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THEORY 

 

Electromagnetic Spectrum 

The figure below shows an overview of the spectrum of electromagnetic fields and waves, sorted by their 

frequency f /wavelength ).  

Figure 1 : The electromagnetic spectrum 

Wave propagation 

The term wave is generally used for the propagation of physical parameters in space and time. Examples 

are mechanic waves (e.g. waves in water) and electromagnetic waves. Wave propagation in space 

(generally) is not a transport of material but a transport of energy. 

Due to their mathematical simplicity sinusoidal (harmonic) waves are widely used. Only then are terms 

like wavelength and phase meaningful. All points in space where at a certain moment the wave has the 

same phase are called a wavefront. In a homogenic isotropic medium the wave moves normal to the 

wavefront at this location with the propagation velocity c (phase velocity). The wavefronts of a plane 

wave are parallel planes in space. The propagation direction is perpendicular to these planes. The distance 

between two planes with a phase difference of 2 is called wavelength . The timing between points with 

a phase difference of 2 equates to the periodic time T and we can write:  

c f
T
    

Where f  is the frequency. The propagation velocity c depends on the medium and on what kind of wave 

we are looking at. For acoustic waves in air we have c = 330 m/s. For the frequency f = 440 Hz we can 

calculate the wavelength to be  = 75 cm. An organ pipe which is on both sides open and with a length of 

/2 = 37.5 cm is swinging at this resonant frequency.  

The exact physical definition of a plane wave is: The field values do not depend on the coordinates 

perpendicular to the propagation direction. An electromagnetic wave in an isotropic linear material has 

no field components along the propagation direction. The wave is completely transversal (TEM). 
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Example: The electric field E points in the x-direction and the magnetic field H in the y-direction (No 

components in propagation direction): x xE E e  , y yH H e  (Figure 2). From the definition of a plane 

wave we can conclude that: 

0, 0, 0, 0
E E H H

x y x y

   
   

   
.

 
 

Figure 2 :  Electromagnetic plane wave (TEM) 

 

For electromagnetic waves in air: c  2.9979108 m/s (speed of light). If we assume a frequency of 

f = 227.36 MHz (frequency of radio SRF) then   1.32 m. An antenna with a dipole of length /2  0.66 m 

has the same resonant frequency making it suitable for radio reception.  

Visible light has a wavelength of  = 400-700 nm (violet…red, the maximum sensitivity of the human eye 

is at green with   555 nm). Transparent films with thicknesses in the same order of magnitude (e.g soap 

bubbles, oil films) show colorful effects when illuminated by white light (due to reflections on both sides 

of the layer, interference and refraction of the light). 

In the following section we will only look at electromagnetic waves. These waves travel in space but can 

be also confined to a conductor. As an example: electromagnetic waves with a suitable frequency (1-

100 GHz) can be guided in metal tubes (waveguide). Coax cables are widely known as high quality 
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protected cable used in high frequency applications. The higher the frequency, the lower the depth of the 

field into the metallic conductor (skin effect): the current density in the outmost layer of the conductor 

increases, thus the losses also increase. 

The existence of electromagnetic waves and their propagation in space with the speed of light has been 

proposed by James Clerk Maxwell in 1565. He formulated the famous Maxwell equations. Later in 1888 

Heinrich Hertz succeeded in providing experimental proof of electromagnetic radiation. Hertz showed the 

energy propagation from transmitter to receiver and the wave character of this propagation through 

reflection and diffraction experiments. Hertz transmitter functioned at a frequency of 500 MHz. 1901 

Guglielmo Marconi transmitted Morse signals over the Atlantic with a 200 m wire antenna connected to a 

kite.  But even before that many principles and components of antenna and microwave design have been 

understood due to the work of Lord Rayleigh, J.C. Bose, P. Lebedew such as: waveguides, dipole-, horn 

antennas, permittivity, polarization and polarizers, pn-junctions and detectors and wavelength 

measurements. Later milestones in the development were the introduction of broadcasting in the 1920s, 

the radar in the 1940s, and the start of satellite communication in the 1960s. 

