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Introduction

1.1 HF SKYWAVE COMMUNICATION

HF communication plays vital role beyond the line of sight in various strategic fields
specially in the field of defence, police, emergency services, remote sensing and national security.
In this section concept of HF propagation and presently used methodology for HF antenna
deployment has been discussed.

1.1.1 PRINCIPLE OF HF COMMUNICATION
High Frequency radio waves can propagate from transmitter to a receiver through three
distinct ways as shown in Figure 1.1:

1. Ground wave: Ground wave or Surface wave HF communication is applicable for
communicating near the ground surface for short distances nearly up to 100 KM over land
and up to 300 KM over sea. Attenuation of the Ground wave highly depends on HF
antenna height above ground, type of ground, polarisation, frequency and type of terrain.

2. Direct or line-of-sight wave: This wave can communicate directly with line-of-sight
objects or receiver may interact with the earth-reflected wave depending on polarization,
terminal separation and frequency.

3. Sky wave: Sky wave communication can be achieved through refraction by the
ionosphere at all distances short, medium and long. This type of communication is most
important form of HF propagation.
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Figure1.1: HF propagation through ground wave, line-of-sight and sky wave
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In proposed work in thesis, sky wave HF communication at various distances i.e. short,
medium, long has been presented. The long distance communication range has been considered
above 1000KM, medium distance communication from 500 to 1000KM and short wave
communication from 300KM to 500KM. Near Vertical Incidence Sky-wave (NVIS) mode of
communication has been used for communicating below 300KM.

1.1.2 THE REGIONS OF THE IONOSPHERE

In atmosphere the region which is extending the height from 50 KM to over 500 KM is
known as the ionosphere. In this region some of the atoms and molecules of atmosphere are
electrically charged or ionised by the sun radiation. The process in which the electrically charged
atoms, molecules and neutral atoms either gain or lose electrons, is known as Ionisation.

HF communication is a radio communication through ionosphere or sky wave with in
frequency band of 3 to 30 MHz. During HF communication in ionosphere, negatively charged
electrons stripped from molecules and atoms to produce the free electrons. For effective sky wave
HF communication, free electrons in ionosphere is essential. The variation in the density of free
electrons refracts HF radio waves in ionosphere. This process allows the upper atmosphere of
ionosphere to be used as reflector to communicate between distant locations on the earth surface
or ground.

The free electron density during HF communication is non uniform in ionosphere. The
regions of higher electron density in ionosphere form at the different altitudes. The altitude with
which a particular HF sky wave refracts from ionosphere, depends on the profile of its electron
density. The higher HF sky wave refracts from the region of high density of electrons. The highest
electron density region determines the Maximum Usable Frequency (MUF) in ionosphere. MUF
is the highest frequency being refracted from ionosphere. The HF sky wave frequency above MUF
penetrates the ionosphere without refraction towards ground surface.

During day time, four regions present in the ionosphere are D, E, F1 and F2 regions
as shown in Figure 1.2. The approximate height above ground of various regions in ionosphere
is as follows:

1. Dregion range - 50 to 90 km;
2. Eregion range- 90 to 140 km;
3. Flregionrange - 140 to 210 km;
4

F2 region range- over 210 km.

During night period D, E and F1 regions tend to deplete the free electrons resulting-
in insignificant HF sky wave. The F2 region electron density also decreases during the night time
resulting-in requirement of lower frequencies during night interval. Simultaneously, higher
frequencies actually penetrate the ionosphere. Only the regions E, F1 and F2 refract HF waves
towards ground.

The HF sky wave pass through D region to reach the refracting region. Simultaneously,
D region absorbs the energy of the sky wave and reduces its signal strength. In Figure 1.2, day as
well as night occurrence of ionosphere has been shown highlighting the positioning of various
ionised layers along with its electron density.



The F2 region is always present in the atmosphere throughout the day becoming most
significant region for HF sky wave propagation. During long HF communication, F2 layer’s high
altitude reduces the required number of hops and it refracts the highest HF communication
frequencies.

