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ABSTRACT The next generation of wireless communications, which is proposed to operate in the mmWave
region of the electromagnetic spectrum, offers the potential of high-data rate and increased coverage in
response to a rapid growth of mobile data traffic. Operation in an mmWave channel is subject to physical
and current technical limitations compared with conventional terrestrial microwave channel propagation.
In this paper, the effects of antennamisalignment are considered in anmmWave channel through polarization
mismatch. Tri-orthogonal polarization diversity is suggested as a means for mitigating misalignment effects
and offering increased link performance over a majority of antenna orientations. A known physically realized
planar antenna design offering such diversity is highlighted.

INDEX TERMS 5G, polarization diversity, Internet of Things.

I. INTRODUCTION TO 5G TERRESTRIAL NETWORKS
The next generation of wireless networks is expected to
handle up to a thousand times more traffic than 2013 levels
by 2020. Higher operating frequencies in the mmWave region
of the electromagnetic spectrum are being considered as a
lack of available bandwidth currently is an issue at conven-
tional operating frequencies [1]. ThemmWave region extends
from 30–300 GHz [2], sitting between the microwave
region (3–30 GHz) [2] while overlapping the lower region of
terahertz frequencies (100 GHz–30 THz) [3]. The mmWave
region is shown in Figure 1, together with frequency bands of
interest for the next generation of wireless networks.

As the drive to develop new networks is pursued, a com-
pelling argument exists that wireless radiated energy needs
to be used efficiently if designs are to be effective. Networks
operating in the microwave region make use of several advan-
tages that may not necessarily exist in the mmWave region.
These include:

• high transmit power due to reduced intermodulation and
non-linear effects.

• low spreading loss and atmospheric absorption.
• good coverage due to a wider beamwidth.
• multipath fading providing diversity, particularly in
dense urban environments.

In the mmWave region of the electromagnetic spectrum,
signal propagation is subject to:

FIGURE 1. The mmWave region of the electromagnetic spectrum. The
mmWave region extends over a region of 270 GHz, from 30–300 GHz.
Frequency bands of interest for the next generation of wireless networks
are shown. Note that there is no standardized definition of the terahertz
band. Whilst terahertz spectroscopists loosely define the band as the
0.1 THz to 10 THz range, another common alternative range
is 0.1 THz to 30 THz.

• lower transmit power due to increased intermodulation
and non-linear effects

• higher spreading loss and atmospheric absorption
• reduced coverage due to a narrow focussed beamwidth
• reduced range resulting from reduced beneficial multi-
path fading, due to a reduction of scattering mechanisms
at higher frequencies and lower transmit power.

Coupled with a lower transmit power due to non-
linear effects, a reduced beamwidth at mmWave frequen-
cies, as seen in Figure 2, provides a reduced probabilty
of multipath fading. Multipath fading in a rich scattering
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FIGURE 2. Millimetre wave beamwidth. Due to increased free space path
loss, mmWave beamwidths are narrow in order to focus radiated energy
in the direction of propagation. A consequence of this is a more LoS
channel when compared to those operating at microwave frequencies,
requiring beam steering of radiated energy. The LoS channel is also
typical of satellite channels, which are proposed to be integrated into
new fifth generation, or 5G, wireless networks. After [4].

environment typically provides several copies of a propagated
signal through a channel, as a consequence of the signal
being hived into multiple lower power copies of itself due
to scattering effects. This provides several resolvable signals
that propagate along distinct subchannel paths to a receiver,
increasing the possibility of reception [5]. Broadly speaking,
to increase capacity across a channel, narrowband signals
should be used in place of wideband or spread spectrum
signals, with the number of resolvable signals kept low while
providing diversity [6].

A. WHY IS THERE AN ISSUE CURRENTLY FACING
WIRELESS NETWORK DESIGN?
Mobile data growth has reached a tipping point. The rapid
explosion in wireless services over the past couple of decades
has presented numerous challenges and subsequent solutions
in order to provide the wireless subscriber with content.
Diversity techniques coupled with coding techniques have
provided near ubiquitous wireless coverage for all. The intro-
duction of smartphones, enabling various data forms to be
transferred wirelessly at the touch of a screen, has revo-
lutionized personal communication. Systems are constantly
evolving in order to provide the user with improved content.
To provide higher end content to the wireless subscriber,
more data is typically required to be transferred. This requires
higher data transfer rates, or a wireless subscriber who is
willing to wait longer for data to be transferred to them. With
the latter option not being credible, data transfer rates must
increase. Available bandwidth at operating frequencies used
in current systems is limited, and this is driving the next
generation of wireless design.

B. WHAT EXACTLY IS BEING DONE ABOUT IT?
Engineers are agreed that higher operating frequencies will
be required to advance mobile data growth and expecta-
tions. The introduction of fifth generation, or 5G, regula-
tions aims to provide systems that may deliver data transfer
rates or capacity two to three orders of magnitude higher

than those currently available [1]. To achieve this, we may
consider Shannon’s theorem on the capacity C of a channel
in bits/sec with additive white Gaussian noise,

C = B log2

(
1+

S
N

)
(1)

where B is the channel bandwidth in Hertz and S and N are
the average power of the received signal and noise over the
bandwidth in Watts, respectively. In order to provide multi-
gigabit/sec data transfer rates, the theorem suggests that the
capacity of a channel requires a commensurate large band-
width and large signal power.

The search for methods to increase data transfer capacity
to satisfy future mobile traffic demands stems from an initial
decision in December 1995 by the US Federal Communica-
tions Commission to allocate a 5 GHz band for unlicensed
applications in the mmWave region around 60 GHz. A sub-
sequent modification to this allocation resulted in the band
being extended to 7 GHz (57-64 GHz) [7]. Many countries
have opted for similar frequency band allocation for high data
rate unlicensed communications atmmWave frequencies, and
this is shown in Figure 3.

FIGURE 3. In countries around the world, an unlicensed 60 GHz
bandwidth exists with a large ultrawide bandwidth, typically of 7 GHz.
The allocation of an unlicensed ultrawide bandwidth at 60 GHz, in the
mmWave region, has paved the way for exploring the possibility of high
capacity data transfer methods for fifth generation, or 5G applications.

At 60 GHz, strong attenuation caused by the resonance
of oxygen molecules exists, and so this band is in princi-
ple not suitable for long-range wireless communication of
the order of a few kilometres. This range limitation permits
spectrum reuse by multiple systems within close proximity
of one another. Furthermore, as well as a larger available
bandwidth at higher frequencies resulting in higher capacity
data transfer, operation at mmWave frequencies allows both
antenna sizes and spacing in multiple-antenna systems to be
reduced. This offers the possibility of compact systems that
are affordable [8] and able to be integrated into areas such as
textiles [9], potentially offering an unprecedented access to
wireless communications.

Inmany parts of the world, research into 5G technologies is
not confined to a single frequency band around 60GHz. In the
UK, a portion of the mmWave region of the electromagnetic
spectrum between 28–80 GHz is being investigated [10] to
provide an increase in data transfer capacity. In the US,
the frequency bands of interest are given below in what is
known as the Spectrum Frontiers Proposal [1], [11]–[15]:
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TABLE 1. Unlicensed wireless communication bands. A comparison of the different features of some of the in-use license-free wireless communication
bands and those at 60 GHz in the mmWave spectrum.

FIGURE 4. A view of the shift towards total wireless connectivity. The next generation of wireless networks
aims to offer connectivity to up to a thousand fold more devices, but many questions remain as to how to
progress to a target that has been set for 2020. After [25].

• 24 GHz Bands (24.25–24.45 GHz and 25.05–
25.25 GHz)

• Local Multipoint Distribution Service Band (27.5–
28.35 GHz, 29.1–29.25 GHz, and 31–31.3 GHz)

• 39 GHz Band (38.6–40 GHz)
• 37/42 GHz Bands (37.0–38.6 GHz and 42.0–42.5 GHz)
• 60 GHz Bands (57–64 GHz and 64–71 GHz)
• 70/80 GHz Bands (71–76 GHz and 81–86 GHz).
In the US, interest in increasing data transfer rate was ini-

tially placed on technologies operating in the frequency band
of 3.55–3.65 GHz, only slightly higher than those conven-
tionally used, as frequencies beyond 24 GHz were perceived
as unsuitable for signal propagation due to physical and
technical limitations [16]. However, it is now understood that
multiple ricochets providing multiple reflections and hence
multiple copies of a signal transmitted at 24 GHz or above are
available after channel propagation at the receiver [17], [18].
These processes provide diversity. Disparate signals resulting
from these processesmay be received byMIMO antennas and
subsequently built into an intelligible data signal potentially
offering multi-gigabit data transfer rates [1], [19].

The allocation of a 7 GHz bandwidth for the
next generation or fifth generation of license-free

communication devices operating at 60 GHz offers the
possibility of enhanced transfer rates. Such data rates
are far higher than those encountered at conventional
low microwave frequencies [20]. In Table 1, a compari-
son is made between different features of current in-use
license-free wireless communication bands and those in the
60 GHz band.

The move to the mmWave spectrum is in anticipation of
up to a thousand fold increase in mobile traffic by 2020.
While mobile subscriber numbers are saturated in many
developed countries, it is expected that content is likely to
increase requiring greater network capacity. This traffic is to
be driven primarily by the rapid spread of mobile networks
into developing countries, as well as the integration of smart
goods on to wireless networks, known as the Internet of
Things [21]. To summarize, the rollout of 5G is looking to
provide:
• increased coverage [1]
• integration of networks including satellite and terres-
trial networks [15], [22], [23], and the Internet of
Things [24]–[26].

Proposed concepts of the next generation of wireless inter-
connectivity are highlighted in Figures 4 and 5.
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FIGURE 5. Driverless vehicles and remote surgery are offered through
wireless total connectivity. Wireless connectivity for all devices offers the
possibility of wireless control and optimisation of a majority of
household appliances and industrial equipment in what is
known as the Internet of Things. After [26].

C. HOW CAN TRI-ORTHOGONAL POLARIZATION
DIVERSITY IMPACT THIS ISSUE?
The rollout of 5G is currently little more than a concept,
with a fully fledged industry standard yet to be agreed upon.
Standardisation of the concept is urgently required. Multiple
groups are working on standards regarding interoperability
and backward compatibility issues [15], [27], [28].

Improved coverage is one aspect that is targeted in the
5G rollout. This statement is ambiguous as coverage is nom-
inally applied to spatial position alone. If networks are to
perform as required, the challenges of operating at mmWave
frequencies need to be considered [1]. These challenges are
brought about as a consequence of:
• higher transmit power being required to combat free
space path loss effects over the channel

• higher transmit and receive antenna directivity being
required to focus power, typically along boresight

• nonlinearity and intermodulation effects increasing
as a function of frequency, restricting linear power
transmission

• smaller component size creating issues for component
heatsinking and effective aperture area.