Characteristics of Antennas 

The Maxwell equations describe the coupling of the electrical and magnetic field of electromagnetic wave, 

thus they are integral to understand antennas and wave propagation: 

rot
D

H J
t


 


 rot

B
E

t


 


  div 0B   div D   

In linear materials (air) it holds that �⃗⃗� = 𝜀�⃗�  and �⃗� = 𝜇�⃗⃗� . So, we can only use the electric field �⃗�  and 

magnetic field �⃗⃗� . Above equations show that a time variable electric field produces a variable magnetic 

field and vice versa. It’s important to note that this also happens in free space ( = 0,  = 0). The curl 

operator leads to spatial propagation of these interactions between the electric and the magnetic field. In 

the quasistatic approximation of the Maxwell equations the displacement current is neglected (

/ 0D t   ), radiation is then not possible. There is no wave propagation. (This is the reason why an 

antenna does not «work» with dc or f = 0). 

From the Maxwell equations one can derive the wave equation. The free space propagation of the wave 

is the results of the coupling of electric and magnetic field, which are generated by each other. For the 

antenna to be a source of this wave moving (more precise accelerated) charge carriers in the conductor 

are necessary.  

A simple antenna is the Hertzian dipole. It consists of a short ideal electrical conductor of length l 

carrying an oscillating current 𝑖(𝑡) = 𝐼 ⋅ sin𝜔𝑡 . We can use the Maxwell equations to get a solution for 

the fields of a hertzian dipole along the z-axis. Only following fields are present: H, E and Er (Hr = 0, 

H = 0, E = 0): 
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With these equations we can identify two cases: 

1.) 𝑟 ≫ 𝜆, the distance to the antenna is much larger than the wavelength: 

It can be seen that the right bracket expressions of H (1/r) and E (1/r) become real and 

approximately "1" and that Er (1/r2) is negligible (except for  = 0, but then H and E are zero). 

That means, H and E are in phase here, and the Poynting vector Sr  E  H
* is real and always 

points radially outwards: Energy is radiated radially "away from the antenna". The area 𝑟 ≫ 𝜆, in 

which the radiation predominates, is called the far field of the antenna. 

2.) 𝑟 ≪ 𝜆, the distance to the antenna is much smaller than the wavelength: 

H and E have a phase difference of /2. Thus Sr has an imaginary part. The field is reactive 

(comparable to a coil) and the energy exchange is mainly between electrical and magnetic field (no 

radiation). If the reactive field dominates (case close to the antenna), we call it the near field of 

the antenna. The near field is composed of a radiative and a (close to) completely reactive field.  

Near and far field of an antenna have transition region. The definition of the far field depends on the 

antenna design, the wavelength and the application. Generally the IEEE defines the distance r  where the 

far field begins as: 

22D
r


 , 

where D the largest dimension of the antenna. To reduce the error while measuring an antenna, it should 

have a minium height h above the ground of  h  D2/d. 

For the hertzian dipol we have for the near field H  1/r2  and for the far field H  1/r  and E  1/. In 

the far field the radiation density (power per area) is: S  EH  1/r2.. The radiation density of the 

transmitter antenna decreases quadratic with the distance r to the antenna. Integration over a closed 

surface yields the (distance independent) total power of radiation. 

From above equation we can also see that H is independent on the angle , but instead H  sin . There 

is no radiation along the dipole axis ( = 0). The radiation pattern C(, ) is a funciton used in the far 

field of the antenna and is a way to characterize the radiation of the antenna. The amplitude of the electrical 

or magnetic field is plotted over the angles. To have a complete picture one could also include the phase 

and polarization dependence on the angles  and .  

Reciprocity is an important concept for the behavior of antennas in the far field. Antennas have the same 

characteristics independent of being used as a transmitter or receiver. Especially the radiation pattern of 

an antenna is independent on the data being transmitted or received.  
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An isotropic monopole (in practice not possible) is lossless and has the radiation pattern which is 

independent of  and  (radiations pattern is a sphere). To have the same power density as the hertzian 

dipol along  = 90, the isotropic monopole needs to radiate double the power. We introduce the antenna 

characteristics called directivity:  

maxMax. Leistungsdichte der Testantenne

Leistungsdichte des isotropen Kugelstrahlers Kugelstrahler

S
D

S
   

The hertzian dipole has directivity of D = 1.5. Another useful characteristic is the antenna gain which is 

defined as:  

DG     where 10log
dB

G
G  

 is the efficiency of the antenna which describes the associated losses of the antenna such as the energy 

transformed into heat ( = 1 would be a lossless antenna).  

