equation can
be approximated by

— Agl
L= <Z> (BZC)

| = <%> (j—:) g (14.6.2)

Here Z. = Z;/Zy= Impedance of the low impedance line. A5;= Guided or effective wavelength of the low
impedance line, B = g, = Normalized element value of the capacitor.

Length can also be calculated using

B = Y,pI
l—lB—ZB—<Zl)B 14.6.3

Here Sl is the electrical length (in degree) of the low impedance (capacitive line) and B = g, = Normalized

element value of the capacitor.

Here in both the cases 8 = Sl is known as the electrical length of the line for a physical length [ . The phase

constant as it is used in Microstrip line it is known as effective phase constant § = j—n The guided or effective
9

wavelength is defined as 1, (mm) = ﬁg_ and &, is the effective permittivity of the Microstrip line. (See

Appendix G). To determine the physical length following formula can be used:

= A—g X B(in radian)
21
So, the series inductors of a low-pass prototype can be replaced with high-impedance line sections (Z, =
Zy), and the shunt capacitors can be replaced with low-impedance line section (Z, = Z;). The ratio
Zy/Z, should be as large as possible, so the actual values of Z,and Z; are usually set to the highest and lowest
characteristic impedance that can be practically fabricated.

Page 99 of 123



Microwave Engineering Lab AUST/EEE-4174/Ex-14

14.3 Filter synthesis:

In this section we see step by step method by which a LPF is calculated and then transformed into a Microstrip
implementation. Two different ways to implement the stepped impedance method is also shown, one with
the entire calculation and another use different line calculator tools.

14.3.1 Determine the element value for the Prototype LPF
Step 1: Determine the degree of the LPF
To determine the degree of Butterworth low pass filter, put k=1 in equation 14.2 we can get

log(10%1Las — 1)

>
> 14.7
2log (2) ( )
wC
L s=minimum stopband attenuation or insertion loss (dB), w= frequency at which insertion loss was
calcualted.

Step 2: Determine the normalized element value of the Prototype LPF using following equations.

go = 1.0
(Qi-Dn .
gi = 2sin T fori=1toN
In+1 =10
Step 4: Select m or T type topology for the prototype LPF (Fig. 14.6a).

14.3.2 Lumped element filter synthesis

Zy
2mf,
value of gy (Fig. 14.6b).

Use equation L = ( )g and C = (z zlnf)g to determine the value for L and C of the filter from various
0 c

g1 g3 Ly Ls

(530) (530 (680____ (300)

30 é g2 + g4 Z, § G, J’: Z

(a) (b)

Figure 14.6: Prototype LPF with normalized element value (b) Practical value with Lumped element

A4S
MAN—

14.3.3 Stepped impedance implementation in microstrip: rigorous calculation (Without any software)

Step 1: Select the value of the high impedance Z; and low impedance Z;line for the stepped impedance LPF.

Step 2: As we know both high and low Impedance value; height of the Microstrip substrate h, dielectric
constant of the substrate &, now using equation g 2.1 or g 2.2 (see appendix G) we can solve for the
width of the element W.

So determine the width of the inductor and capacitor line W; and W},.

Step 3: Determine the effective dielectric constant, €., for both capacitive and inductive line using equation
gl.1or g 1.2. Use the W, and W), from the previous step.
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300

Step 4: Determine the effective wavelength for the capacitive and inductive line use A,(mm) = FGhD o

equation. Use the effective dielectric constant value from previous step.

As the effective dielectric constant are different for capacitive and inductive line, the A,for capacitive
and inductive line will also be different.

21 21
gk values determined for capacitor and inductors respectively.

y) y)
Step 5: To determine the length of the transmission line use [ = (il) (;—;) gandl = (ih) (j—;’l) g using the

14.3.4 Stepped impedance implementation in microstrip: Using line calculator software

Step 1: Select the value of the high impedance Z;, and low impedance Z,line for the stepped impedance LPF.

Step 2: Determine the electrical length using Bl = (i—:) B and Bl = (;—Z) X for capacitor and inductor
respectively. Here B and X are the gk values for capacitor and inductor respectively.

Step 3: Using any Microstrip line calculator (Txline, QUCS or any web-based tool like emtalk.com/mscalc.php)
synthesize the width and length of the inductor and capacitor.