In addition to these challenges, the effect of polarization
mismatch, or antenna misalignment, may drastically reduce
system performance. To mitigate antenna alignment issues,
circular polarization (CP) is used as a de facto signal propa-
gation technique [29]. In effect, the transmitted electric vector
tip may be considered as rotating about the direction of propa-
gation [30]. As a result, a component of the propagated signal
is always received, and for transmit and receive antennas
that are perfectly aligned along a direction of propagation

a CP wave is received provided that a CP wave is transmitted
and that the channel affects the orthogonal linear components
of the CP wave in an identical manner.

Deviation of alignment of an antenna at either end of the
channel, a transmitted signal with axial ratio that is not 0 dB,
or channel effects that affect one linear component of the
CP wave more than the other, develop an elliptically polar-
ized (EP)wave. In the extreme case, the EPwavemay become
linearly polarized (LP), and this may severely degrade link
propagation. In [1], the notion of beam steering is highlighted
as a solution to misalignment issues.

This article reviews improving coverage through polariza-
tion diversity in three orthogonal directions, otherwise known
as tri-orthogonality. Diversity offers alternatives signal prop-
agation paths, and in so doing offers link possibilities in
channels that would otherwise prove impenetrable. Polariza-
tion diversity uses orthogonality of polarizations to provide a
compact solution offered in two dimensions [31], [32].

Extending polarization diversity to three orthogonal
dimensions effectively provides a colocated solution that the-
oretically may provide enhanced diversity, and the potential
to beam steer to increase radiated electromagnetic energy in
any link direction. In so doing, the angular range of coverage
is expanded. However, physical antenna solutions no longer
remain planar in nature, and acquire volume [33]. Therefore,
compactness of the solution is hitherto unavailable.

In [34], a tripling of capacity is suggested for a tri-polarized
orthogonal arrangement at the antenna. The experiment is
conducted at a frequency and in a context that produces a
rich scattering environment. In effect, this does not provide
a full picture of the tri-orthogonal arrangement as misalign-
ment issues are mitigated by such an environment. A similar
environment is presented in [33].

With these issues raised, the paper aims to provide the
following:
• a review of the effects of misalignment and its mitigation
by a tri-orthogonal antenna arrangement over a range of
channel environments

• a brief review, with pointers to the literature, on a recent
tri-orthogonal polarization diverse antenna solution.

D. MOTIVATIONS AND OBJECTIVES
Wireless subscribers are predominantly concerned with ubiq-
uitous, ever increasing amounts of content. In order to provide
this, data rate needs to be consistently augmented. At this
point in time, conventional wireless propagation techniques
have been more than adequate providers of content. Sys-
tems have made the best use of a signal wavelength which
is often longer than objects found in the channel environ-
ment. Propagated signals have been able to reflect from and
refract around objects to provide reception in places where no
LoS signal propagation is possible.

Strong reception signals have been a direct consequence
of multipath fading effects. Where deadspots have occurred
where no reception is possible, be it as a result of signal
blockage or superpositioned cancellation of signals at the
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receiver, a solution has been to add an additional transmit
antenna. At the terrestrial level, and in an environment where
it makes economic sense to do so, the policy of transmit
spatial diversity has been extremely useful.

Furthermore, to increase rate, and so provide greater con-
tent, signal processingmethods have been able to code signals
to increase rate. Higher levels of complexity in coding typi-
cally rely on higher signal-to-noise ratios. Wireless network
systems’ architects have been able to squeeze as much rate
as possible out of conventional networks. In environments
where it is not economically viable to perform such mea-
sures, or in environments where it is just not feasible to do
so, content has not evolved to the same extent.

The growth of mobile data in recent years has now reached
a point where it has saturated networks. Additional bandwidth
is required if this growth is to continue. But there is also a
need to make systems more efficient if we are to reap the
benefits of the next generation of wireless design.

When engineers highlight data rate, several points need
to be made. Firstly, a maximum rate is often quoted [35].
Secondly, the conditions in which network performance is
measured may be optimal [36]. Like-for-like comparisons
become difficult. Thirdly, perfect antenna alignment of trans-
mitter and receiver is the norm. After all, what would be the
point of measuring rate using a misaligned system. Crucially,
the third of these points is very much in focus if 5G is to
deliver on what it promises.

The concept of ubiquitous coverage has been mentioned
as a goal of the rollout 5G networks. The definition remains
rather vague, however. Coverage as a function of spatial
positioning of antennas and as a function of relative angular
alignment of antennas are not the same, and it can be argued
that the latter is of more relevance as engineers look to use
radiated power efficiently [1].

This paper considers a definition of coverage in terms of
antenna alignment. A misalignment of incoming electromag-
netic signal and receive antenna reduces link performance,
and in the most extreme case may render the link inoperable.
Figure 6 highlights the effect of polarization misalignment.
For terrestrial wireless systems, polarization is defined by the
orientation of the electric field vector relative to the plane of
the Earth.

Polarization mismatch is typically observed as a signal
drop at the receiver due to a misalignment of electric field
vectors of an incoming signal and of the receive antenna.
The misalignment may result from incorrect alignment of the
transmit antenna with respect to the receive antenna to begin
with, or the propagating signal experiencing depolarizing
effects in the channel, or a combination of both.

Conventional techniques to combat such issues have
included an increase of power at the transmitter, spatial
diversity through provision of additional antennas spaced
apart from each other, and signal propagation using circular
polarization techniques. In the latter, a component of the
rotating electric vector tip of a propagating waveform is
always received. However, a circularly polarized waveform

FIGURE 6. The various possibilities of polarization misalignment and
subsequent mismatch loss. polarization is defined by the orientation of
the electric field vector relative to the plane of the Earth. The effect of
polarization misalignment between an incoming electromagnetic signal
and a receive antena may render links inoperable in the most extreme
cases.

may only be transmitted in one direction, and any deviation
of a receiver away from this direction typically results in
elliptically polarized reception.

In the extreme case, reception may become linearly polar-
ized that may result in a drop in system capacity. Deviation
from a case of perfect reception of a circularly polarized
waveform may be exacerbated when the effects of specular
reflections andmultipath are also considered. Specular reflec-
tions of a signal provide a 180◦ shift in phase between prop-
agating vertical and horizontal components of a circularly
polarized signal. In an extreme case, a right handed circularly
polarized network may provide no reception at the receiver
as the signal has become left handed circularly polarized as a
result of such a reflection.

In the instance of multipath fading, received signal
components may effectively cancel each other out at the
receiver, providing reduced range or spatial positions of
impaired or indeed no reception. Such fading may affect
reception of a signal with purely LoS components, or that
with stochastic components introduced through propagation
over the channel. Signal scatterers may scatter a signal to
the extent that all resulting diverse signal components are too
weak for reception. The benefit ofmultipath is dependent on a
high SNR at the receiver, together with a limited cancellation
effect of superpositioned received signal components. These
components provide diversity at the receiver as a result of
propagating along uncorrelated individual subchannel paths.

With increasing path loss, or reduced transmit power,
multipath effects degrade signal reception more readily,
as received signal strength begins to fall consistently below
the receiver noise floor. The ability to provide an increased
signal strength at the receiver becomes crucial in mitigating
specular reflective effects and in providing beneficial multi-
path fading effects.
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Fifth generation or 5G networks are looking to provide
greater content in a unit time period through higher operating
frequencies in the mmWave region of the electromagnetic
spectrum. With new horizons appear new issues:
• higher operating frequencies are subject to increased
free space path or spreading loss due to a smaller wave-
length of operation [37]

• signal absorption at higher operating frequencies is
higher than that encountered at conventional terrestrial
network operating frequencies [38]

• mmWave signals are not scattered to the same extent as
conventional high power low gigahertz signals, as nar-
row beamwidths are required to focus transmit power.
Multipath effects are typically not as beneficial [39].
Instead, a LoS signal tends to dominate. All of this
suggests a higher power requirement

• higher power amplifiers at mmWave operating frequen-
cies are typically inefficient smaller devices than those
at low gigahertz frequencies [8]. Inefficiency leads to
increased heat energy that must be dissipated effectively

• as operating frequency increases, solid state power
devices typically become less efficient and are sub-
ject to non-linear effects [40]. Third order intermod-
ulation, where an unwanted signal becomes dominant
in an operating bandwidth, restricts transmit power.
While not necessarily a problem in a terrestrial environ-
ment at the transmitter, where power amplifiers may be
banked together to provide the required output power
without producing an unwanted third order intermodu-
lated signal, it is indeed a problem for a mobile hand-
held receiver where mass and volume are restricted.
The same criteria equally applies to a satellite payload
providing communications coverage to thousands of
subscribers.

For static systems, such as a fixed point-to-point terrestrial
network or geostationary satellite providing a service within
a fixed field of view, the alignment issue can be managed to
provide adequate gain and power to subscribers. We however
live in a mobile world, and so for subscribers to terrestrial
networks using handheld devices, and for subscribers to satel-
lite services where global coverage is proposed, requiring
satellites that move relative to the Earth’s surface, the issue
of alignment becomes crucial.

One of the aims of 5G is to combine terrestrial and satellite
services to improve coverage [22], [23], and this will require
consideration of efficient antenna design. In this context,
conventional techniques are no longer adequate. We need
to think in three dimensions, and to provide mechanisms
in which we may efficiently radiate electromagentic energy
through compact design.

Diversity, or the ability to provide additional paths of
signal propagation is possible in many forms. If space is
no problem, spatial diversity, such as telecommunications
providers use in urban centers where antennas are placed on
numerous rooftops to provide maximum coverage, is consid-
ered as a conventional solution. When space is constrained,

FIGURE 7. Frames of reference. In this paper, a field-of-view (FoV) is seen
from the perspective of the transmitter T, with the receiver R moving over
the sphere, covering all antenna orientations. The nomenclature in this
figure is used throughout this article.

one technique of providing additional diversity is through
polarization.

Tri-orthogonal polarization diversity exploits radiated
electromagnetic energy in three orthogonal directions to pro-
vide enhanced link performance. Prior research in this field
has typically been demonstrated in environments that facili-
tate propagation [33], [34]. In effect, a rich scattering envi-
ronment provides the possibility for an arbitrarily polarized
signal to be transmitted and subsequently received. This is
fine in such an environment, but what about in channels that
are not rich scattering environments?

Rich scattering environments may not necessarily exist in
a 5G terrestrial mmWave channel, or in a satellite channel.
Satellite channels are proposed to be included in the next
generation of wireless communication in order to improve
coverage. In both, a LoS signal may typically dominate. Add
movement of the receiver relative to the transmitter into the
mix, and angle of transmission and reception become critical
in the ability to propagate a signal.

In this section, we have introduced the issues regarding the
next generation of wireless communication. These issues are
poignant, given the timeline that is required to be followed
if the growth in mobile data is to continue. Suggestions are
proposed with regard to the role that the research undertaken
in this article might play in helping to solve these issues.