 
 

Figure 3 : 3D-radiation pattern (left) and 2D-radiation pattern (right) of the hertzian dipole 

In the far field of a hetzian dipole only the field components H and E are present. Thus we can locally 

approximate a plane wave. H and E  oscillate on two perpendicular to each other planes. If propagated 

in a radial direction these planes are fixed. This is called a linearly polarized wave, which is either 

polarized vertical or horizontal. The polarization direction is defined by the electrical field. If the electrical 

field is rotating, the polarization of the wave is elliptical or circular. Circular polarizations are subdivided 

into right-handed or left-handed circular polarization. The way to differentiate between these cases 

can be seen in Figure 4. 
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Figure 4 :  Rule to identify the direction of a circular polarized wave  

The wave emitted from a dipole is linearly polarized in plane of the dipole and the propagation direction. 

With reciprocity we can conclude that the dipole can only receive a wave with a polarization in the same 

plane. Generally a horizontal polarized antenna can only receive horizontal polarized waves and vertical 

polarized antennas can only receive vertical polarized waves. Thus horizontal antennas cannot 

communicate with vertical ones and vice versa, except with reflection and imperfection.  

Same rules apply to circular polarization of transmitter and receiver antennas (Fig. 5)  

 

Figure 5 : Communication between circular polarized antennas. 

If the wave is reflected once between the receiver and transmitter, the polarization of the antennas needs 

to be different, due to the change of polarization as seen in Figure 6. 
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Figure 6 : Change of circular polarization upon relfection. 

Generally the antenna is connected to the transmitter or receiver over a cable. To reduce losses the 

impedance of the cable (ZL) and the antenna (ZA) should be matched. We can write the antenna impedance 

as: 

ZA = RA + jXA 

RA is the antenna resistance and XA is the reactance. XA represents the in the near field stored energy. 

The resistance RA consists of the radiation resistance Rr and the loss resistance R. The radiation 

resistance describes the energy transferred to radiation while the loss resistance describes various loss 

mechanisms.  

The equivalent circuit of an antenna (Figure 7) consists of a resonant circuit (reactive part) and the real 

resistance. In case of resonance ZA is real and the efficiency is  = Rr / (Rr + R). For a dipol of length /20 

the resistance is Rr  2 , and for the /2-Dipole Rr  73 . 

 

 

Figure 7 : Illustration of the resonance frequency (above) and equivalent circuit (below) of an antenna 
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If the impedances are not matched a part of the power is reflected. A standing wave forms inside of the 

cable. The standing wave ratio (SWR) is the ration between the maximum and minimum power of 

the wave. The voltage standing wave ratio (VSWR) is defined as: 

||1

||1




VSWR

 

Γ =
𝑍A − 𝑍L

𝑍A + 𝑍L
 

where Г is the reflexion coefficent which is identical to the S11-Parameter, a parameter used to describe 

the amplitude ratio between transmitted and reflected waves. The VSWR gives us a way to measure the 

impedance matching. A high VSWR means bad impedance matching and VSWR=1 is perfect impedance 

matching. The return loss (RL) is similar to the VSWR and defined as: 

RL = 20log10|Г| (dB) 

Perfect matching means: Г = 0 and RL = ∞ and for total reflection we have: Г = 1 and RL = 0 dB. 

For most antennas the far field is generally more important than the near field. Exceptions are: low 

frequency antennas, small test antennas in front of larger antennas (monitoring of antenna arrays) or near 

field microscopes (these microscopes functioning in the range of the visible light can resolve structures 

smaller than the wavelength by moving the objective into the near field (about 10 nm) of the object). The 

near field behavior is also important very in the field of optics. 

Different antenna designs are used in radio and microwave frequencies to accommodate for the different 

frequencies and applications. While radiation patterns of large wavelength antennas need to measure by 

helicopter, for microwave frequencies they can be measured in the so called anechoic chamber (Figure 

8).  



 

10 
 

 

Figure 8 : Anechoic chamber isolated with absorbing materials, to reduce undesired effects such as deflection 

These chambers are isolated from the outside and completely covered in absorbing materials (to reduce 

reflections which are influencing the far field measurement) such as graphite impregnated cones and ferrite 

tiles. 
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Decibel Calculations 

In the field of high frequencies the unit Decibel  is of great importance and from experience it often poses 

a challenge for students. Thus we will give a short review on the topic. 