For this, use the value of the electrical length, impedance of the line, cutoff frequency and Microstrip
parameter like substrate height and dielectric constant of the substrate.

Ly G L
| | | ' ’|‘
1 2 3 F
o o o o Wy ey J'\INl
Z 7 Z,
Zy Zn Z Zn Zo T A F

| o
le—1,— >l t, )1,

(a) (b)
Figure 14.7: (a) Stepped impedance implementation. (b) Microstrip layout of Stepped impedance
implementation.

o
o
o
o
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14.4.1 Example: Microwave Engineering by David M. Pozar: Example 8.6

Design a stepped-impedance low-pass filter having a maximally flat response and a cutoff frequency of 2.5
GHz. It is desired to have more than 20 dB insertion loss at 4 GHz. The filter impedance is 50€); the highest
practical line impedance is 1202 and the lowest is 200).

Consider the effect of losses when this filter is implemented with a microstrip substrate having d = 0.158 cm,
& = 4.2,tan 6 =0.02, and copper conductors of 0.5 mil thickness.

Solution: Table: Calculated output for Example 8.6

Normalized Impedance . Width of the Length of
. Lumped Electrical length . .
Section element Value of the 51 (deg.) section the section
value section g W;(mm) l;(mm)
Z
. = 658 F = —_— = . . .
1 g1 | 0517 | C; (Zowc) p Z; =20 <R0> g1 =118 11.3 2.05
R
2 g, | 1414 | L, w—° g, = 45nH | Z, =120 (Z—°> g, =338 0.428 6.63
h
Z
3 gs | 1932 | C, (Z > = 246pF | 7,=20 (R—l) gs = 443 11.3 7.69
0
Zy Ry
4 gs | 1932 | L, <—) g, = 6.15nH | Z, =120 (—) g, = 46.1 0.428 9.04
W, Zy
5 1414 | C <g5)=18pF 7, =20 (ﬁ) =324 11.3 5.63
s . 5 Zow, : 1= R, 9s = . .
Zy Ry
6 Je | 0517 | Lg < )g6 =1.64nH | Z, =120 (—) ge =123 0.428 2.41
W, Zy
conductor
o, / g
p 4.5nH 6.15nH 1.64nH
[ Rl dielectrc (5) m m m
groundJ 2 emiolkcom 500
Substrate Parameters S
Dielectric Constant :q}:h 658pF mmpm 20R3F 18pF = 200 g
Dielectric Height (h): 158 mm |
Fraquency: ;-‘-:1—|GHZ
Electrical Parameters Physical Parameters
Zo: @ e Width (W): 112683530827 | [mm + |
Elec. Length: [11.8 |deg Length (L}; |2.07973625711 |m
(a) (b)
C; L, Cs
l
Zo 428 Zo
T

|
| | | | | | |
l<2,05>|<— 6.63 —le— 7.69 — e 9.04 —la 5.63 >|<—2_41->|

(c)

Figure 14.8: (a) emtalk.com line calculator (b)Lumped element (c)Microstrip implementation
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14.4.2 Simulation using QUCS (Lumped element):

* Y Y .
L6 f— = -
L 45nH L 6.15 nH L=1.64 nH i
' P P2 ot
Num=1 [of:] Num=2
/ Z=50 Ohm c 656 pF C=2.459 pF C=1.8pF 7 7=50 Ohm T
1t =10 GHz I I I =10GHz
) } ) iih o \\
S parameter Al . . | | N
simulation Equation | _ . . | | \\
Eqn1 | ",
SP1 3] . . | . [,
Start=1 GHz S12=dB(SI2.1) _ . | %
Stop=6 GHz “taba T &a0a Jald FE ) ER) e ERiE) 45
Points=200 Faquanty
(a) (b)
Figure 14.9: Simulation done using lumped element value (a) Circuit with lumped element (b) Output S12
(dB)
14.4.3 Simulation using QUCS (Stepped-impedance implementation):
Favoay A Py i Py i S L S L L 2 M —
MSs1 M52 MS3 MS4 MSE MS6 At i S
Subst=Subl  Subst=Subl Subst=Subl Subst=Subl Subst=Subl Subst=Subi o4 o
W=11.3mm  W=408mm  W=11.3mm W=408mm W=11.2mm W=.408mm T
L=2.05mm L=6.63mm L=7.68mm L=8.04mm L=5.63mm  L=2.41mm T B
w7 ke &
{1 P | P2 g | S
Num= :imﬁaaﬂ:;er Num=2 2 =L
~ 7= ) 1+ g
T Z=50 Ohm Equation ¥ £=50 Ohr N o y
= SP1 I_Em =
;‘{:::‘I"(';HZ 521_dB=dB(S[2,1]) #
le_D=GGHZ S11_dB=dB(S[1,1]) F1) |
Points=500 Hata 15609 Ze0h 25600 Jeng 35000 Fr) FE:]
frequency
(b)