In Subsection II-A, a review is undertaken of tri-orthogonal
polarization diverse methods applied to terrestrial design.
As one of the aims of 5G is to provide improved wireless
coverage, including through interconnection of terrestrial and
satellite systems, a critique of channel modeling is presented
in Subsection II-B. This critique provides a basis for a chan-
nel model that considers tri-orthogonal polarization diversity
applied to a terrestrial channel that is presented in Section III.

In Section III, and through a metric of system capac-
ity, operation in a terrestrial channel of a link operating
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at 60 GHz, in which tri-orthogonal polarization diversity at
both transmitter and receiver is provided, is considered. Sim-
ulation of a AWGN fading channel where only a line-of-sight
signal exists is performed, along with that of a Rayleigh fad-
ing channel. Both simulations are conducted over a transmit
field-of-view covering all possible orientations at the receiver.

The simulations suggest that in a AWGN fading chan-
nel, the tri-orthogonal system provides orientation robustness
above that of a conventional dual polarized system, while in
a Rayleigh fading channel, capacity is significantly increased
over the majority of the FoV.

Simulations cover extreme channel conditions in both
cases, and suggest that a tri-orthogonal approach is beneficial
in both cases. Ideally, we would once again want capacity
to be independent of propagation angle, and tri-orthogonal
polarization diversity is shown through a fundamental physi-
cal approach to provide an improvement in this respect.

II. MISALIGNMENT MITIGATION THROUGH
TRI-ORTHOGONAL POLARIZATION DIVERSITY
Polarization diversity offers the possibility of transmitting
distinctly polarized signals that may be subjected to indi-
vidual subchannel path effects. At mmWave operating fre-
quencies where signals may be more line of sight due to nar-
row beamwidths, such an arrangement provides diversity and
resolvable signals at the receiver. A similar argument holds
for satellite channels, which are typically LoS in nature, and
are proposed to be integrated into new fifth generation, or 5G,
networks [22], [23], [41], [42].

A. TRI-ORTHOGONAL POLARIZATION DIVERSITY REVIEW
The concept of tri-orthogonal polarization diversity is most
prominently highlighted in [34], where the concept of tripling
capacity using a colocated orthogonal arrangement of anten-
nas is demonstrated under laboratory conditions at an oper-
ating frequency of 880 MHz. The use of a mirror provides
a method of generating mutiple reflections, simulating the
conditions of a rich scattering environment, as found in urban
environments for example.

The paper makes the claim that a tripling of capacity
is made in such an environment over a DP radio signal,
as three electric and three magnetic polarized states are
present. The concept delivers a channel of rank six, sug-
gesting that all states are contributing to system capacity
as all eigenvalues are non zero and distinct. This rank sug-
gests a three fold increase over a DP electric signal with no
scattering.

Figure 8 illustrates the experimental arrangement. The
orthogonality of the MIMO system provides a low mutual
coupling value of −25 dB between polarized states. Each
antenna associated with a polarized state provides an omni-
directional radiation pattern with nulls of −25 dB parallel to
the antenna axis at the operating frequency used.

The proximity of experiment and theory is seen in the
capacities of Figure 8. Theoretical studies on this arrange-
ment have also highlighted the use of three electric and three

FIGURE 8. Colocated tri-orthogonal antenna arrangement. Capacity
measurements made for one (1), two (2) and three (3) orthogonal
antennas are shown by solid lines. Random matrix channel theory
solutions are shown for the same arrangements by the dotted lines.
A tripling of capacity over the rich scattering channel is observed for the
case of the tri-orthogonal arrangement. The colour image, A toute
épreuve by Joan Miro, is reconstructed from transmission of three distinct
red, green, and blue monochrome subfields on each of the three
orthogonally oriented antennas observed in the upper portion of the
image. After [34].

magnetic polarized states, and the implications for enhanced
channel capacity [43], [44].

In [44], electric current and magnetic current profiles gen-
erate six polarization states and are analysed by ideal point
sensors, providing a theoretical six-fold increase in capacity.
Practical antennas are of finite size, however, and transmit
and receive topologies of electric half-wave dipoles and mag-
netic full-wave loops are also analysed. In a rich scattering
multipath environment, all six polarization states are found
to be uncorrelated and of equal strength. The magnetic states
are not found to contain any additional information than that
of the electric states, and as such are redundant. In addition,
the radiation patterns are found to interfere, and become non-
orthogonal. As such, no more than three orthogonal electric
polarization states are suggested as useful for a tri-orthogonal
arrangement.
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In [45], the effect of mutual coupling on capacity is
explored. The effect is considered for the case of two radi-
ating elements that begin as widely spaced apart, but that are
systematically brought closer together.

The mutual coupling effect is of interest as it is observed
that capacity is observed to increase in the instance of close
spacing, which is counter to the understanding of mutual
coupling impinging on capacity. As the radiating elements
combine to form one element, capacity drops commensu-
rately. The effect of mutual coupling is interesting for a tri-
orthogonal arrangement in as much as such an arrangement
consists of antennas that are already in close proximity, and
that mutual coupling is being mitigated by the orthogonal
nature of the arrangement. Indeed, a certain amount of con-
fusion surrounds the effect of mutual coupling on capacity as
suggested by the contradictory stances of [46] and of [47].
Whereas the former suggests the negative consequences of
mutual coupling, the latter suggests that some amount of
mutual coupling is useful.

From a classical standpoint, capacity may be construed as
received power. As such, a certain amount of mutual coupling
is beneficial in the sense that received signal power is coupled
to antennas that are in close proximity to each other; the point
that is made in [45].

However, mutual coupling affects pattern diversity, result-
ing in static asymmetric patterns that are unusable for provid-
ing an option to beam steer, or an option to differentiate link
directions.Whereas a poorly defined radiation pattern is com-
mon in mobile phone, or planar inverted-F, antennas (PIFAs)
[48]–[50], this is mitigated by high power transmission from
base stations. For higher operating frequencies, and LoS
applications, this form of mitigation does not exist.

In [43], a four fold limit on capacity enhancement is placed
on an array of planar antennas compared to a LP array.
In effect, only four of the tri-orthogonal polarization states
are used, two electric and two magnetic states. A volume
array, or arrangement of tri-orthogonal antennas, gives an
additional logarithmic increase in capacity. This may be
understood by the redundancy of two polarization states in a
direction of propagation along an antenna axis. However, it is
the ability of the tri-orthogonal arrangement to compensate a
loss of capacity on a pair of electric andmagnetic polarization
states with an increase in capacity for the orthogonal polariza-
tion states, in effect providing a quasi-isotropic solution and
mitigating antenna misalignment, that is of interest.

In [51], a colocated tri-orthogonal arrangement at both
transmitter and receiver is demonstrated in an indoor envi-
ronment at 2.44 GHz. Experimental results suggest that the
arrangement is suitable for high capacity mobile systems.
The authors suggest that there is degradation of capacity in
as a function of elevation but not as a function of azimuth.
Whereas there may be an issue regarding non-orthogonality
of radiation patterns due to an effect of mutual coupling
between radiation patterns in one direction and not the other,
the difference in capacity performance as a function of angle
is small.

In [52], a tri-orthogonal arrangement of UWB antennas is
investigated. However, the experiment does not use a colo-
cated arrangement, as it is conducted according to the method
of [53]. As such, the beneficial effects of spatial diversity and
reduced mutual coupling are included, and so the experiment
does provide an exaggerated account of the performance of
the tri-orthogonal arrangement.

The MIMO cube of [54] is an interesting concept,
highlighting the orthogonal and symmetric nature of tri-
orthogonality through a cubic arrangement with the possibil-
ity of 12 distinct radiating elements, providing 12 subchannel
paths or eigenmodes. In the work of [54], for a half-wave
dipole length of side and in a Rayleigh rich scattering channel,
a theoretical capacity increase commensurate with the num-
ber of active eigenmodes is seen compared to LP polarization
state transmission. However, this capacity enhancement is
observed to decrease as the side of cube is decreased, ren-
dering the design impractical for mobile applications.

In addition, the effects or mutual coupling and reduc-
tion of pattern diversity of not considered. Mutual coupling
reduces capacity performance of close proximity radiating
elements [46]. In [55], the effect on the MIMO cube is
theoretically scrutinized, and it is suggested that mutual cou-
pling reduces capacity only for cubes of length of side less
than 1/3 of a wavelength. In effect, mutual coupling acts to
limit antenna compactness.

A physical version of the MIMO cube, presented as a slot
radiator rather than dipole radiator, is provided in [56]. This is
shown in Figure 9. The design is observed to suffer from the
effects ofmutual coupling, and this in turn effects polarization
diversity through polarization impurity which in turn affects
pattern diversity. The design is elaborated through a series of
internal polygon stuctures designed to reduce internal mutual
coupling effects, and this in turn reduces mutual coupling
by 20 dB, and improves the radiated patterns of the slots.

FIGURE 9. Slot radiator version of the MIMO cube. The images shown
are: (a) original version, (b) hollow cube schematic, (c) second version
where by internal polygon structures are included to reduce mutual
coupling effects. After [56].

A tri-orthogonal antenna design using FR4 dielectric
material is demonstrated in [33], operating at 2.55 GHz.
Figure 10 presents the design. The design provides 18 dB of
polarization isolation between antennas. Radiation patterns
are somewhat affected by this small degree of polarization
impurity, and the material and structure of the design itself,
which is slotted together to provide a polarization orthogonal
to a typical planar surface.

The design in [33] is tested and shown to provide a tripling
of capacity in a rich scattering Rayleigh fading channel.
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FIGURE 10. A tri-orthogonal antenna constructed using FR4 material. The
tri-orthogonal design is slotted together to provide a third polarization
orthogonal to the planar xz surface, which is excited by port 1. After [33].

At the transmitter, spatial diversity exists as the orthogonal
radiating elements are not colocated. In addition, the trans-
mitter is descibed as a linear arrangement of antennas, and
it is not clear if these are all polarized in the same direc-
tion, or orthogonally, as is desired. At the receiver, orthogo-
nally polarized antenna elements are colocated and so spatial
diversity is minimized thereby demonstrating the benefits of
polarization diversity at the receiver.

The effect of mutual coupling on radiation patterns is miti-
gated throughmatched termination of untested ports. An ideal
capacity measurement is hence generated, as it is likely that
pattern diversity would be affected if all three ports were
excited simultaneously, as mutual coupling is −18 dB.

In essence, the designs and analysis given above provide
the background to more recent research. A design based on
a tri-orthogonal arrangement may be found in [57]. The pub-
lication demonstrates a compact tri-orthogonal arrangement
using a cross-shaped dielectric resonator antenna (DRA), and
operating at 4.7 GHz with a 6.8% overlapping bandwidth.
The design is shown in Figure 11. Mutual coupling is kept
below−30 dB by a symmetrical and orthogonal design. As a
consequence, pattern diversity is maintained.

FIGURE 11. A cross-shaped dielectric resonator antenna (DRA) structure,
operating at 4.7 GHz with a 6.8% overlapping bandwidth. Low mutual
coupling of −30 dB due to the orthogonality and symmetry of the design
is recorded for this design. After [57].