Decibel is used to express a ratio thus it’s dimensionless. We differentiate between relative ratios and 

absolute ratios. For relative ratios we cannot conclude the exact value of the physical quantities while for 

absolute ratios it is possible due to the use of a reference value. 

For relative ratios we take a physical quantity and use an arbitrary chosen quantity of the same dimension 

and take the logarithmic. For relative quantities were are not interested in the exact quantities but we 

want to know how many orders of magnitude the ratio has. We differentiate between power and root-

power quantities: 

 0
10

0

/
20log

dB

U U U
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 e.g. voltage, current, electric field 
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 e.g. power, power density, gain 

The absolute ratio (contrary to the relative) consists of an absolute physical quantity. We us a fixed 

quantity in the shape of 1Dimension (e.g. 1 V, 1 W, 1 W/m2). To clearly differentiate it from the relative 

case the reference quantity is appended to the dB. In practice these notations are further abbreviated as 

in the example dBmW (Decibel Milliwatt) will be only written as dBm. The above differentiation between 

power and root-power quantities also apply to the absolute ratio. 

Two examples: the gain of an antenna is 11 dBi. How large is the absolute antenna gain? 

 11 10log 12.6
1

G
G

 
   

 
 

The noise floor of an amplifier with an output voltage of 200 mV is at 1.5 V. what is the signal to noise 

ratio (SNR) of the amplifier? 

 10

200 mV
20log 102.5

dB 1.5μV

SNR  
  

 
 

 

S-Parameter two-port 

A two-port is a model that is widely used in electrical networks. It consists of four connections, two of 

which are combined to form a “port”. Figure 9 shows such a general two-port with voltages and currents 

on each side (𝑉1, 𝐼1, 𝑉2, 𝐼2). There are various ways of representing the relationships between these 

quantities, e.g. the Z- or impedance matrix: 
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[
𝑉1

𝑉2
] =

[
 
 
 
 𝑍11 =

𝑉1

𝐼1
|
𝐼2=0

𝑍12 =
𝑉1

𝐼2
|
𝐼1=0

𝑍21 =
𝑉2

𝐼1
|
𝐼2=0

𝑍22 =
𝑉2

𝐼2
|
𝐼1=0]

 
 
 
 

[
𝐼1
𝐼2

] 

 

Figure 9 : Symbolic representation of a two-port network 

In this section, however, we will deal with the so-called S-parameters. With S parameters, the relationships 

between the voltages and currents on both sides are no longer used directly, but the description is made 

with the help of waves. Figure 10 shows such a two-port together with the waves 𝑎1, 𝑎2, 𝑏1 and 𝑏2. Each 

wave has a 𝑉, 𝐼 -Pair, where the ratio is 
𝑉

𝐼
= ±𝑍0 , i.e. the so-called characteristic impedance of the 

transmission line. Since the network analyzer measures the S-parameters directly, we do not go into any 

more detail here and refer to the literature on transmission line theory for the conversion between 

current / voltage values and wave amplitudes. 

The incoming waves of the two-port are given by the vector  [𝑎1; 𝑎2] with the wave from the left (𝑎1) 

and right (𝑎2) side. The output resulting from these incident waves is given by the vector [𝑏1; 𝑏2]. In order 

to represent the transfer function between these vectors, a description in the form of a matrix 

multiplication is useful. The matrix, denoted by [𝑆], contains the so-called S-parameters and describes the 

reflected or transmitted portion of a wave. For example, the wave 𝑏1 is composed of the reflected part 

of the wave 𝑎1 and the transmitted part of the wave 𝑎2. The whole then has the form: [𝑏] = [𝑆][𝑎], or it 

can be written with the S-parameters: 

[
𝑏1

𝑏2
] = [

𝑆11 𝑆12

𝑆21 𝑆22
] [

𝑎1

𝑎2
]   or   

𝑏1 = 𝑆11𝑎1 + 𝑆12𝑎2

𝑏2 = 𝑆21𝑎1 + 𝑆22𝑎2
 

 

Figure 10 : Symbolic representation of a two-port network with S-parameters 

Types of Antenna 

The following table gives an overview of antennas from the previous chapter that are frequently used in 

practice, as well as some "high-end" antenna types for comparison purposes. 