Day ionosphere Might ionosphere
exosphere
so0 - satellite .
electron|density
thermosphere
400 -
= F2 layer
=
w 300
o
=
= Flayer
F1 layer
200
meteor
sporadickE Elayer
100 - sporadick
mesasphere
D layer balloon stratosphere
troposphere
| | I | | I | I | | I I
o 10 1® 1w’ 10t il 1t an’ o 10 10 10* 10t 1t 10f o’

Electron density (electrons/cm®)

Figure 1.2 : Day and night occurrence of the ionosphere. (The black lines shows electron density in day as well
as night hemispheres.)

1.1.3 IONOSPHERIC VARIATIONS

HF frequency during Diurnal ionospheric variations in winter period is shown in Figure
1.3. During sunrise electron concentration increases sufficiently due to EUV (Extreme Ultraviolet)
radiation produces electrons in ionosphere. This phenomenon enables higher frequencies to be
refracted by the F2 region and the E, F1 regions refracts other HF sky wave propagation.

From sunrise to noon the EUV flux increases, which intern increases the production of
electron. This allows higher frequencies to be refracted by all the regions of ionosphere. During
noon, EUV flux peaks leading to the maximum electron concentration in the ionosphere.

During afternoon, the EUV flux decreases and the electron density and frequencies
decline gradually. At sunset EUV radiation produces nil electrons. Therefore, the E and F1
regions essentially become transparent to HF radio waves during sunset as electrons quickly
dissipate. The F2 region is sustained through the night with declining electron density due to the
longer lifetimes of electrons and atmospheric winds in this region. The electron density of the F2
region reaches a minimum just before dawn, as do frequencies.
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Figure .1.3: Diurnal variation during median winter frequencies

1.1.4 FREQUENCY, RANGE AND ELEVATION ANGLE DURING SKY WAVE PROPAGATION
During HF sky wave communication three interdependent variables are as follows:

1. Frequency during HF communication.
2. HF communication path length and range.

3. HF Antenna radiation elevation or take-off angle.

1.1.4.1 ELEVATION ANGLE FIXED (FREQUENCY AND PATH LENGTH VARIABLE)

HF communication for various ranges with fixed elevation angle (radiation take-off
angle) can be achieved through increasing the HF operating frequency gradually till its MOF
(Maximum Operating Frequency) as shown in Figure 1.4. In case operating frequency is lesser
than MOF, the lesser range and path length can be achieved (rayl, ray2). In case operating
frequency is equal to MOF, maximum range and path length can be achieved (ray3). If operating
frequency becomes higher than MOF, HF sky wave penetrates through ionosphere (ray4).

ray 4: frequency > MOF

lonospheric region ray 3: frequency = MOF

ray 1: frequency < MOF

ray 2:
frequency < MOF

Figure 1.4: Elevation / radiation take-off angle fixed. (Path length Increases with increase in frequency )
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1.1.4.2 FIXED PATH LENGTH (FREQUENCY AND ELEVATION ANGLE VARIABLE)

HF communication with fixed path length can be achieved by gradually increasing
HF elevation angle/ take-off angle along with operating frequency as shown in Figure 1.5 (rayl1,
ray2). The highest radiation take-off angle/ elevation angle along with fixed path length coincides
with highest operating frequency (MOF) in an ionospheric region. This highest elevation angle
(ray3) is known as critical HF elevation angle. While maintaining the fixed critical angle with
fixed path length, any increase in operating frequency leads sky wave to penetrate through
ionospheric region (ray 4).