To summarize, prior research in this area has conceptually
presented tri-orthogonal polarization diversity through theo-
retical analysis. The following points are noted:
• a tripling of capacity is provided over a LP polarization
state in a rich scattering environment, such as a random

Rayleigh fading channel. This supports anticipated
capacity improvement.

• antenna designs using a tri-orthogonally diverse
approach operate at RF and microwave frequencies,
conducive to beneficial multipath fading.

• although three magnetic polarization states are also
available for channel propagation, there is no additional
information that is conveyed by these magnetic states
that may not be found in the three electric polariza-
tion states. As such, their inclusion is suggested as
unwarranted.

• whereas an ideal sensing analysis is presented at
the receiver, in practice the implementation of half-
wave electric dipoles and full wave magnetic loops is
impractical.

• analysis over all antenna directions is not given, and as
such results and conclusions are somewhat limited.

In terms of physical design and experimentation, the fol-
lowing points are noted from the results of prior research:
• experimental results of capacity under rich scattering
conditions largely match those calculated theoretically.

• a tripling of capacity is provided over a LP polarization
state in a rich scattering environment, such as a random
Rayleigh fading channel. This bolsters claims of capac-
ity improvement as this tripling may not necessarily be
observed for all antenna orientations, and will not be the
case for LoS conditions.

• spatial diversity is inadvertently included, and as a con-
sequence mutual coupling effects are largely mitigated.

• mutual coupling effects are reduced through load termi-
nation of untested ports. When included, these effects
affect pattern diversity.

• mutual coupling effects increase as antenna size is
reduced.

• the inclusion of a third orthogonal polarization turns
a planar antenna design into a volume antenna
design, which compromises the design for mobile
devices.

• diversity performance is often erroneously presented,
as performance should take radiation pattern weighting
into account over an entire radiating FoV.

From this summary, two points are identified to now
address:
• what is the enhancement in performance offered by a
tri-orthogonal arrangement over all antenna orientations,
and over a range of wireless terrestrial channel effects?
Moreover, satellite systems are proposed to be integrated
into the next generation of wireless terrestrial mobile
systems [22], [23], and the concept of tri-orthogonal
polarization diversity can be considered in a channel
with a time-varying link geometry

• tri-orthogonal arrangements provide a polarization
orthogonal to the antenna surface at the expense of
a planar design, that consequently becomes a volume
design [33], [54]. Can three orthogonal polarizations be
provided in a planar design?
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Both of these points are important if the next generation
of wireless design is to provide higher capacity and mobil-
ity while not ignoring fundamental contstraints imposed on
current technologies.

B. CRITIQUE OF APPLICABLE MODELING TECHNIQUES
Throughout this article, we highlight the enhancement of
wireless communication through tri-orthogonal polarization
diversity. This is shown through parameter extremes over a
range of channels. The channels have been chosen due to their
interest with regard to the next generation of wireless mobile
communications, which aims to seamlessly integrate wireless
terrestrial and satellite systems [22], [23]. As systems become
more mobile, the effect of misalignment becomes more
pertinent to performance through polarization misalignment
issues, and mitigation is suggested through a tri-orthogonal
arrangement.

We present system capacity data according to movement
of a receive antenna over a sphere, as a means of analysing
misalignment between transmitter and receiver. Studies of
capacity performance, including that of MIMO transmis-
sion schemes, are typically presented in two dimensional
line graph format [58], [59]. Where inference is made to a
particular angular orientation of an antenna, the line graph
format is maintained [32]. As tri-orthogonal polarization
diversity considers three dimensions, so a format encompass-
ing all antenna orientations is required. In this article, capac-
ity performance is displayed for all receive antenna orienta-
tions using a convenient circular two dimensional format, or
FoV approach.

Furthermore, and by extension, movement of a receive
antenna over a sphere naturally lends itself to a non-
geosynchronous satellite channel analysis [60], made relevant
by the proposed inclusion of satellite systems in the next
generation of wireless networks. Combined with a vectorized
approach for both wireless terrestrial and satellite channels,
three dimensional data is thus able to be presented in a
convenient circular two dimensional or FoV format for both
systems.

From a terrestrial wireless channel perspective, we acknowl-
edge that channel models are accessible in the literature.
However, we suggest that shortcomings are evident in these
models:
• models for dual-polarization diverse links make an
implicit assumption that perfect alignment exists
between transmit and receive antennas, or intro-
duce cross-polar correlations independent of link
geometry [61]–[65]

• where performance according to angular orientation is
assessed, a two dimensional line graph format consider-
ing selected angular orientations is chosen [32]

• where three-dimensional approaches to modeling are
observed, research may not consider a tri-orthogonal
system [66]–[68]

• a full appreciation of system performance over
all antenna orientations in a FoV is typically not
presented [69]

• systems are shown that typically operate at frequencies
where the effects of rich scattering environments may
enhance performance considerably [70]–[72].

The terrestrial model demonstrated in this article pro-
vides an initial consideration into the introduction of a pro-
posed mmWave tri-orthogonal system. The tri-orthogonal
arrangement offers the potential of short range, high capacity
communication, less dependency on spatial position than
conventional techniques, and application to all antenna orien-
tations. The simulated results suggest that capacity improve-
ment due to a tri-orthogonal approach is available, both in
the presence and absence of channel scatterers. We suggest
that our model provides a useful contribution in addition to
previous research cited above.

In this section, the reader has been introduced to tri-
orthogonal polarization diversity as a possible solution to
antenna misalignment. A review of tri-orthogonal polariza-
tion diversity is given. The review considers prior research
on the topic, both from a system capacity perspective and a
hardware design perspective.

A critique of modeling techniques is subsequently pre-
sented that considers prior modeling of terrestrial systems,
and the limitations of this modeling.

In Section III, tri-orthogonal polarization diversity is
applied to a terrestrial 5G channel. All antenna orientations
are considered, as a solution to antenna alignment mitigation
is sought.

III. APPLICATION OF TRI-ORTHOGONAL POLARIZATION
DIVERSITY TO TERRESTRIAL 5G CHANNEL
An era of rapid expansion in consumer wireless appli-
cations is forcing demand for additional user capacity,
reliability and throughput. One has only to consider the
Internet of Things [73], dedicated short-range communi-
cations (DSRC) [74] including vehicle-to vehicle tech-
nology (v2v) [75], and fifth generation (5G) wireless
connectivity [1], [34] to understand that telecommunications
are indeed undergoing a marked transformation.

In this new era, the function of wireless technology neces-
sitates consistency, regardless of end user position and ori-
entation. Multiple-input multiple-output (MIMO) signalling
techniques have been widely embraced in wireless terrestrial
systems, increasing performance by exploiting spatial diver-
sity in a terrestrial channel [5], [76]–[78]. Signal processing
theory has primarily considered spatial MIMO applied to
LP mode networks [79]–[83], as this has been driven by
commercial interests where one polarization is typically
transmitted.

At first, polarization diversity did not receive as much
attention as spatial diversity. A marked mean signal level dif-
ference between co-polarized and cross-polarized branches
where one polarization is transmitted is often cited as a reason
for this lack of interest [84], driven once again by commercial
reasoning. There seemed no reason in providing an additional
polarization for little commercial benefit.

A measure of this difference, known as cross polariza-
tion discrimination or XPD, is shown at historic terrestrial
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network operating frequencies to be typically between
6-20 dB for a given system [31], [85], rising to higher values
in suburban than in urban environments, due to a reduced
scattering mechanism. The XPD is shown to be correspond-
ingly higher in outdoor than in indoor environments [86],
essentially for the same reason.

One advantage of a polarization diverse method over
a spatially diverse method is that antenna design may
shrink, while providing a comparable, if not superior,
performance [61]–[63], [87]. Many CP mode patch antennas
designed for operation using CP mode wave propagation
demonstrate the case, as these antennas provide superior per-
formance to their LP mode counterparts. Propagation involv-
ing a CPmode wave may be decomposed into two orthogonal
LP propagation modes with a 90◦ phase shift between them.
For a CP mode receive antenna, loss of reception on one
antenna branch or element is mitigated by an increase in
reception on the orthogonal branch, providing depolarization
mitigation.

The use of a propagating CP mode wave as opposed to
a LP mode wave is typically at the expense of a reduced
range. For a terrestrial telecommunications operator, range is
often the most critical design criteria and, as a consequence,
LPmode systems are typically used. A system using CPmode
wave propagation and CP mode patch antennas is intended to
mitigate depolarization issues [30], and maintains optimum
performance as long as antenna alignment exists. The intro-
duction of misalignment reduces performance.

Measurement studies of terrestrial DP diversity involving
translation and rotation of a second antenna polar-
ization or branch suggest low correlation and mutual
coupling, with MIMO performance superior to that of a
spatially diverse system due to the orthogonal nature of the
design [31], [32].

In an ideal antenna design, the effects ofmutual coupling of
antenna polarizations [88] and correlation of antenna polar-
izations [32] should be mitigated to fully capture the benefit
of polarization and pattern diversity [45], [58]. In effect,
antenna polarizations or branches should act in an inde-
pendent yet complementary manner. Additional studies of
systems complementing what may be deemed to be spa-
tially polarized diversity measurement, making use of the
DP mode technique but not in a unique colocated posi-
tion, suggest that superior system performance is indeed
possible due to low mutual antenna interaction and low
correlation [84], [89]–[92].

Currently employed terrestrial systems utilize LP mode
or DP mode signal propagation due to their ease of imple-
mentation. A comparison of spatial, pattern, and polarization
diversity [87] over a range of channel environments suggests
that polarization diversity provides 12 dB ormore of improve-
ment in SNR; intuitively, a drop in signal on one polarization
is compensated for by an increase on another polarization
orthogonally colocated.

Antenna interaction and asymmetric antenna patterns in
the instance of closely located spatially diverse systems

provide an additional argument for the use of polarization
diversity, where these two issues may be mitigated through
design. Pattern diversity is also feasible for a polarization
diverse system, where low gain near-omnidirectional patterns
are employed [57].

From a simple geometrical analysis, performance of
LP mode, DP mode, and CP mode methods is observed as
being dependent on relative antenna positions. These forms of
polarization do not consider three dimensional link geometry,
instead remaining dependent on ideal antenna alignment.
As operating frequency increases in order to provide higher
data transfer rates, so consistency of linear transmit power is
typically less obtainable at these higher frequencies. Add in
a typical reduction of the benefits of multipath fading at the
receiver, and the consequence of higher frequency operation
is reduced performance, or an exponential rise in system cost
to correct this. Orientation robustness, or an ability to main-
tain performance regardless of device orientation, becomes
critical. Every possible design advantage needs to be sought.

For conventional frequencies operated in the RF and low
microwave region by mobile wireless operators, networks
typically benefit from a rich scattering environment. At these
frequencies, operators are typically restricted to increasingly
complex processing techniques if they are to provide for a
consumer demand of increasing capacity.