Figure 14.10: Simulation done using Microstrip implementation (a) Microstrip circuit (b) Output S12 (dB)

14.4.4 Full Electromagnetic simulation using CST Studio suite:

o

e T —
i W S Tt e 1013 | S | o 0 L

Figure 14.11:(a) Microstrip LPF in CST
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S-Parameters [Magniude n dB]

—
= \2/ : : i : —
H B H H H H

0.5 1

Frequency | GHz

Figure 14.11: (b) S21(dB) of the stepped impedance LPF in CST

14.5 Report:

1. What are the difficulty with lumped element filter?

2. Name some other ways the LPF can be implemented in Microstrip other then stepped impedance
method.

3. Why there is a deviation between 3 simulated output.

4. Design a stepped-impedance low-pass filter having a maximally flat response and a cutoff frequency
of _ GHz. It is desired to have more than ___ dB insertion loss at _ GHz. The filter impedance is
500Q; the highest practical line impedance is ___ () and the lowestis ___ Q.

Assume typical FR4 material as substrate

5. Simulate the filter mentioned above in __ software using Lumped element/stepped impedance

method.
14.6 Project:
e Design the filter above a PCB board using PCB etching / PCB CNC milling/ copper tape over and

solder SMA connector on both end and characterize it using the Network analyzer or a RF signal
source and spectrum analyzer.

14.7 Prepared by:

Md. Aminur Rahman (2020)
Dept. of EEE, AUST
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Appendix Al: Full electromagnetic spectrum

Guided media (iny  Frequency (f) Wavelength (1) 1 Band/Rays | 1. Applications
addition to space}  (Hz) 1022 —— in free space (m) ! T C-Osdlllc
: 1021 4030 L X
I |
i i y-rays :
: 1020 13 pm | 159 T
] ] 1
: 101 = 0.03nm v J_ :
E 10'8 4 0.3 nm E X-rays i
i i i
t 107 =3 nm ! !
L} I |
E E UV-rays ‘:
' 10'® = 30 nm : :
| : 105 - 0.3 um L
Optical fibre i i 0.4 um{ Optical
i ' Visible +— . o e
______________ Jd o m————————— - 0.7 um| Commiunicatin
: 104 -3 pm : :
E 1013 - 30 um % lnfja red i
S S e L E LR ” { 4
4 E 102 1 03mm  sypmmi 4 i
t (300 GHz) wave ;TiL ; 300 GH
I ] | = 4
i i |
i (100 GHz) 10" —-3mm  jg ) wave EEE |
. : military 1 BAND ]| .
Waveguides ; 75 Band ~yr ) J' N Satellite
i (40 GHz) ___.__[n_rp_____E H-Wave  ——40Ghz comunication
t - — 27 Gliz) RADAR etc.
' o et —— 18 GHz|
i (10 GHz) 10" == 30 mm ] 12 GH
: e TRGH?_ :
: - 5 4GHz | -
Y ! p 9 E —2GHz } 1z
A ! (1 GHz) 10 —+ 0.3 mm _”__(;_"{ —— 1 GH ! Mobile
: T +_UHF J| communication 300 MI‘[Z
) 1 (100 MHZ) 10 =3 m i ‘ ——100 MHZ[ TV, Police
i I 4 ;[(JHI\P’H-I } aviation
. _ — b4
Coaxial E (10 MHz) 107 <~ 30m E HE i 30 GHz
cables i I 5 MHz
E 0.1 km E 3 MHz i Radio
' (1 MHz) 106 =~ 0.3 km : I_L
3 I ] |
TW.ISIEd i 1 km ! : 300 Kc/s Ultransonic
WITES 1 | I
Y 1 (100 KHz) 102 [ i |
E 3 km EVLF JI
: 4 ? | 20 KHz-Y-
i (10 KHz) 10° - 30 km i i
e s i
_______ Y ' (1KH2)10® 1 | Audio
; i i 200 c/s
- E (100c/s) 102 T E 32{2mHmicaliun sub-
Water I‘I‘I‘C dia " / ! 1 : with submarines marm‘t
(submarine) 1 (10¢/s) 10 : 20Hz 20 H -

Vel. of e.m. wave in free
space = ¢ = Af=3 x10% m/sec.