In case of maintaining fixed path length and fixed operating frequency equal to MOF, any
increase the radiation elevation angle / take-off angle results in penetrating the ionospheric
region (ray 5). Hence during HF sky wave communication, frequency selection should be carried
out ensuring its value to be well below MOF and radiation elevation angle below critical angle
for effective results.

ray 4: frequency > MOF

ray 3: frequency = MOF
Critical (largest) antenna
elevation angle

ray 5: frequency = MOF

lonospheric region

ray 2: frequency < MOF

ray 1: frequency << MOF

Figure 1.5: Fixed Path length (Increase in elevation angle requires an increase in frequency to maintain a fixed
path length)

1.1.4.3 FIXED FREQUENCY (ELEVATION ANGLE AND PATH LENGTH VARIABLE)

In case of fixed frequency, at lower radiation elevation HF propagation path is greater
covering higher distance between transmitting and receiving HF antennas (ray1) as shown in
Figure 1.6. As HF propagation radiation elevation angle increases keeping fixed frequency, its
path length decreases gradually (ray 2,3,4) and HF sky wave refracts from higher ionospheric
layers. As frequency equal to MOF, HF propagation creates critical radiation elevation angle (ray
4). Further increase in elevation angle of HF sky waves results in penetrating the ionosphere (ray
5). During HF communication, a skip zone forms around antenna in which neither sky wave nor
ground/surface wave propagate.

Hence, as the distance from transmitting and receiving stations is increasing the HF
radiation take-off angle (Elevation angle) keep reducing for fixed operating frequency as shown
in Figure 1.6.
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Figure 1.6: Frequency fixed (If the operating frequency is above the vertical incidence MOF, a skip zone will
form around the transmitting antenna)

1.1.5. NEAR VERTICAL INCIDENCE SKYWAVE (NVIS) COMMUNICATION

NVIS communication uses ionosphere as reflector for communicating low distances
approximately within 300 KM. This is most important and efficient radio link for low distance
communication. Various methods have been presented previously for measurements and
simulation on optimum height of NVIS antenna and NVIS elevation angle. As per current
literature optimum height of NVIS antenna has been calculated within 0.17-0.22\.

As NVIS communication cover small area within range of 300 KM, the EM wave needs
to be launched at very steep angles approximately more than 70 degrees and entering the
ionosphere nearly perpendicularly. In NVIS communication, the EM wave reflects back to earth
and land in an umbrella like fashion in specified area around HF transmitter as shown in Figure
1.7. To maintain high take-off angle of EM wave the antenna kept at low height typically 0.17 to
0.22\ for NVIS mode of communication.

lonosphere

coverage area

Figure. 1.7 :. NVIS Communication



NVIS is a popular method of HF communication for non-line-of-sight coverages
specially in the mountains and urban terrains. During NVIS mode of communication HF energy
directed vertically which avoids most of nearby obstacles in mountains/terrains. However,
during NVIS communication substantial ionization in ionosphere require vertically above
antenna which possess some concern in its efficiency during solar minimum.

In a recent work. a design topology have been proposed to measure NVIS elevation angle
using a professional radio direction finder (RDF). For this measurements 09 crossed-loop
antennas within 50 met circle have been placed as part of RDF. Figure 1.8 shows a picture of such
3 cross loop antennas.

Figure.1.8: Three out of nine crossed-loop antennas of the RDF.

The NVIS trials carried out for measurement of NVIS elevation angle from RDF to
multiple locations is shown in figure 2.16. Trials have been carried out with multiple NVIS
stations from a fixed RDF. The main aim of these trails was to measure the elevation angle
of radio waves during NVIS communication. In figure 1.9, the red lines demonstrate the
azimuth angle and the distance between RDF and NVIS stations.

Figure.1.9: Azimuth and distance from the RDF to the NVIS stations
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1.1.6. HF DIPOLE ANTENNA
The Wide Band Dipole Antenna (WDA) is a rugged and versatile antenna. It can
withstand adverse environment and various operational conditions. This type of antenna is ideal

in Base station role. Therefore, most of medium and long distance HF communication in based
on WDA HF antenna.

The most common HF antenna used for HF communication is half wave horizontal
dipole antenna as shown in Figure 1.10. It consists of half wave dipole wire fitted with insulator
at both ends along with feeder cable connected to HF transceiver and antenna support to erect
the HF antenna. This type of HF antenna needs to erected using the available fixed support. The
antenna height is either adjusted manually or with pulley based system. Antenna dipole length
also required to be changed as per the HF operating frequency.