Recently, the terahertz region has captured the imagination
as high data rates, provided by an unallocated portion of spec-
trum, offer a multitude of wireless possibilities [93]–[95].
However, wireless operation at terahertz frequencies, as opp-
posed to that at RF and microwave frequencies, has been
subject to a slow expansion due to reduced available trans-
mit power, ultimately resulting in propagation in a line of
sight (LoS) channel typically devoid of useful scattering
mechanisms. As a result, terahertz wireless operation is not
yet able to provide orientation robustness to an increasingly
mobile end user. Where LoS propagation is disrupted, steer-
able dielectric mirrors have been introduced [96]. For optical
uplink systems to satellites, the effect of beam wander is
significantly detrimental to the BER [97].

Novel design at mmWave frequencies offers the potential
of many of the advantages to be found at both microwave
and terahertz frequencies while reducing the impact of the
disadvantages [96]. Primarily, a large 7 GHz bandwidth at
60 GHz, within the mmWave spectrum, has been offered
to wireless operation over short terrestrial distances [11].
This offering supports increased rate through the use of less
complex modulation techniques, including binary phase shift
keying (BPSK). Secondly, design and application may be
positively affected by well understood RF and microwave
concepts. Thirdly, in the mmWave region, the availability of
transmit power does not necessarily constrain the system to
LoS propagation. As a consequence, readily manufacturable
omnidirectional antenna designs may be used at the transmit-
ter to make best use of diversity techniques [98].

Further assistance may be offered by the channel envi-
ronment, although this assistance is typically less readily
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available at certain mmWave frequencies than at lower RF
and microwave frequencies, due to increased signal attenua-
tion at mmWave frequencies [20], [99]. However, in an atmo-
spheric window such as that found at 28 GHz, the channel
environment may provide propagation characteristics similar
to those found at lower frequencies [1].

In addition to this, 5G wireless networks, operating at
mmWave frequencies, may implement joint satellite and ter-
restrial connectivity through conventional CP mode tech-
niques in order to provide the throughput promized by
telecommunications providers [22].

Wave propagation using DP mode methods has been
observed to increase capacity in a LoS channel where antenna
alignment varies minimally with relative transmit-receive
antenna spatial position, [61], [62], [100], and in more chal-
lenging longer range satellite environments that may augment
terrestrial wireless services [22], [23], [64], [101]. Satellite
communication design is useful for demonstrating the benefit
of polarization diversity in three dimensions as it makes use
of spherical geometry.

FIGURE 12. Tri-orthogonal arrangement of half-wavelength dipole modes.
The familiar ’doughnut’ radiation pattern of a half-wavelength dipole is
associated with each of three orthogonal polarizations, or modes,
represented by the red, green and blue coloured lines. Each polarization
mode is orthogonal to an associated exploded cube face. In the case of
half-wavelength dipole modes, each radiation pattern provides maximum
gain in a direction in the plane of an associated cube face. Reduction of
the cube to an infinitesimal volume enables the three orthogonal
polarization mode radiation patterns to overlap. Together with high
isolation between these modes, this overlap enables a desirable
phase-centered system, minimising pattern asymmetry and providing the
possibility of more than one polarization mode in any link direction.

The introduction of a third orthogonal dipole mode at the
antenna, providing the potential of tri-orthogonal polariza-
tion diversity, potentially lessens the dependency on antenna
alignment, and has been shown to increase capacity in a
rich scattering environment [33], [34]. Figure 12 introduces
radiation patterns associated with half-wavelength dipoles
in a tri-orthogonal arrangement. Each of the three polar-
izations, or modes, represented by the red, green and blue
coloured lines, is orthogonal to an exploded cube face. In the
case of half-wavelength dipole modes, each radiation pattern

FIGURE 13. Mitigation of misalignment through a tri-orthogonal
configuration of polarization modes. Mitigation of antenna misalignment
is offered by the principle of tri-orthogonal polarization diversity: (a) full
capacity is observed between the receiver configured using orthogonal
polarization modes q̂, r̂, and the transmitter comprising orthogonal
polarization modes n̂, ô, due to perfect antenna alignment. Modes ô and r̂
are vertical polarized and so point upwards out of the paper; (b) at the
receiver, half capacity is seen as only polarization mode r̂ is aligned with
the transmitter; (c) the introduction of polarization mode m̂ at the
transmitter provides no increase in capacity as only polarization mode r̂
is aligned to the transmitter; (d) the restoration of full capacity is
achieved through inclusion of polarization mode p̂ at the
receiver. In effect, at least two orthogonal polarization modes are offered
in any link direction. Adapted from [107].

provides maximum gain in a direction in the plane of an
associated cube face. For a desirable phase-centered system,
in an attempt to reduce assymmetry of radiation pattern to a
mimimum, the exploded cube is reduced to an infinitesimal
volume. As such, the radiation patterns associated with each
of the three orthogonal polarization modes overlap. Together
with high isolation between these modes, this provides the
possibility of more than one polarization mode in any given
link direction.

As this article considers polarization diversity in three
orthogonal directions, so the concept is demonstrated
in Figure 13 through representation of orthogonal polariza-
tions, or modes, solely. Nine subchannels are provided in
Figure 13(d) by three orthogonal polarization modes, given
as m̂, n̂, and ô at the transmitter and at the receiver, given
as p̂, q̂, and r̂. Three signal transmissions, each polarized
orthogonally to the other two, may be received by each of
three orthogonally polarized receive branches at the receiver.

In a theoretical sense, orientation robustness of system
capacity is provided as, due to symmetry of the tri-orthogonal
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arrangement in six principal directions, DP mode signalling
is provided in any link direction. In the case of a LoS
channel, polarization diversity offers MIMO signalling. This
may not always be possible for a system providing spatial
diversity.

Performance may be enhanced by the benefit of a rich
scattering environment [5], and this environment is typi-
cally cited in literature relating to MIMO systems [33],
[34], [66]. At mmWave frequencies, such an environment
may not be available. An arrangement of three orthogonal
receive branch polarizations at the antenna may provide yet
greater capacity if the orthogonality criteria between them is
relaxed [102], [103], or if polarization diversity is used in
tandem with spatial diversity [104]. However, these arrange-
ments do not optimize capacity for all antenna orientations.

A combination of a LoS signal together with a non-line
of sight (NLoS) component that arises from the channel
environment forms awireless channel that varies as a function
of time. Scatterers in the channel may provide multipath
signal components. For high SNR, the multipath effect may
provide beneficial diversity at the receiver, enhancing signal
reception. For low SNR, the multipath effect may render
reception impossible, since scattering of the signal over the
channel may weaken received components to the extent that
they are unusable as components required to build up an
intelligible signal at the receiver. Relative transmitter-receiver
motion provides additional complexity to the analysis.

An orthogonal approach means that electric fields of prop-
agating signals interact with the channel environment in an
independent manner. As a result of this independence, system
correlation is reduced. A combination of low correlation and
changes in the channel environment provides a multitude of
signal paths to the receiver. Data transfer rate may conse-
quently be improved through no extra transmit power and
negligible additional processing.

Terrestrial wireless networks typically employ vertically
polarized antennas (e.g. AM and digital radio, cellular mobile
networks) or horizontally polarized antennas (e.g. some
television and FM radio broadcast networks). As a means
to increase capacity, DP mode networks may employ two
orthogonally polarized signals with no relative phase offset
between them. This configuration is applied in [66], provid-
ing detail that highlights the effect of elevation angle at the
receiver at conventional microwave frequencies.

Common antenna arrangements are vertical/horizontal
mode and slant mode polarizations. Terrestrial signals are not
subject to the ionospheric depolarization influence of Faraday
rotation [105], [106]. As a consequence, terrestrial signals
may typically be straighforwardly received by an antenna
aligned with the transmitter configuration.

Signal propagation using a circularly polarized wave may
be utilsed in problematic environments to provide signal
reception. Circular polarization typically reduces transmitter
range, as power is split equally over two orthogonal polariza-
tions. This is undesirable at mmWave frequencies since linear
transmit power is harder to maintain.

An additional issue is that a power transfer maximum is
typically only seen in the instance of perfect alignment, or the
center of a FoV, as seen from the perspective of the transmit-
ter. For a mobile device, that typically does not enjoy perfect
alignment with the transmitter, this has negative implications
for link capacity. An additional degree of freedom at the
receiver could mitigate this issue to an extent, in the form of
an additional polarization branch orthogonal to those seen in
conventional CP mode patch antenna receivers [22], [30].

Strong local scattering environments may require DCP
mode wave propagation to circumvent channel effects,
including depolarization. State-of-the-art satellite research
introduces DCP mode wave propagation in the form
of 2× 2MIMO systems using simultaneous LHCPmode and
RHCPmodewave transmission [64]. As antenna alignment is
essential to maintain link performance in a DCPmode system
with evolving link geometry, tracking antennas are needed.
Tracking systems are subject to physical breakdown, and are
costly to maintain.

Reliance on a precise alignment of transmit and receive
antennas in a LoS channel that typically provides little in
the way of scattering is required for any of these systems if
they are to provide full data transfer benefit. For a channel
that provides a depolarizing mechanism, the receive antenna
should provide a polarization state that is aligned with the
electric field vector or electric field distribution of an impin-
gent signal. Link effectiveness, including achievable capacity,
is severely impacted by misalignment.

In Figure 6, losses due to polarization mismatch of aligned
antennas are shown. The arrangements do not take into
account misalignment of the antennas themselves, that may
be encountered in a mobile environment and that further
reduces link performance.

Link performance using tri-orthogonal antenna configura-
tions is typically less sensitive to antenna misalignment and
polarizationmismatch, providing increased diversity gain and
capacity in rich scattering channels [33], [34], [108], [109].
In effect, the configuration offers the promise of orientation
robustness over all antenna orientations, provided that trans-
mit signalling and receive processing allow for radio wave
polarization as a function of link geometry at the receiver
position. The additional degree of freedom offered by a third
orthogonal polarization may provide link enhancement in a
channel devoid of scattering effects, wheremisalignmentmay
occur, as well as in a rich scattering channel environment
where extreme depolarization may occur.

At the transmitter, in a plane perpendicular to the direction
of propagation, the antenna configuration permits alignment
with two orthogonal polarizations. In the direction of prop-
agation, any signal component is negligible in the far-field.
At the receive antenna, MIMO detection and interference
cancellation are possible due to a tri-orthogonal polarisation
diverse approach. This offers the potential of polarization-
time coding [110], [111].

In this section, a three dimensional channel model is
demonstrated that considers wireless link geometry between
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a tri-orthogonal polarisation mode configuration applied at
both transmitter and receiver. Simulations are performed
through consideration of references at the FoV center [33],
[112]. These references are respectively considered due to
tri-orthogonal simulation and measurement of a receiver
operating at low microwave frequencies and an analysis of
capacity performance of linearly polarized antennas at higher
mmWave frequencies. Both references provide findings in the
form of a two dimensional line graph.