Reference: Microwave, Radar & RF Engineering, Prakash Kumar Chaturvedi
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Appendix A2: Microwave Connector type

w
w5 o= 1= =
c = -~ = - @ D
- —_ = = 5 £ = -
d o o = - =
£ B g | 525 = 83 _g| €552 S gEFS g g
e 2 T c S o 2 = oy @ O EEo g = o = & 82
232 %= FEE | EE38 2 cT 22| 33283 g £33 €=
S x < o = o 2 @ @ b V5 g = = © -3 = aoa £ [
= 4] a3 £ E =5 = w _—o o ® = 3 L
- a — = d gzm E{%W'u =EEE o o 2 = =
£ 3 8 33z | E£38 8 g2<g| §ES3 8 E =cE gL
-8 o = =@ o g = ] = = [x] o 7] = @5 £ ©
= = | £2z 3 s “| gz~ 8| E g£8 | =g
[Ea- = 2
=
1.85mim
MINE STP

Zamm

S5MA

SMP

2.92mm

SMA,OMA

GRETS

SMRz_ FAKRA

HN

BNC TWINAKX

VHF | UHF L S C X Ku K Ka mm

100-300 MHz 3205":,‘:‘ 1-2 GHz 2-4 GHz 4.8 GHz 8-12.4 GHz 12.4-18 GHz 18-26 GHz 26-40 GHz 40-100 GHz

Refrence: Pasternack Inc.
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Table: List of most popular microwave and mm wave connectors (see appendix A2 for detailed list)

Appendix A3: Microwave connectors

AUST/EEE-4174/Appendix

Separation between | Maximum | Coupling
Name the conductors Frequency Torque Dielectric
(mm) (GHz) (N-cm)
wi1* 1 110 45 Air
\Y 1.85 70 90 Air
2.4 50 90 Air
K 2.92 40 90 Air
APC-3.5 3.5 34 90 Air
N - 18 135 TFE
SMA - 18 56 Teflon
APC-7 7
BNC 6.35 4 N/A PTFE

* W1 is the name given by Anritsu which is equivalent to 1mm connector.
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Microwave Engineering Lab

National Frequency Allocation Plan (NFAP)

Appendix B1

Fuoeds [puueyd 2y 00|
M Sunseapeolq punos Sojeue L4 JHA |

ONLISVOAvOUe
("TIAID) 801-L8

Po1'S T61°S

ONLISVOAVOYE 801-001
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. (9¢ 081 I81°S 08I'S
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Reference: Bangladesh National Frequency Allocation Plan (NFAP)
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Appendix C1: Power to Voltage conversion table