Dipole centre

Insulator & balun Insulztor
Pulley
Antenna
suppart Feeder

Figure 1.10: HF half wave horizontal dipole antenna

The inverted V dipole antenna is effectively used for HF communication for large,
medium and short distances. This type of antenna has advantage over conventional HF
horizontal dipole antenna during its deployment and HF communication effectiveness. In this
type of antenna half wave dipole wire antenna deployed in Inverted V shape. This type of
antenna requires only one support at Centre feed point and an ideal solution for amateur radio
and other HF communication. The major elements of inverted V dipole antenna are antenna wire,
antenna feed at centre, insulator, feeder cable, mast, and bottom supporting points as shown in
Figure 1.11.
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Figure 1.11: Inverted V HF dipole antenna



The radiation pattern of inverted V antenna is more omnidirectional in comparison to
horizontal dipole antenna due to antenna dipole legs angled downwards. The inverted V dipole
antenna’s performance is excellent for long distance communication on lower frequency band
due to high deployment of antenna above ground.

1.1.7. HF RADIO SET

TR2400 HF radio set shown in figure 2.13 manufactured by REUTEH communications has been
used to carryout proposed work in the thesis. TR 2400 is a tactical communication product which is
preferred to meet modern battlefield HF communication requirements.

Figure 1.12: TR 2400 HF radio set

TR2400 is a light weight and versatile Transceiver with environmental and EMC
complaint. TR2400 has 100W output for static applications and 25W output for man pack
applications. It has a capability to operate multiple transceiver in a collated environment. It has a
capability of automatic link establishment (ALE) while establishing the HF link with best
frequency. For communication security TR2400 is equipped with user defined digital encryption.

1.2 MOTIVATION AND CHALLENGES OF HF SKY WAVE COMMUNICATION

HF communication frequency prediction and its antenna height adjustment is essential
due to variation in condition of ionosphere during different time and seasons along with
multipath effects. HF operating frequency is lower during the night and higher in day time. In
day time after sunrise, frequency increases rapidly due to solar radiation produces electrons in
the ionosphere which become maximum around noon and minimum in night. Solar flares,
ionospheric storms, choice of frequency and equipment optimisation are some major challenges
with HF sky wave communication.

Height of HF antenna above ground plays a vital role for establishing successful HF
contact. Effective HF communication is dependent on accurate radiation take off angle achieved
by the transmitting antenna. To increase the HF radiation take off/ elevation angle the height of
HF antenna required to be reduced. Similarly, to reduce the HF radiation take off / elevation
angle height of HF antenna required to be increased accordingly. The height of HF antenna to be
adjusted either while variation of frequency during different time slots or variation of distance
between transmitting and receiving stations as shown in Figure 1.5 and Figure 1.6. Hence, desired
radiation take off/ elevation angle can be achieved by adjusting the HF antenna height above
ground.
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The main limitation during deployment of HF antenna is the variation of antenna height
with respect to variation in frequencies at different time in a day/night as well as variation in
path length (Distance between transmitter and receiver antenna). Presently many arrangements
of frequency and antenna height variation has been carried out based on following techniques:

1. Variation of Dipole lengths as per predicted frequency by varying dipole length
manually and adjusting the antenna height accordingly.

2. Deployment of various height of HF Antennas for different time periods of day and
night.

3. Mechanically vary the antenna height by pulley based systems.

1.3 PROBLEM FORMULATION

In all above approaches limitation exists due to deployment of HF antenna with
different heights or changing the height of antenna at regular interval due to variation in HF
frequencies and distance between Transmitter and Receiver stations. Additional time, cost and
complexity introduced due to integration of mechanical pulley based systems. Hence there was
a need to design a HF antenna with minimum variation in physical height.

Various past works w.r.t. HF antenna frequency tuning focuses on either electrically small
antennas or narrow band, dual band frequency tuning. However long range wide band HF
antenna deployment and frequency tuning without changing the height of HF antenna was
needed to be addressed.