 

13 
 

Antenna type Frequency / 

GHz 

Gain / dBi Gain / absolute 

Isotropic spherical emitter hypothetical 0 1 

Hertzian dipole hypothetical 1.76 1.5 

Cellphone antenna  0-1.9 1-3 0.8-2 

Radio antenna  0.46 1-4 1.3-2.5 

Log-Per Antenna 0.2-2 6 4 

6-Element-Yagi 0.43-0.46 11 13 

Cellular base station  0.9-1.9 10-15 10-31 

Standard horn antennas  1-40 6-26 4-400 

Parabolic antenna in Arecibo 0.3-8 80 108 

 

Figure 11 : Standard gain horn antennas (left, frequency range 1-40 GHz) are used for reference measurements on 

other antennas. Logarithmic-periodic antennas (right) are used for broadband applications, e.g. EMC tests (here 200 

MHz-2 GHz). 

Some antenna designs are explained below. This list does not claim to be complete. 

A very simple antenna is the /2–dipole (D = 1.64) (see Figure 12). The radiation diagram corresponds 

roughly to that of the hertzian dipole. The loop dipole is somewhat broader and has a more favorable 

impedance (Rr  290  ). It is used in the VHF range for both horizontally and vertically polarized waves. 

The /4-monopole (Rr  40 ) (Figure 12) is perpendicular to a conductive plane and thus behaves in 

exactly the same way as a /2-Dipole (reflection principle). The conductive level can be a car roof (mobile 

phone or CB radio antenna), but also the surface of the earth. This antenna is used for transmitters in the 

medium and long wave range. To improve the conductivity of the earth, cables are laid in a star shape 

starting from the base of the antenna, so that this arrangement can halve the overall height of the antenna. 
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Figure 12 : /2-dipole, loop dipole, current and voltage distribution; /4-monopole over conductive surface. 

The combination of the /2-dipoles with reflector and director rods brings a significantly higher directivity 

factor (Figure 13). Detailed dimensioning regulations for these Yagi antennas are tabulated for the 

shortwave range, for VHF and UHF. Sometimes several fed dipoles are used. 

 
Figure 13 : Yagi antenna: In the 6-element variant shown, it comprises the mounting mast, a reflector rod, the fed 

/2–dipole (there is only one active element) and 4 director rods (from left to right). The antenna shown has a 

gain of 10.6 dB in the frequency range of 4-450 MHz. The 10 (18) element variant has a gain of 13.1 dB (17.1 dB) 

compared to the isotropic spherical emitter 

Horn antennas are often used in the centimeter and millimeter wave range (Figure 15). The wave to be 

emitted is fed into the antenna with a waveguide (usually rectangular or circular) and the horn causes a 

gentle adaptation of the impedance of the waveguide to that of the free space. The wave in the waveguide 

is therefore not reflected at its end (no impedance jump) and is thus radiated. To improve the directional 

effect, a dielectric (collective) lens can be placed directly in front of the horn. The horn antenna is usually 

also installed in the focal point for feeding parabolic antennas. 

Reflector antennas or parabolic antennas are particularly well known from optical telescopes and 

satellite dishes. A parabolic mirror focuses the incoming wave in a focal point (ray-optical model). A very 

high antenna gain can be achieved if the mirror diameter is much larger than the wavelength. On the other 

hand, with large (large relative to the wavelength) reflectors, high demands are placed on the accuracy of 

the shape and alignment of the antenna. 

The performance of terrestrial optical mirror telescopes is limited on the one hand by the mechanical 

stability of the mirror (rigid mirrors of a few meters in diameter need years to cool down from the melt 

without tension), on the other hand the inhomogeneity of the atmosphere sets limits to the angular 

resolution (the flickering of those stars observed with eyes is based on turbulence in the atmosphere). 
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The stationing of the Hubble telescope (1990) at an altitude of 600 km avoids atmospheric disturbances 

and enables (in addition to observation in the ultraviolet) an improvement in the angular resolution 

compared to telescopes stationed on Earth by a factor of 10 (from 1 arc seconds to less than 0.1 arc 

seconds). However, the main mirror from Hubble (diameter 2.4 m) was 2 μm too flat at the edge - it 

provided completely unusable images until a correspondingly corrected secondary mirror was installed. 

Reflector antennas for radio astronomy are often much larger than those for optical telescopes, if only 

the mechanical dimensions are considered (in relation to the wavelength the proportions are opposite). 

Movable mirrors are several tens of meters in diameter. The largest parabolic mirror in the world “is” 

located in Puerto Rico in Arecibo (see Figure 14) in a volcanic crater (the mirror is immobile but a 

hyperbolic secondary mirror can also be swiveled over the crater). For a more precise resolution, several 

antennas can also be connected together; with precise time synchronization, they can even be located on 

different continents. 