The model demonstrated in this paper introduces tri-
orthogonality at both ends of a channel together with a three
dimensional approach to analysis. Results suggest that a tri-
orthogonal polarisation diverse approach enhances capacity
performance in the absence of channel scatterers. This pro-
vides alignment robustness in typical mmWave region envi-
ronments. The approach is useful as it delivers Rician fading
simulations at mmWave frequencies through link decompo-
sition into subchannels. This is a convenient technique for
evaluating system performance. In addition, the approach
offers the potential to introduce near-field and correlation
effects while enabling signalling techniques that enhance link
performance over the geometry of the FoV.

Calculation is performed of signal-to-noise (SNR) ratios
that is used to demonstrate capacity over all antenna ori-
entations. Comparison and contrast is provided of the tri-
orthogonal configuration with both simulated mono- and bi-
polarized systems and references.

Typically, DP mode link models implicitly assume ideal
antenna alignment or use cross-polar correlations that are not
dependent of link geometry [61]–[65]. Capacity enhancement
through a tri-orthogonal configuration in channels both with
and without channel scatterers is demonstrated through an
approach considering three dimensional link geometry.While
a three dimensional approach to modeling is observed at
this point, prior research may not consider a tri-orthogonal
configuration [66]–[68], nor provide a full assessment of link
performance over all antenna orientations [69]. In addition,
operation at frequencies where the effects of rich scattering
environments may enhance performance is typically consid-
ered [70]–[72].

Attempting to combat link deterioration through increased
linkmargin typically results in a system being overly sensitive
to signal variation that may suffer the effects of amplifier
saturation. A compromise exists, predominantly at higher
frequencies, due to linear transmit power becoming more
difficult to maintain. Systems are often more expensive as a
consequence of failing to mitigate link deterioration. Minimi-
sation of cost is of considerable value.

The effect of polarization mismatch is typically ignored in
design at conventional operating frequencies. For a mobile
system, ideal polarization alignment may only occur for a
limited percentage of the time. Whereas this issue is miti-
gated by conventional systems, at higher mmWave frequen-
cies a reduced availability of transmit power and a narrower
beamwidth mean that polarization mismatch becomes a crit-
ical factor for link performance.

For certain antenna orientations, polarization mismatch
may cause a −30 dB loss in power transfer, thus greatly
reducing capacity. For RFID systems, that may be considered
as a proxy for the Internet of Things [21], [113], the effect of
polarization mismatch is considerable [114].

A. METHODS
The concept of link geometry is presented, together with
its impact on link performance for a mmWave, tri-
orthogonal system. MIMO signal propagation in a chan-
nel has been shown to improve link performance in rich
scattering environments [5]. For channels devoid of a
scattering mechanism, diversity gain is severely impacted.
Polarization diverse MIMO signalling has demonstrated an
improved performance in both terrestrial and satellite channel
environments [31]–[33], [109], [115], [116].

Reduction of the impact of antenna orientation on link
performance may be possible through a tri-orthogonal dipole
configuration. In contrast to systems utilizing spatial diver-
sity through three orthogonal polarization modes, and sys-
tems employing DP mode configurations, tri-orthogonal
polarization diverse MIMO enables a phase centered smaller-
scale tri-orthogonal antenna design to be achieved. Reconfig-
urable phase-centered radiation patterns offer the potential to
enhance gain in a given link direction, appropriate for appli-
cations such as the IEEE (802.11ad) scheme at 60 GHz. As an
example, the concept of massive MIMO looks to apply this
technique in two dimensions, although it is largely confined
to sub-5 GHz frequencies for the time being due to antenna
array design complexity [117].

In the NLoS case, providing a rich scattering environ-
ment, a marked improvement in link performance has been
shown using tri-orthogonal polarization diversity over that of
DP mode diversity [33], [34]. Tri-orthogonal configurations
provide a third degree of polarization freedom. An additional
degree of freedom may provide benefit that may be extended
over all antenna orientations. In the instance of deep fading
with uni- or DP mode systems, a signal sent from a third
orthogonal polarization mode is unlikely to experience the
same fading.

Techniques currently used at RF and low microwave fre-
quencies typically demonstrate a performance improvement
through multipath effects in rich scattering environments.
These techniques often do not take link geometry or physical
effects in the channel into consideration [54]. A channel
is time-dependent due to relative transmitter-receiver move-
ment. Channel modeling requires the introduction of addi-
tional effects including Doppler phase shift and near-field
effects [5].

An effective terrestrial channel model needs a deter-
ministic LoS channel component as well as a stochastic
NLoS channel component. The latter component dominates
in the case of a stochastic fading channel. A normalized
NLoS channel component may be modeled as a correlated
complex Gaussian matrix consisting of elements with zero
mean and unity standard deviation [118]. The approach
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FIGURE 14. Link geometry of the terrestrial channel. The receiver R is
located on a semi-circle. The proximal distance from T to R is d , while s is
path length. Angles α, κ and γ define the relative position of R over the
FoV. By rotation of this geometry about the FoV center by 360◦,
a spherical surface forming the ground range of the FoV is developed.
Concentric paths on the sphere together with an incremental azimuthal
step about the FoV center are user-defined. The model algorithm
commences at the FoV center and works radially outward to the FoV
perimeter where κ = 90◦. After [107].

provides a determination of link performance over all antenna
orientations.

Three mutually orthogonal unit vectors representing half-
wavelength (λ/2) dipoles at both transmitter (m̂, n̂, ô) and
receiver (p̂, q̂, r̂) are assumed. These dipole modes provide
orthogonally polarized radiation patterns at each antenna.
Pattern distortion in the far-field, as a result of superposition,
is avoided through a phase-centered approach that avoids any
introduction of spatial diversity. No relative phase difference
is assumed between transmitted signals. Figures 14 and 15
provide insight into the analysis method. The FoV and rele-
vant nomenclature are now introduced.

A spherical surface is introduced, providing both a varying
propagation distance and orientation to a receiver R. The
point at which polarization branch r̂ is broadside to transmit-
ter T defines the FoV perimeter. The model provides analysis
of all antenna orientations.

In Figure 15, at T, polarization branch m̂ and the positive
b-axis are in alignment, and this coincides with an azimuthal
angle θT, as observed from T, of 0◦. Polarization branch n̂ and
the positive c-axis are aligned, coinciding with an azimuthal
angle θT of 90◦. Polarization branch ô and the positive a-axis
are in alignment.

At the FoV center, at R, polarization branch p̂ and the
positive b-axis are in alignment, and this coincides with an
azimuthal angle θT of 0◦. Polarization branch q̂ and the
positive c-axis are aligned, coinciding with an azimuthal
angle θT of 90◦. Polarization branch r̂ and the positive a-axis
are in alignment, when R is at the FoV center.

Movement of R within the FoV is given using easterly
and northerly compass directions. These directions corre-
spond to azimuthal angles of θT of 0◦ and 90◦ respectively.
In Figure 15, polarization branch p̂ points in an easterly

FIGURE 15. Tri-orthogonal configuration as a function of position in the
terrestrial FoV. The unit polarisation branch k̂ is unique to a location in
the FoV, and is a function of the azimuthal angle θT and the radial
distance from the FoV center, rplot. The movement of R in the FoV is
decribed by easterly and northerly directions. In three dimensional space,
half-wavelength configurations at R are given according to
Equations (15), (16), and (17). The configurations at R, together with those
at T, namely m̂, n̂ and ô, then enable the determination of the variables
needed for analysis of the channel, H, as a function of FoV position.
Adapted from [107].

direction while polarization branch q̂ points in a northerly
direction.

According to Figure 14 and the following equations, link
geometry may be given.

γ =
rplot
rsphere

(2)

s =
√
u2 + r2sphere − 2ursphere cos γ (3)

κ = arcsin
(
u
s
sin γ

)
(4)

α = arcsin
(
u
s
sin γ

)
− γ (5)

γmax = arccos
(
rsphere
u

)
(6)

smax = u cosα (7)

αmax = arcsin
(
rsphere
u

)
(8)

where u is rsphere + d .
Viewing the FoV from T, rotation about the positive

a-axis is considered positive in a counterclockwise sense, as
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in Figure 15. At T, elevation is given by α. Elevation is given
as 0◦ in the negative a-axis direction, else it is positive. At R,
elevation is given by κ , with 0◦ in the positive a-axis direction,
else it is positive. The tri-orthogonal configuration at R is at a
distance s, from T. This distance varies as a function of FoV
location. For an ideal system, received signal power over the
FoV should be high and constant.

Power transfer over a subchannel is derived from the Friis
formula [119]. For tri-orthogonal antenna configurations at
both ends of a link, nine subchannel paths are generated. Each
subchannel may be characterized by the Friis formula,

PR
PT
= GT(φT, θT)GR(φR, θR)

(
λ

4πs

)2

epolLatmos. (9)

In Equation (9), the receiver is denoted by R, the trans-
mitter by T, P is power, G is dipole gain, λ is transmitted
wavelength, with T andR being separated by s. A polarization
mismatch, epol, exists between two polarizations with Latmos
accounting for atmospheric attenuation at 60 GHz that is
given here as 15 dBkm−1 [112].

A half-wavelength dipole provides a radiation pattern of
gain G given by Equation (10) [30], [37], [120]. A 100 %
dipole efficiency is assumed,

G(θ, φ) =
1.64

sin2 θ
cos2

(
π

2
cos θ

)
. (10)

For polarization branch ô at T, angle θ is given by α, and
this is seen in Figure 14. Minimum gain exists where α is 0◦.
Maximum gain exists where α is 90◦, this not being in the
FoV. The gain of polarization branch ô is not dependent of
the azimuthal angle θT. For polarization branches m̂ and n̂
representing orthogonal polarization modes, angle θ can be
determined by considering the inner product of a polarization
branch and a unit vector k̂ representing propagation where,

k̂ =

 − cosα
cos θT sinα
sin θT sinα

. (11)

At R, for polarization branch r̂, angle θ is given by κ ,
this angle being sum of α and γ , as seen in Figure 14. For
polarization branches p̂ and q̂, angle θ is given in the same
manner as that for polarization branches m̂ and n̂, but with κ
replacing α.
In Figure 16, profiles of gain are seen for the six half-

wavelength dipoles associated with each of the six individual
polarizations branches.

Polarization mismatch loss is incurred over a link when
antenna configurations provide polarizations that are mis-
aligned [30], [120]. In Figure 16, polarization mismatch
epol may be determined for any half-wavelength dipole pair.
For the half-wavelength dipole pair r̂ô, the inner product in
Equation (12) provides the polarization mismatch,

epol(r̂ô) = |r̂⊥k · ô⊥k|
2 (12)

where r̂⊥k and ô⊥k are projections onto the plane perpendic-
ular to the unit propagation vector k̂. As r̂ is a radial in nature,

FIGURE 16. Gain (G) (dB) profiles of the six half-wavelength dipole
modes over the terrestrial channel FoV. The polarized mode gains
shown are: (a) m̂, (b) n̂, (c) ô, (d) p̂, (e) q̂, (f) r̂. After [107].