Radiation pattern measurement of wide band HF dipole antenna is a cumbersome process
due to its long dipole length. Recently, few open space measurement techniques have been
proposed for HF radiation pattern measurement using Unmanned Arial Vehicle (UAV) or
airborne object based systems, which is a complex and expensive setup. Therefore, a small form
factor model was needed to be designed in order to validate the HF radiation pattern of beam
steerable HF dipole antenna.

Various design topologies of microstrip antennas using varactor diode, PIN diode,
shorting pins and reflect dipole antennas resulted in achieving beam steering in small tunable
antennas. However, there was a need to propose a suitable tunable antenna mechanism which
has an advantage of digitally controlled architecture, low design cost, less complexity, less
parasitic losses and high portability having wide application.

1.4. CONTRIBUTION

Based on studies conducted on various types of beam steerable dipole antennas, four
types of antennas have been proposed in thesis from chapters 3 to 6 in ascending order as per
antenna’s size/operating wave lengths. Two small size of printed dipole antennas operating in
UHEF band at 2.45 GHz and 2.35 GHz operating frequencies have been proposed in chapter 3 and
4 with antenna dimensions 60mmX 40mm and 75mm X 55mm respectively. Subsequently, in
chapter 5 & 6 larger size of HF dipole antennas has been discussed. A new technique on HF
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frequency prediction and HF antenna optimum height calculation has been proposed in chapter
5. In chapter 6, two Inverted-V HF dipole of antenna operating at 10 MHz and 9.3 MHz
frequencies has been proposed for HF frequency tuning and beam steering applications with
dipole lengths 15 Meter and 16 Meter respectively.

1.4.1. ANALYSIS ON FABRICATION OF DIFFERENT TYPES OF ANTENNAS

Half wave horizontal dipole antenna: As shown in this of thesis, the most common type
of HF antenna used for long range communication is half wave horizontal dipole antenna shown
in Figure 1.10 which is conventional dipole.

Inverted V HF dipole antenna: The other type of HF antenna shown in Figure 1.11 is the
inverted V dipole antenna which is effectively used for HF communication for large, medium
and short distances. This type of antenna has following advantage over conventional HF
horizontal dipole antenna during its deployment and potential for enhance HF radiation pattern:

(a) In this type of antenna half wave dipole wire antenna deployed in Inverted V shape
which is easy to deploy.

(b) This type of antenna requires only one support at Centre feed point
(c) Anideal solution for amateur radio and other HF communication with limited space.

(d) It possible to achieve a noticeable increase in its SNR in inverted V dipole antenna.

In order to address the issue of HF antenna physical height adjustment along with frequency and

range variation, in chapter 6 of thesis a ‘Inverted V beam steerable HF dipole antenna” has been
proposed. The proposed antenna provides solution to establish adequate coverage in elevation
plane without changing the physical height of HF dipole antenna. Also in chapter 6, a frequency
tunable inverted V HF dipole antenna has been proposed.

Due to large size of HF dipole antenna, its radiation pattern measurement is a
cumbersome process. Hence the validation of HF antenna performance has been carried out real
time by point to point communication trials.

To further verify the concept of proposed beam steerable inverted V HF antenna, a low
cost small form factor model as beam steerable printed dipole antenna in ISM band has been
proposed in chapter 4 having similar design topology. The radiation pattern of printed dipole
antenna has been measured and similar concept can be extended to HF antenna also.

In chapter 3, a digitally controlled beam steerable horizontal printed dipole antenna has
been proposed at ISM band. Same concept can be extended to conventional half wave horizontal
HF dipole antenna. Also, this antenna provides solution of compact size, highly portable digitally
controlled beam steerable printed antenna with low design cost, less complexity, less parasitic
losses and high compatibility along with wide application specially in Industrial, scientific and
medical (ISM band) applications.

1.4.2. VARIOUS CONTRIBUTIONS IN THESIS

In the thesis, following contributions with respect to beam steerable printed dipole antennas and
HF dipole antennas are believed to be concluded from the research work presented in thesis:

1. Inpresentchapter 1 & chapter 2, concept of HF sky wave communication and design
topology of various recently used beam steerable printed antennas has been
discussed respectively.
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2.