AUST/EEE-4174/Appendix

P(dBm) P(mW) Vas(V) Vp(V)' Vpp(V) [|P(dBm) P(mW) Vas(V) VP(V)' Vep(V)
-30 0.001 0.007 0.010 0.020 0 1.000 0.224 0.316 0.632
-29 0.001 0.008 0.011 0.022 1 1.259 0.251 0.355 0.710
-28 0.002 0.009 0.013 0.025 2 1.585 0.282 0.398 0.796
-27 0.002 0.010 0.014 0.028 3 1.995 0.316 0.447 0.893
-26 0.003 0.011 0.016 0.032 4 2.512 0.354 0.501 1.002
-25 0.003 0.013 0.018 0.036 5 3.162 0.398 0.562 1.125
-24 0.004 0.014 0.020 0.040 6 3.981 0.446 0.631 1.262
-23 0.005 0.016 0.022 0.045 7 5.012 0.501 0.708 1.416
-22 0.006 0.018 0.025 0.050 8 6.310 0.562 0.794 1.589
-21 0.008 0.020 0.028 0.056 9 7.943 0.630 0.891 1.783
-20 0.010 0.022 0.032 0.063 10 10.000 0.707 1.000 2.000
-19 0.013 0.025 0.035 0.071 11 12.589 0.793 1.122 2.244
-18 0.016 0.028 0.040 0.080 12 15.849 0.890 1.259 2.518
-17 0.020 0.032 0.045 0.089 13 19.953 0.999 1.413 2.825
-16 0.025 0.035 0.050 0.100 14 25.119 1.121 1.585 3.170
-15 0.032 0.040 0.056 0.112 15 31.623 1.257 1.778 3.557
-14 0.040 0.045 0.063 0.126 16 39.811 1.411 1.995 3.991
-13 0.050 0.050 0.071 0.142 17 50.119 1.583 2.239 4.477
-12 0.063 0.056 0.079 0.159 18 63.096 1.776 2.512 5.024
-11 0.079 0.063 0.089 0.178 19 79.433 1.993 2.818 5.637
-10 0.100 0.071 0.100 0.200 20 100.000 2.236 3.162 6.325
-9 0.126 0.079 0.112 0.224 21 125.893 2.509 3.548 7.096
-8 0.158 0.089 0.126 0.252 22 158.489 2.815 3.981 7.962
-7 0.200 0.100 0.141 0.283 23 199.526 3.159 4.467 8.934
-6 0.251 0.112 0.158 0.317 24 251.189 3.544 5.012 10.024
-5 0.316 0.126 0.178 0.356 25 316.228 3.976 5.623 11.247
-4 0.398 0.141 0.200 0.399 26 398.107 4.462 6.310 12.619
-3 0.501 0.158 0.224 0.448 27 501.187 5.006 7.079 14.159
-2 0.631 0.178 0.251 0.502 28 630.957 5.617 7.943 15.887
-1 0.794 0.199 0.282 0.564 29 794.328 6.302 8.913 17.825
0 1.000 0.224 0.316 0.632 30 1000.000 7.071 10.000 20.000
For Square wave signal, Vs = Vs
Note: The converted voltages in the above table are for R=50Q
P(4em)= 10 10810 P(mw)
Pl =10 P/ A A i
Piw) = [Vams w)]z *10°/R v /7 T\ A =
Ve I Vems =0.707 * V, Vams = Ve
Vins = (P =R/ 10°) > >

Vp= ‘E * Vs, for sinusoid - Fig. a.

Ve = Viws, for square wave - Fig. b.

VP.p= 2% Vp

Fig. a. Sinusoidal signal
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Apendix C2: Standing wave and VSWR

Load slightly Tl

{5 i LXTTTTTTYTYTY YT PryrrT B¢ 73
more than oad sli
Sour \_rl] fee‘jter Sour J ] Ie:s :r?ah:y
| impedance ! feeder
Current Voltage i Current voltage ! impedance
1.0 R N e Lo |
A4 N4 MA - N4
—
| Load 3 ] S_hort circuit
Sour replaced by Sourc j lnSltOeaadd of
open circuit
2.0 2.0
—MN4 N4> 74 =74 >
I' =1 or Z; = o (Open Circuit) I' = -1 or Z; = 0 (Short Circuit)
1Ad)
Matched line -y
Vo'l
d
p 31 i A 0
4 2 4
' =0o0r ZL = ZO (MatCh)
Voltage Standin i
& . & Reflzstion Return Loss Reflected -
Wave Ratio coefficient Mismatch loss (dB)
o VSWR — 1 (dB) power (%) 10 %1 -1 Comment
VSWR = —mex M= ——""— | —20logll| | 100 #]r|? 810
[Vinin| VSWR + 1
1 0.000 o 0.00 0.000 Matched
load
1.5 0.200 13.979 4.00 0.177
2 0.333 9.542 11.11 0.512 See
example
3 0.500 6.021 25.00 1.249
4 0.600 4.437 36.00 1.938
5 0.667 3.522 44 .44 2.553
7 0.750 2.499 56.25 3.590
9 0.800 1.938 64.00 4.437
10 0.818 1.743 66.94 4.807
15 0.875 1.160 76.56 6.301
20 0.905 0.869 81.86 7.413
100 0.980 0.174 96.08 14.066
00 =1 0 100 00 Open Load
0o =1 0] 100 oo Short Load
Example:

If 1000 watts (60 dBm/30 dBW) is applied to an antenna with a VSWR value of 2, the return loss would be 9.54 dB.
Therefore, 111.1 watts would be reflected and 888.9 watts (59.488 dBm/29.488 dBW) would be transmitted, so the
mismatch loss would be 0.512 dB.
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Apendix E: Lossless Two Port network:

a ——>— —&—— a

b, — < —> b,

For a lossless network, Power leaving =power entering

|b11% + |by]? = |ay|* + |az|2
[ ] [511 512]
521 522

Now, we can

b*

BT = [y b [,
2
= [bybi + byb3]

= bil? + b, ?