FIGURE 17. Polarization mismatch (epol) (dB) profiles for each unit dipole
mode pair. The following polarized mode pair mismatches are shown:
(a) p̂m̂, (b) p̂n̂, (c) p̂ô, (d) q̂m̂, (e) q̂n̂, (f) q̂ô, (g) r̂m̂, (h) r̂n̂, (i) r̂ô.
After [107].

and ô is a static dipole aligned in the zenith direction, so no
polarization mismatch exists for this pair.

Any vector v may be projected onto the plane orthogonal
to the propagation vector k̂,

v⊥k =
(
I3 − k̂k̂T

)
v̂, (13)

and normalization produces,

v̂⊥k =
v⊥k
|v⊥k|

. (14)

In Figure 17, profiles are shown of polarization mismatch
in all subchannels.

Orientation of the six half-wavelength dipoles represented
by the six signal polarization unit vectors is described by the
set of right-handed Cartesian axes in Figure 15. Axes a, The
position of R on the sphere surface is described by axes a, b,
c. Lengths a1, b1, c1 are along these axes repectively, and are
normalized by rsphere. Unit vectors representing orthogonal
polarizations are respectively m̂ = [010]T, n̂ = [001]T,
ô = [100]T and,

r̂ =

 cos γ
cos θT sin γ
sin θT sin γ

 (15)

where the superscript T denotes transpose.
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Relative to the FoV center, the position on the spherical
surface is required to calculate the orientation of p̂ and q̂,

p̂ =

− sin(atan2(b1,a1))
cos(atan2(b1,a1))

0

 (16)

q̂ =

− sin(arcsin(c1)) cos(atan2(b1,a1))
− sin(arcsin(c1)) sin(atan2(b1,a1))

cos(arcsin(c1))

 (17)

where atan2(b1,a1) is described as,

atan2(b1,a1) =



arctan(
b1
a1

) (a1 � 0)

arctan(
b1
a1

)+ π (b1 � 0, a1 ≺ 0)

arctan(
b1
a1

)− π (b1 ≺ 0, a1 ≺ 0)

+π/2 (b1 � 0, a1 = 0)
−π/2 (b1 ≺ 0, a1 = 0)
undefined (b1 = 0, a1 = 0)

(18)

At the FoV center in Figure 15, a1 = 1, b1 = 0, and
c1 = 0.
A matrix describing complex fading in a channel may be

separated into the two components: a deterministic compo-
nent (H̄), according to Equation (9) for each subchannel, and
a stochastic component (H̃) given by,

H =

√
K

1+ K
H̄+

√
1

1+ K
H̃. (19)

In Equation (19), K is the Ricean K -factor [5]. A pure
stochastic fading channel is produced by K = 0. A pure
AWGN fading channel is produced by K = ∞. A complex
Gaussian distribution is circularly symmetric, and refers to
a random complex variable, x + iy, where the x and iy
components are independent with zero mean and unit vari-
ance, ℵ(0,1). A complex Gaussian component may be added
over each subchannel through a complex Gaussian random
matrix, H̃.
Each element of this matrix is normalized by the square

root of received power,
√
PR, over each individual subchan-

nel. This introduces a stochastic component to multipath
fading, which may provide enhanced capacity performance
over the channel through scattering and reflections, provided
that signalling from T and reception at R take account of the
radio wave polarization specific to the link geometry for the
location of R during processing.

For this model, channel capacity is simulated at an instant
in time for Ricean K -factors of 0 and ∞. Phase arguments
of the deterministic LoS coefficients in H̄ are assumed
to be zero. As a consequence, signal voltages propagat-
ing in the channel vary only by a magnitude change. All
half-wavelength dipoles, and hence polarizations, at T are
assumed to be colocated. The same assumption is made for
half-wavelength dipoles, and hence polarizations, at R.

Equation (9) forms a basis for determining LoS power
transfer over nine subchannels, that are unique to a FoV
location.

The LoS power transfer is obtained from
√
PR/PT [121],

this being a function of signal voltage amplitude changes as
the signal propagates in the channel.

A factor denoting polarization mismatch, epol, includes
projections via Equation (13). The 3 × 3 matrix H is at
most rank two in the case of no channel scatterers. Multi-
path, or scattering effects, increase channel rank, and there-
fore capacity, as the channel approaches a case of Rayleigh
fading. In effect, a typical channel may provide localized
uncorrelated fading through reflections of the propagating
signal within zones close to the transmitter and the receiver.

As a result, channel rank is not degraded to the same extent
as propagation in between these zones where propagation
distance is far larger than the radius of such a zone [58].
The addition of a third orthogonal radiating dipole provides
both antenna and polarization diversity over the channel. As a
consequence, channel rank is not impacted in the same way
as for conventional CP mode techniques.

The probability of multipath in the case of a scattering
channel is increased by the use of omnidirectional antennas,
that in turn provides the possibility of increasing capacity
over the FoV.

For a polarization diverse antenna design, in a terrestrial
Rayleigh fading environment, correlation is near negligi-
ble [32], [58]. In [122] and [123], designs providing a mea-
sured maximum mutual port coupling between polarizations
of −35 dB are demonstrated.

A channel matrix H for each receive antenna location, and
subsequent orientation, in the FoV may be given according
to the calculation of the nine subchannels using Equation (9).
In the case of M receiver elements and N transmitter ele-
ments, a channel matrix is given as,

H =

hp̂m̂ hp̂n̂ hp̂ô
hq̂m̂ hq̂n̂ hq̂ô
hr̂m̂ hr̂n̂ hr̂ô

 (20)

where the matrix coefficients in Equation (20) represent sig-
nal transfer between a unit dipole receive-transmit pair.
For M receivers and N transmitters, capacity is given by

Equation (21) [58], [110], [111], [124] as,

C = log2

∣∣∣∣(IM + PT
PNN

HH†
)∣∣∣∣ (21)

where PT is the total transmit power at T, PN is the noise
power at R, I represents an identity matrix, and † denotes the
Hermitian transpose.

With unit transmit power assumed in all cases, a 3 × 3 tri-
orthogonal system is observed to effectively spread transmit
power over the FoV. Additional diversity is provided at R
over conventional CP mode and DP mode receive antenna
designs. The tri-orthogonal arrangement provides orientation
robustness, rather than concentrating power at the FoV center,
where typically the system operates optimally.
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B. RESULTS
To provide a basis for simulation, comparison at the FoV
center with prior work in the field is introduced [33], [112].
Data taken at the FoV center is shown in Figure 18 for
operation at 2.55 GHz in a channel with Rayleigh fading
characteristics [125]. The positive a-axis is used to align
antennas at T and at R as per Figure 15.

As expected, the Shannon capacity limit is approached for
both the 1 × 1 system and that of [112], due to perfect align-
ment. An identical analysis applies to the case of DP mode
propagation. A difference in capacity exists between that of
the simulated tri-orthogonal NLoS case and the case of prior
work [33]. This results from only the receiver being a tri-
orthogonal configuration in the latter, where the transmitter
is a three fold, linearly polarized system.

As a consequence of a tri-orthogonal configuration only
at R, the system demonstrates a three fold increase in capacity
over that of a uni-polarized system. This is not the case for a
tri-orthogonal arrangement at T and at R due to link geometry.
This difference in tri-orthogonal system capacity is clearly
observed in Figure 18.

FIGURE 18. Simulated capacity performance at 2.55 GHz of uni-polarized,
dual-polarized, and tri-orthogonal configurations. Capacity performance
is provided as a function of average SNR per receiver branch at the FoV
center in a Rayleigh (NLoS) fading channel, according to prior work [33].
A Ricean factor K of 10−2 is used. The antenna configuration at T is
ideally aligned with that at R along the positive a-axis, as in Figure 15.
The discrepancy in capacity between the tri-orthogonal, or 3 × 3,
configuration of the presented model and the simulated and measured
3 × 3 configuration in the work of [33], results from a non-orthogonal
configuration being adopted at T in the latter. After [107].

In Figure 19 a uni-polarized LoS capacity comparison
is shown, for operation at 60 GHz, of the channel model
with that of prior work in this area [112]. Extension to
both DP mode and tri-orthogonal systems is made, as all
considered configurations base subchannel element coef-
ficients on an average SNR at a location in the FoV,
acquired through link analysis. A proximal distance, d , rang-
ing from 1–20 m provides for the determination of average
SNR values.

Results are provided for three dimensional link geometry
over a FoV. An operating frequency of 60 GHz is employed,
together with a transmit power of 40 dBm, a bandwidth
of 7 GHz, and a system noise temperature [112] of 290 K.
A close proximity wireless personal area network (WPAN)
is considered as, at the FoV center, a propagation distance

FIGURE 19. Relative capacity performance at the FoV center of
uni-polarized, dual-polarized, and tri-orthogonal configurations at
60 GHz. Capacity performance is provided as a function of distance from
the FoV center, or d , as shown in Figure 14 in both deterministic AWGN
and stochastic Rayleigh fading channels. Applied Ricean factors of 103

and 10−2 are respectively used. The antenna configuration at T is ideally
aligned with that at R along the positive a-axis, as in Figure 15.
After [107].

of 1 m is employed. A spherical radius of 6 m is employed,
together with a channel exponent of 1.55 [112].

Ricean K -factors of K = 0 and K = ∞ are used.
These values provide channel extremes, ranging from a pure
Rayleigh [112], [126] to a pure AWGN fading channel.

From figures 21 to 24, we observe the following points:
• in both the AWGN and Rayleigh fading regimes,
the 3 × 3 system shows a superior performance to that
of the dual-polarized and uni-polarized systems over a
major part of the FoV.
Over the FoV, capacity is more consistent. The Shannon
capacity limit is approached in the instance of a Rayleigh
fading channel.

• at the FoV center, the tri-orthogonal system is subject
to a decrease in performance in comparison to the dual-
polarized system. This is as a result of redundancy of
the third orthogonal unit dipole pair, or r̂ô, at the FoV
center. The decrease in capacity is most prominent in
the AWGN channel, but is a reasonable trade-off for
increased orientation robustness over the major part of
the FoV.
In Figure 19, it is noteworthy that the capacity disadvan-
tage is not observed for the tri-orthogonal system. This is
due to an average of capacity being obtained at positions
that are infinitesimally close to the exact FoV center.

• in the AWGN fading channel, capacity for the 3× 3 sys-
tem is observed to be highest at four offset positions that
are approximately 10◦ off-center, and at 45◦, 135◦, 215◦

and 305◦ azimuth. At these points, a three fold increase
in capacity is observed compared to the 1 × 1 system.
Capacity is seen to approach the 3× 3 Shannon capacity
limit. Orientation robustness is provided even in the
absence of a channel scatterers.