 
Figure 14 : Fixed parabolic antenna for radio astronomy in Arecibo (Puerto Rico). The mirror is located in a 

volcanic crater (diameter 303 m, average surface roughness 2.2 mm). The picture shows the current Gregory 

antenna system (the hyperbolic mirror hangs "behind" the focal point, the receiver is located in the radome - the 

radome is a plastic housing that surrounds the antenna and protects it from the weather Center of the primary 

mirror). Typical frequency range 0.3-8 GHz, gain 80 dB (this is the most profitable antenna in the world!) At 8 

GHz. 

 

The in-phase interconnection of several antennas to improve directional characteristics (either higher gain 

or radiation in several directions) is used in antenna arrays. If phase actuators (possibly also amplitude 

regulators) are installed in the feed lines of the individual antennas of an array and these are appropriately 

controlled, one can, for example, swivel the main lobe back and forth in the radiation diagram, or a wide 

lobe (small directivity factor) from a narrow lobe (large directivity factor) do. Mind you, this only happens 

through changes in the control of the antennas; the mechanical design is retained. Phase and amplitude 

actuators can be implemented electronically. One speaks of "electronic diagram panning" or of the phased 

array. In the current development, these antenna groups, also known as "Smart Antennas", are already 
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being used in civil areas, for example in mobile communications or in collision warning devices.

 

Figure 15: Broadband "ridged" pyramid horn with coaxial feed for 18-40 GHz (left) and GSM base station antennas 

(right), consisting of three 120° segments and directional beam connection (small round white antenna, circle).  
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Important Terms 

 The wavefront is a surface in space, the points of which have the same phase at the same time. 

 In the case of a plane wave, the surfaces of the same phase are mutually parallel planes. 

 The resonance frequency is a natural frequency of an oscillating system. The input impedance 

of an antenna is real at the resonance frequency. 

 The glass fiber is a thin fiber made of dielectric material for guiding light (for visible light as well 

as for infrared or ultraviolet). It consists of several concentric layers of different glasses or plastics. 

 The Hohlleiter is a waveguide in the form of a closed metallic tube. The English term is mostly 

used synonymously for “non-TEM waveguide”. 

 The coaxial line consists of two concentrically arranged, cylindrical metallic conductors. The 

fundamental wave of the coaxial line is a TEM wave, but non-TEM waves can also propagate at 

high frequencies. If this is to be avoided, the inner diameter of the outer conductor must be small 

enough, e.g. 1mm at 110 GHz. 

 The skin effect describes the following phenomenon: While direct current penetrates the entire 

conductor cross-section, alternating currents can only penetrate into the outer areas of a metallic 

conductor. The penetration depth decreases with increasing frequency. In the high-frequency 

range, a metallic conductor must therefore have a particularly low surface resistance and a surface 

that is as smooth as possible. This can be achieved, for example, by silvering. 

 The dielectric waveguide guides the electromagnetic wave through dielectric boundary layers. 

 The Hertzian dipole is a (fictitious) dipole antenna with an infinitesimally short length. Its field 

can be described with analytical expressions, which is not possible with practical antenna shapes. 

 The near field is in the immediate vicinity of an antenna. In the immediate vicinity, the reactive 

near field dominates, while a little further away the radiating near field dominates over the reactive 

field, but the field distribution as a function of the angle is still dependent on the distance from the 

antenna. 

 The Fresnel region roughly coincides with the near field. In this area, the radiation from the 

antenna cannot be explained using the optical radiation model. 

 Only the radiation field is present in the far field. The radiation of the antenna characterized by 

the Poynting vector seems to start from a point (the exact dimensions of the antenna can no 

longer be determined). 

 The Fraunhofer region roughly coincides with the far field. In this area, the radiation from the 

antenna is to be described with the ray-optical model; all rays seem to emanate from a common 

source point. 

 The directional characteristic indicates - in the case of transmission - the directional 

dependence of the field strength generated by an antenna according to amplitude (possibly 

according to polarization or phase) at a constant distance to the antenna and under far-field 

conditions. The directional characteristic is usually normalized to the maximum value in two 

orthogonal cutting planes (mostly E and H plane). 