Substituting the value in Eq. E1, we have

[b7][b"] = [a"][a’]

Also, we know that
So [b]T = [a]T[S]T and also [b*] = [S*][a*]

So, substituting the value in Eq. E3

= [a]™{[S]"[S"] - [I]}a"] = 0

Here a is power input, so a # 0,

For example, for a two port network, the S-matrix

S = [511 512] 5 T _ Sll 521] S*] — Slli
521

T S21 Sl S12 S22l
So,
[S1[S*] = [1]

[511 521”511* 512*]= 1 0]
SlZ 522 521* 522* 0 1

From the equation it can be said,
S11811" + 82151 = 1,2 S P+ 1S 12 =1
S12812" + 522822 = 1,2 S P + S22 =1

S11512" +52152," =0
Page 112 of 123
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S12811" + 822851 =0

Last 4 equations can be written as a general form:

N N
Z SkiSki = 1andz.§ki5,’§j =0 Herei#j
k=1 k=1

So any Network that satisfy the generalized equation can be said as a Lossless Network.
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Appendix D: Detail 12 term Error Model of the VNA

ex21 and ex12

Perfect VNA Test Port 1 _ - e Perfect VNA Test Port 2
- A Y
ep1S ep2L )
% ed1 DUT ed2
C epiL ep2S
©) = -
et11=A*B
et22=C*D
ef21=A*D
et12=C*B

Fig d1: Simplified 12 Term error model diagram [1]

e Directivity (ed1 and ed2) describes the finite directivity of the bridges or directional couplers in the system.
Partially includes some internal mismatch mechanisms that contribute to effective directivity.

e Source match (epl1S and ep2S) describes the return loss of a driving port.

e lLoad match (epllL and ep2l) describes the return loss of a terminating port.

e Reflection tracking (et11 and et22) describes the frequency response of a reflect measurement including loss
behaviors due to the couplers, transmission lines, converters, and other components.

e Transmission tracking (et12 and et21) is the same as above but for the transmission paths. The tracking terms
are not entirely independent and this fact is used in some of the calibration algorithms.

e Isolation (ex12 and ex21) takes into account certain types of internal (non-DUT dependent) leakages that may
be present in hardware. It is largely present for legacy reasons and is rarely used in practice since this type of
leakage is typically very small in modern VNAs.

2 Port SOLT Calibration [1]:

Calibration procedure consists in measuring 7 different reference standards (2 Opens, 2 Shorts, 2 matches and a
Thru) with known reflection and/or transmission values from a TOSM calibration kit. In this paper reference
standards are considered to have ideal values as follows

Toren = 1, Tsuorr = —1, Tmarce = 0, Stury = [(1) é
"""" e €00 : Directivity (F)
S T RUT o5 ell: Port-1 Source Match (F)

s oM B _ I e10e01 : Reflection Tracking (F)
e 1 S €083 ’ ' e10e32 : Transmission Tracking (F)

'eg” ee” i P50 Sat e €30 : Leakage (Crosstalk)(F)
byo— — . DL < €22 : Port-2 Load Match (F)

{ b, a,

. r_..,,D,UL — bt 2 e'33: Directivity (R)
o o b5 5 - — e’11: Port-1 Load Match (R)
.| L S:~S" . ve‘?'ge;: ‘ ’ e’23e’32: Reflection Tracking (R)
€' e, N S ' e’23e’01: Transmission Tracking (R)
by N + 5 < ] + + +—0ly €’03: Leakage (Crosstalk) (R)
| _‘; o e’22: Port-2 Source Match (R)
b e o T e

Fig d3: Reverse 12-term error model flow chart
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Solving measured S-parameters from figures d2 and d3

§ = ﬂ e €10 '(Sn —C.‘}A.\) (1)

DT =€ {—e..8 o R e
0 — €107~ €035 TG €0

) b €5€35 95

Saim =—":(‘:.n+] .3 I“’V—S' 2 = wee(2)
a, — €S — €8, +e,eA

: b, €'y, €4(S,, —¢'\ Ay)