In chapter 3, a digitally controlled beam steerable printed dipole antenna integrated
with switchable PIN diodes has been proposed. For effective digitally controlled
beam steering and portability of antenna, the PIN diode switching is regulated
through program embedded STM32F407VG microcontroller through RC filter
circuit. The proposed antenna has beam steering capability in elevation plane up to
45 degrees while operating in ISM band (2.45 GHz) along with adequate operational
band width of 120 MHz. The antenna has the advantages of compact design due to
single dipole structure along with microcontroller based switchable PIN diodes
integrated on antenna itself resulting in digitally controlled architecture, low design
cost, less complexity, least parasitic losses and high portability. The antenna
provides efficient solution to establish adequate coverage in elevation plane with
120 MHz operating band (2.40-2.52 GHz) including ISM band. Beam steering angle
of proposed antenna is digitally controlled by switching three series PIN diodes
integrated on it and applying appropriate DC voltage through its biasing circuit.
Beam steering up to 45 degrees in one direction has been achieved electronically
with 4.57 dB peak gain keeping scan loss below 0.8 dB and other antenna parameters
within specified limit. The proposed antenna can be wused in wireless
communication, point to point communication, vehicular communication, 10T
applications and various other applications.

In chapter 4, a beam steerable inverted V printed dipole antenna has been proposed
using single dipole along with a varactor diode and parallel inductor. The proposed
antenna provides efficient solution to establish adequate coverage in elevation
plane. Tilting angle for antenna radiation pattern has been controlled by gradually
varying the capacitance value keeping fixed value of parallel inductance. Required
biasing circuit for varactor diode is intentionally placed on substrate at back side of
dipole arm. Proposed antenna gain is observed to be 4.1 dB with less than 1 dB scan
loss and cross-pol results found well below -20 dB. The proposed antenna is capable
of steering beam + 30 degree in elevation plane at 2.35 GHz by tuning varactor diode
bias voltage. The resistive and parasitic losses of proposed antenna is considerably
low along with its compact design.

In chapter 5, a method has been proposed for practical solution for HF frequency
prediction and optimum antenna deployment. The proposed approach can directly
be implemented as standard guidelines for optimum HF contacts within specified
geographical region. In this research work frequency prediction has been carried out
for four time slots (Day, Night, Trsnsition-1, Transition-2) with the help of HF
prediction tool. Also due to linear approximation between effective antenna height
and frequency of operation, various equations has been introduced to calculate
effective height of the antenna for all distances between Transmitter and Receiver
stations during short, medium and Long haul HF communication.

In chapter 6, a frequency tunable inverted V HF antenna operating at 10 MHz with
feeding network modification technique has been proposed to vary the HF dipole
antenna resonance frequency while maintaining the actual length of dipole fixed. In
this work, feeding network specified as the length which acts as interface between
RF feed and HF dipole. Hence variation in feeding network length does not alter
actual dipole length of HF antenna. As feeding network length extends towards one
side by increasing its physical length, effective antenna impedance changes
accordingly which results in variation of antenna resonance frequency keeping
dipole length fixed. By keeping actual dipole length unchanged, adequate
operational band width achieved by changing its feeding network length resulting
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in covering entire range of frequency in a particular time slot for accurate HF
communication at a particular height of antenna.

In chapter 6, a beam steerable inverted V HF dipole antenna operating at 9.3 MHz
has also been proposed as an effective solution for adjusting radiation beam take off
angle electronically to maximise HF coverage throughout the elevation plane with
no variation in physical height of HF antenna. Optimum frequency of HF antenna
can be predicted based on HF prediction tool. HF antenna radiation take off angle
varies as per required HF antenna effective height with optimum gain. HF antenna
radiation elevation angle has been controlled by gradually varying the capacitance
value positioned at one end of HF dipole antenna keeping fixed value of parallel
inductor placed along with variable capacitor.
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