 The reciprocity law for antennas states that an antenna behaves identically in terms of all 

properties (e.g. gain, directional characteristic, impedance) when transmitting and receiving. The 

law of reciprocity applies to antennas that do not contain any non-reciprocal elements (non-linear 

materials, e.g. ferrites, amplifiers) and work in a linear, passive medium. 

 The isotropic spherical emitter describes a lossless antenna that radiates uniformly in all spatial 

directions (or receives the same from all spatial directions). It cannot practically be realized. 

 The main beam direction describes the spatial direction in which the antenna with the greatest 

power radiates. The guideline factor and profit are defined in this direction. 

 The directivity factor describes the ratio of the maximum radiation density of a given antenna 

in the far field to the radiation density of the isotropic spherical radiator with the same 



 

18 
 

transmission power and at the same distance (instead of the isotropic spherical radiator, the 

Hertzian dipole or the /2- dipole is also used as a reference). 

 The antenna efficiency is - in the case of transmission - the ratio of radiated power to power 

fed in. The difference arises due to thermal losses in the antenna. 

 The antenna gain is the directivity factor multiplied by the antenna efficiency. 

 The direction of the E-field vector of a plane wave defines its polarization. When the end point 

of this vector is projected onto a plane perpendicular to the direction of propagation of the wave, 

an ellipse is generally generated over the course of a period. One speaks of elliptical 

polarization. As a special case of the ellipse, a circle can arise and the wave is then called 

circularly polarized. If the projection shows a straight line, there is a linearly polarized wave. 

 The radiation resistance (Rr in the equivalent circuit diagram; see Figure 4) denotes the ratio 

of radiated power to the square of the antenna current. The current can (but does not have to) 

be defined at the feed point of the antenna. 

 An array is a group of coupled individual antennas. The directional characteristic of an array 

depends on the amplitude and phase relationships of the feed of the individual antennas. With the 

phased array, the directional characteristic of the array can be dynamically changed by changing 

the amplitude and phase ratios of the feed to the individual antennas. 

 The main lobe is the radiation lobe that includes the main direction of radiation. 

 The Axial Ratio indicates the relationship between the major and minor axes of the polarization 

ellipse. An axial ratio of 1 means purely circular polarization, of   linear polarization. 

 The front-to-back ratio indicates the gain ratio between the 0- main beam direction and 180- 

back beam direction. This number only makes sense for antennas that are clearly radiating in one 

main direction (e.g. horn antennas). 
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EXPERIMENTS 

 

Introduction 

A laptop, a N9912A FieldFox Vector Network Analyzer (VNA) and a measurement setup consisting of a 

TX and an RX module are required for the experiments. These instructions describe the experimental 

setup and the individual steps for carrying out the experiment. 

Experiment 1: Impedance measurement (S11) 

This measurement measures that portion of the power that does not go into the antenna port. Because 

it is implicitly assumed that most of the remaining power is actually radiated (and not converted into heat 

in the antenna itself), the measured value is an indicator of how well the antenna radiates without knowing 

where. 

 

 

Figure 16 : Structure of the setup 

1. Set up the setup as shown in Figure 16 (without LAN cable). Use an SMA cable to connect the RF 

OUT connector of the VNA to the RF IN connector of the TX module.  

2. The 915 MHz λ/2 dipole antenna is used for this measurement. Mount this antenna on the TX 

module.  

3. Under Mode, select the NA option and the S11 parameter. 
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4. Press the Freq/Dist button on the VNA and set the start frequency to 900 MHz and the stop 

frequency to 930 MHz. The center frequency is then 915 MHz. This corresponds to the resonance 

frequency of the antenna used. 

5. Press the Scale/Amptd button on the VNA and select Autoscale.  

6. Use the rotary wheel to move the marker to the center frequency 915 MHz. Note the measured 

value for S11 at the center frequency.  

7. Press Measure on the VNA and select Format and then Phase. Make a note of the measured phase. 

8. Calculate the impedance of the antenna. The line impedance 𝑍𝐿 is necessary for this. You can find 

this in the VNA under: Meas Setup / Settings 

9. Press Measure on the VNA and select Format and then Magnitude (log). 

10. Now connect the VNA to the laptop using the LAN cable. And the laptop with the USB cable 

with the RX module.  

11. Open the RadPat v4 software on the laptop (see Figure 17). Press the Settings button and then 

the Connect button. 