Som =—5=¢€'y+ R o T wee(3)
a; I—€' S, —€, S, +e ey A
b ElonBhiaS

. 5 2301212

Sou=—,=¢€ut S £ 5 v wnn(4)
a I—e) S, =€y Sy +e ey Ay

where

SxxM: Measured, i.e. uncorrected, S-parameters
Sxx: Corrected S-parameters
As= 511522 — 512521

Port 1 Calibration: By performing Open, short and Match calibration to Port 1 the following forward error terms are
calculated from eq. (1)

€ = Siim (Illlll('/ll )

_ Symlopen))+ S,y (short )—2- e,

S\ (open,) =S,y (shorty)

- 2~[S, w (openy) —('m.]- [S, i (short,) — m.]

€19€0) = : :
Simlopen ) =S8,y (short))
2y I=€ 3, =€ndy+e€, €y A
b, e, eyS
. 20 __ 23 € 01912
Som=—,=€ut T L5 Y o
5 =€ 5 =€y Sy +e, ey A

Port 2 Calibration: By performing Open, short and Match calibration to Port 2 the following reverse error terms are
calculated from eq. (3)

€' 33= S,y (matchs, )

Sson (0pens )+ Sy (shorty) =2 ¢,

€= = =
S (open, ) =S, (short,)

=2 [S:_,M (open, ) — t"H]~ [SJJ\, (shorty)— ¢, ]

Samlopens) =S,y (short,)

Isolation Ports Calibration: Conning Load to port 1 and port 2 is optionally made only when very low transmission
parameters must be measured. In most cases this error term is neglected.

ey = Soum (IH(II('/I”)

ey = S5y lmatch, ,)

Calibration between Ports: By Connecting thru standard in-between port 1 and port 2 and Transmission Tracking error
terms are calculated from (1), (2), (3) and (4) as follows
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Si i (Thru) —ey,
SiumThru)-e,, —Ae

Cyy =

€10Cx = [S:w (.I'/II'H)—(’;“]-(l—('”(':_‘ )

_ Sy (Thru) =€,

Sy (Thru) — Ae’

,
€

€53€3) = [.S'm, (Thru)—e, ] (1 —e3:€,,)

where

Ae = ¢

AUST/EEE-4174/Appendix

€ — €€

Ae=€'5.6°0—€ 2 € 5

Calibration Reference Errorto be | Description
corrected
Open e Source Match (F)
Port 1 Short €10€01 Reflection Tracking (F)
Match €00 Directivity (F)
Open e'1 Source Match (R)
Port 2 Short e'23€’3; Reflection Tracking (R)
Match e’s3 Directivity (R)
Isolation of ports Match; €30 Crosstalk (F)
Match; €’03 Crosstalk (R)
€2 Load Match (F)
e’ Load Match (R)
Calibration between Thru €10€32 Transmission Tracking
Ports (F)
e’23e'01 Transmission Tracking

(R)

Table: Summery of the 2-port calibration process

Solving equations (1) to (4), corrected S-parameters of the DUT can be expressed as follows

_A (44 e)-e, A A,

S, = D
Qs Ay '[I + Ay (€ ey )]
= D
= "\;: '(I+"‘1|“'u)""t "'\;l"‘\t:
2 D
g.= A [] +4, ‘(l‘u _t"l )]
= D
where
"\~I Sl,w €

(Jll‘( I
N, = Sy ;\’1 _" 03

('.‘-‘.\1

N = Sy — €y

(R
N,, =z =

D=1+ A, -, )-(1+ A, ‘ )- Ay - Ay ey "'w'\

Reference :

1. Understanding VNA Calibration- Anritsu

2. D.C.DeGroot, K. L. Reed and J. A. Jargon, "Equivalent Circuit Models for Coaxial OSLT Standards," 54th ARFTG

Conference Digest, Atlanta, GA, USA, 1999, pp. 1-13. doi: 10.1109/ARFTG.1999.3
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Appendix G: Microstrip Line

Conducting strip o W

/»‘?‘Tf%/r\
e L DPEERYL

Dielectric substrate

h —_—
———H
(a) (b)

Figure G1: Microstrip transmission line. (a) Geometry. (b) Electric and magnetic field lines

When the longitudinal components of the fields for the dominant mode of a microstrip line remain very much smaller
than the transverse components, they may be neglected. In this case, the dominant mode then behaves like a TEM
mode and the TEM transmission-line theory is applicable for the microstrip line as well. This is called the quasi-TEM
approximation and is valid over most of the operating frequency ranges of Microstrip.

Effective Dielectric Constant

The effective dielectric constant can be interpreted as the dielectric constant of a homogeneous medium that
equivalently replaces the air and dielectric regions of the Microstrip line as shown in figure bellow.

W

-

h

A A A A S A A A
(a) (b)
Figure G2: Equivalent geometry of a quasi-TEM microstrip line. (a) Original geometry. (b) Equivalent geometry,

where the dielectric substrate of relative permittivity &, is replaced with a homogeneous medium of effective
relative permittivity &,

For very thin conductors (that is, t = 0), the closed-form expressions that provide an accuracy better than 1% are
given as follows:

ForW/h <1
—gr+1+€“_1(1+12h)45+004@,lyf
fre =73 2 w ' h
8h w
P m(——+025—) (g1.1)
2mfe,e  \W h
n = 120w is the impedance of the free space
ForW/h>1
_€r+1+€r—1(1+12h)_0'5
fre =75 2 w
n (W w -1 (g1.2)
Z. = {7 + 1.393 4+ 0.677In (7 + 1.444)}
gre
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Synthesis of W/h:

Expressions for W /h in terms of Z. and ¢, , derived by Wheeler and Hammerstad which provide accuracy better
than 1%.

ForW/h <2
w 8exp (4
—= P () (g2.1)
h exp(24) —2
Here
Zo(er + 1) e —1 0.11
A=— 0.23
T tamTB
ForW/h > 2
w 2 & —1 0.61
Z_ —{(B ~1)—In(2B - 1) + [ln(B —1) 4039 - ]} (82.2)
h w i &
Here,
_ 6077
Ze\Er
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TP-LINK

2.4GHz 24dBi Grid Parabolic
Antenna
TL-ANT2424B

® Features:

- 24dBi directional operation, ideal for
extraordinary long distance point to
point connection

- Weather proof design, suitable for all
weather conditions

+ N Female connector, applicable in '
most outdoor solutions

@ Description:

The TL-ANT24248B 24dBi directicnal antenna is ideal for outdoor use by attaching to your wireless access points/routers. It could
be used for long distance point-to-point connection, providing your stable wireless links. It is very easy to use, no configuration
or software installation required.

® Radiation Patterns:

V-Plane Co-Polarization Pattern H-Plane Co-Polarization Pattern

0do g & . by
30
sdb
-1udb
-15db
-20db
25db

-10db
-15db
20db

ﬂ ”
\ U7 (7 !

25ch

ag L -30db - -30db

Page 120 of 123



Microwave Engineering Lab AUST/EEE-4174/Datasheet

2.4GHz 24dBi Grid Parabolic Antenna TL-ANT2424B

® Specifications:
Freguency Range 24~24835GHz
Gain (Exclude Cable Loss) 24dBi
VEWR =1.5
HPBW/HI") 10
HPBWAC) 14
F/B Ratio =30dB
Impedance 50 Ohms
Admitted Power 100W
Interfaces N Female (Jack)
Polarization Vertical or Horizontal
Mounting Mast Diameter @30~350 mm
Meunting Wall Mount / Pole Mount
Survival Wind Speed 21ekm/hr (134Miles/hr)
Standards RoHs, WEEE
Operating Temp. -40°C—60°C 40T ~1407T)
Storage Temp. 40 TC~60C[-40°F ~1407TF)
® Diagram:

Outdoor Point to Point Application

Simple and Convenient Installation with Excellent Transmission Range

E=ZTh
i b

s

EI‘-JIyrv‘+|"“y|'u" ;'-'-‘.'." 3

pide  Jemake | s
Package:
‘ . : - 24dBi Grid Parabolic Antenna
FHJJLI: Tas il - Installation mounting kits
= Gl
1] TLANT24248 | aertie
Antenna
Ml Female | : e
Surge Pratector 0ptl0na| ACCESSOI‘IES.
3] - 54Mbps High Power Wireless Access Paint
Extension Cable TLWAST10G
4| - 150Mbps Wireless N Access Point
Pigtall Cable TL-WAZOTND

www.tp-link.com
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