 

Figure 17 : S11 plot with marker at 2400 MHz 

12. Set the IP address to 192.168.0.1 and select Keysight Fieldfox. 

13. Now set the start frequency to 100 MHz and the stop frequency to 1100 MHz. The center 

frequency is now 600 MHz. 

14. Set the output power to 0 dBm. Click Configure and then click Save & Exit. The rotary motor now 

moves to the starting position and the VNA is configured. 

15. As soon as the starting position is reached, the main screen of the RadPat v4 software appears 

again. Click on S11 to go to the measurement mode for the S11 parameter. The S11 plot is now 

displayed in the software and on the VNA screen. 

16. Replace the dipole antenna with the adjustable dipole antenna (see Figure 18). 

17. Now change the length of the dipole antenna to about 25, 27 and 29 cm and draw the plot in each 

case. To do this, click Capture in the software to record the plot. 

18. Discuss the course of the plots. 
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Figure 18 : Customizable antenna 

Experiment 2: 2D antenna directional characteristics and antenna gain 

This measurement measures the power transmission from one antenna to the other. It turns out that this 

value depends very much on the geometric arrangement and the antenna shape. 

 

Figure 19 : Setup for the second experiment. 

1. Build  the setup as shown in Figure 19. 

2. Use an SMA cable to connect the RF OUT connector of the RX module to the RF IN connector 

of the VNA.  

3. Mount the 2.4 GHz dipole antennas on the TX and RX modules so that they are oriented 

horizontally.  

4. Set the start frequency to 2300 MHz and the stop frequency to 2500 MHz. The center frequency 

is now 2400 MHz. Set the output power to 0 dBm. Then click on Configure and after completing 

the configuration click on Save & Exit. 

5. Change the distance between the antennas to about 50 cm and make sure that no objects or 

people are near the antennas.  

6. Click on 2D Radiation Pattern to measure the S21 parameter (transmission).  
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7. Under Rotator Control, set the value of Step Size to 5 Deg/Step and click on Play to start the 

measurement. 

8. After completing the measurement, discuss the plot and save it using a screenshot. To do this, 

display the Polar-Plot. 

9. Now change the orientation of the antennas so that they are mounted vertically. Repeat the 

measurement.  

10. Compare the plot with the plot for the horizontal alignment of the antennas.  

11. Replace the dipole on the RX module with the Yagi-Uda antenna and repeat the measurement.  

12. Compare the result with the previous measurement of the dipole antennas. Discuss the 

differences. 

Experiment 3: Patch Antenna 

This experiment is intended to make it clear that there are many different antennas that have been 

specially adapted to an application. 

1. Set up the setup as shown in Figure 19. 

2. Mount a 2.4 GHz dipole antenna on the RX module and the 2.4 GHz patch antenna on the TX 

module. 

3. Find out in which direction the 2.4 GHz patch antenna radiates strongest and what its polarization 

is by changing the orientation of the patch antenna.  

Experiment 4: Circular polarization 

This experiment deals with the special properties of circularly polarized waves. In particular, the "non-

line-of-sight" propagation is also considered with a reflection. 

1. There are two spiral antennas (A) and (B) for 915 MHz. As shown in Figure 20, use the rule of 

thumb to determine the type of polarization. Point your thumb away from the antenna. If the 

pointing direction of the remaining fingers of the right hand coincides with the turns of the 

antenna, it is a right-handed circularly polarized antenna. 

 

 

Figure 20 : Left-handed (left) and right-handed (right) circularly polarized spiral antennas. 

2. Mount the two antennas as shown in Figure 21. 
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Figure 21: Setup for the first measurement. 

3. The received power is measured for this measurement. Configure the measurement as in the 

second attempt, but change the frequency to the range that is important for these antennas.  

4. Under Rotator Control, select the Single point scan option and set the value to 0 degrees.  

5. Click on Play. The S12 value appears. Make a note of this.  

6. Mount the antennas as shown in Figure 22. Set the value under Single point scan to 180 degrees 

and click on Play. Write down the S12 value. Discuss the two values. 

 

Figure 22 : Setup for the second measurement. 

7. Now rotate the TX and RX modules as shown in Figure 23 so that they are at an angle of 90 

degrees to each other. Hold a metal plate between the modules at a 45 degree angle to both 

antennas. Change the distance of the plate so that the power received is maximum. Write down 

the S12 value and discuss it. 
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Figure 23 : Setup for the third measurement. 