• in a channel where Rayleigh fadiong dominates, a capac-
ity increase is noted that results from the addition of
a third orthogonal polarization branch over the major
part of the FoV. An approximate three fold increase in
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FIGURE 20. Channel environment parameters as a function of FoV
position. Profiles shown are: (a) free space path loss (dB),
(b) atmospheric loss Latmos (dB), and (c) average SNR per receiver branch
for a tri-orthogonal system (dB). After [107].

FIGURE 21. Tri-orthogonal capacity performance (bits/s/Hz) in a
deterministic AWGN fading channel. Simulated results are given in a FoV
format for all receive antenna orientations and, by extension, all system
orientations. The system operates with a transmit power of 40 dBm,
an operating frequency of 60 GHz, a bandwidth of 7 GHz, while a system
noise temperature of 290 K is employed. At the FoV center,
the propagation distance is 1 m. This distance corresponds to a close
proximity wireless personal area network (WPAN). Displacement of R
over the spherical surface is achieved by using a spherical radius of 6 m.
Results suggest a maximum capacity that is offset in four positions from
the FoV center. At the FoV center, polarization modes r̂ and ô are
redundant, and this redundancy is mitigated at the four offset positions
while providing near optimal alignment of dipole pairs, or polarization
modes, p̂ and m̂, and q̂ and n̂. After [107].

capacity, compared to the uni-polarized case, is seen at
all locations around the FoV center. Capacity is seen to
approach a tri-orthogonal Shannon capacity limit.
This increased capacity zone is more marked than for
the AWGN channel. This is due to an increased possi-
bility of propagation between two perfectly misaligned
polarization branches in a rich scattering environment.

• at the FoV center, an advantage in channel capacity is
observed in a stochastic Rayleigh fading environment
comapred to a AWGN fading environment. This advan-
tage increases as a function of increasing proximal dis-
tance, or decreasing average SNR per receiver branch,
before remaining constant. A channel with an abundance
of channel scatterers is seen to be more assistive for
lower values of SNR.

C. PRACTICAL DESIGN
Of course, the benefit of tri-orthogonal polarization diversity
cannot be implemented unless an appropriate design can be
demonstrated. Previous designs [33], [34] have increased the
third dimension of any design, and so havemade it more volu-
minous with obvious implications where size is a constraint.

FIGURE 22. Superiority of capacity performance (bits/s/Hz) in a
deterministic AWGN fading channel of a tri-orthogonal system over that
of a dual-polarized system. Simulated results are given in a FoV format
for all receive antenna orientations and, by extension, all system
orientations. The system operates with a transmit power of 40 dBm,
an operating frequency of 60 GHz, a bandwidth of 7 GHz, while a system
noise temperature of 290 K is employed. At the FoV center,
the propagation distance is 1 m. This distance corresponds to a close
proximity wireless personal area network (WPAN). Displacement of R
over the spherical surface is achieved by using a spherical radius of 6 m.
At the FoV center, redundancy of polarization modes r̂ and ô provides a
slight dip in capacity performance of the tri-orthogonal system when
compared with the dual-polarized system. The tri-orthogonal
arrangement is observed to provide enhanced capacity over the majority
of the FoV, when compared with the dual-polarized system. After [107].

FIGURE 23. Tri-orthogonal capacity performance (bits/s/Hz) in a
stochastic Rayleigh fading channel. Simulated results are given in a FoV
format for all receive antenna orientations and, by extension, all system
orientations. The system operates with a transmit power of 40 dBm,
an operating frequency of 60 GHz, a bandwidth of 7 GHz, while a system
noise temperature of 290 K is employed. At the FoV center,
the propagation distance is 1 m. This distance corresponds to a close
proximity wireless personal area network (WPAN). Displacement of R
over the spherical surface is achieved by using a spherical radius of 6 m.
Polarization modes r̂ and ô are redundant at the FoV center, although this
redundancy is mitigated by the nature of the Rayleigh fading channel.
After [107].

In this context, a planar design that fulfills the criteria of tri-
orthogonal polarization diversity is given in [122], and this is
shown in Figure 28.

The design offers the possibility of beam steering in three
dimensions, with the potential of dual polarization over all
link directions in an extended field-of-view (FoV), such as
may be required in a mobile terrestrial context [107], [127].
As coverage of next generation wireless communications
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FIGURE 24. Superiority of capacity performance (bits/s/Hz) in a
stochastic Rayleigh fading channel of a tri-orthogonal system over that of
a dual-polarized system. Simulated results are given in a FoV format for
all receive antenna orientations and, by extension, all system
orientations. The system operates with a transmit power of 40 dBm,
an operating frequency of 60 GHz, a bandwidth of 7 GHz, while a system
noise temperature of 290 K is employed. At the FoV center,
the propagation distance is 1 m. This distance corresponds to a close
proximity wireless personal area network (WPAN). Displacement of R
over the spherical surface is achieved by using a spherical radius of 6 m.
At the FoV center, redundancy of polarization modes r̂ and ô provides a
slight decrease in capacity performance of the tri-orthogonal system
when compared with the dual-polarized system. The area of inferior
performance is smaller than that observed in the AWGN channel, due to
the nature of the Rayleigh fading channel. The tri-orthogonal
arrangement is observed to provide enhanced capacity over the majority
of the FoV, when compared with the dual-polarized system. After [107].

FIGURE 25. Profile of stochastic Rayleigh fading channel
capacity (bits/s/Hz) at an azimuthal angle of θT = 0◦ for uni-polarized,
dual-polarized and tri-orthogonal systems. This diagram represents
system capacity observed as the arrangement of orthogonal
half-wavelength dipoles at the receiver are displaced on the sphere of
radius 6 m from the FoV center, or alignment with the positive a-axis,
in the positive c-axis direction in Figure 15 to the FoV edge. The
1 × 1, or uni-polarized system considers propagation between the dipole
pair, or polarization modes, p̂ and m̂. The 2 × 2, or dual-polarized system,
considers propagation using dipoles, or polarization modes, p̂, q̂ at R and
m̂, n̂ at T. The 3 × 3, or tri-orthogonal system considers propagation using
dipoles, or polarization modes, p̂, q̂, and r̂ at R and m̂, n̂, and ô at T. The
average SNR per receiver branch as a function of distance from the FoV
center is also shown. After [107].

looks to extend to a satellite communicating to a ground
receiver, so the benefits of tri-orthogonal polarization diver-
sity can be applied in a non-geosynchronous satellite channel
at the receiver [60].

In addition, a sequential feeding network may be applied
to the planar tri-orthogonal antenna design that adds

FIGURE 26. Profile of stochastic Rayleigh fading channel
capacity (bits/s/Hz) at an azimuthal angle of θT = 90◦ for uni-polarized,
dual-polarized and tri-orthogonal systems. This diagram represents
system capacity observed as the arrangement of orthogonal
half-wavelength dipoles at the receiver is displaced on the sphere of
radius 6 m from the FoV center, or alignment with the positive a-axis,
in the positive c-axis direction in Figure 15 to the FoV edge. The
1 × 1, or uni-polarized system, considers propagation between the dipole
pair, or polarization modes, p̂ and m̂. The 2 × 2, or dual-polarized system,
considers propagation using dipoles, or polarization modes, p̂, q̂ at R and
m̂, n̂ at T. The 3 × 3, or tri-orthogonal system, considers propagation
using dipoles, or polarization modes, p̂, q̂, and r̂ at R and m̂, n̂, and ô at T.
The average SNR per receiver branch as a function of distance from the
FoV center is also shown. After [107].

FIGURE 27. Capacity advantage (bits/s/Hz) of a stochastic Rayleigh
fading channel over that of a deterministic AWGN fading channel. The
tri-orthogonal antenna arrangement at R is in perfect alignment with the
tri-orthogonal antenna arrangement at T. As such, polarization mode p̂ is
aligned with the positive b-axis, polarization mode q̂ is aligned with the
positive c-axis, and polarization mode r̂ is aligned with the positive a-axis
in Figure 15. The capacity observed in a rich scattering Rayleigh fading
channel compared to the capacity observed in a AWGN channel, devoid of
scatterers, is shown for propagation at the FoV center, or along the
neagative a-axis, as a function of proximal distance. The proximal
distance is shown in Figure 14 as d . After [107].

a polarization orthogonal to the antenna surface to a circu-
larly polarized system. As such, a third orthogonal polar-
ization above that of a conventional planar antenna design
is offered. The antenna provides a high level of symmetry
and orthogonality, and three dimensional beam steering is
demonstrable [123]. Such a possibility provides the ability
to steer a radiation pattern, and so gain, of an antenna in
a particular direction, and so mitigate to a certain degree,
the limitation of transmit power at mmWave frequencies. The
design may be extended into massive MIMO systems, as it

VOLUME 5, 2017 8083



N. P. Lawrence et al.: 5G Terrestrial Networks: Mobility and Coverage—Solution in Three Dimensions

FIGURE 28. Antenna operation is through differential, or antiphase,
feeding of opposing port pairs 1 and 3, or 2 and 4. Field cancellation
results at the center, providing high isolation between either of two
resulting orthogonal broadside modes and a vertically polarized
monopole mode fed at the center of the design through port 0.
Tri-orthogonal polarization diversity is possible and port excitation
combinations may beam steer radiated energy in three dimensions
through a common radiative square slot. After [122].

remains planar in nature, providing beam steering techniques
in three dimensions through three orthogonal polarizations.

IV. CONCLUSION
Mobile data traffic is growing rapidly. A next generation of
wireless communications, or 5G, is proposed to increase data
transfer rates and coverage through operation in the mmWave
range of the electromagnetic spectrum.

In the literature, a rich scattering channel advantage is
typically included in references that consider the benefits
of MIMO operation at conventional RF and low microwave
frequencies. Furthermore, analysis is often limited to perfect
alignment, or a few specific orientations. Until now, con-
ventional polarization technqiues have sufficed, as antenna
misalignment and polarisation mismatch issues have been
mitigated by an abundance of transmit power and spatial
diversity.

Limitations exist with regard to continuing these policies in
a mmWave channel context. Efficient exploitation of radiated
energy is required to meet the 5G proposals of increased data
rate and coverage. Operation of terrestrial wireless systems
at mmWave frequencies may not be assisted by multipath
effects, as a consequence of lower transmit power capability,
higher spreading loss, and a reduced number of channel scat-
terers compared to those within a conventional microwave
terrestrial channel. The importance of polarization cannot be
over-emphasized in this regard.

In this paper, a presented model suggests that the inclu-
sion of a third polarization at both transmitter and receiver,

orthogonal to the antenna radiating surface, provides orien-
tation robustness and overall increased capacity performance
for communication in a short-range mmWave channel over a
majority of a FoV that considers all antenna orientations in
channel extremes.

A design that is phase-centred avoids pattern distortion in
the far-field. Through introduction of phased feeding tech-
niques to such a design, beam steering of antenna radia-
tion patterns becomes possible. Tri-orthogonal polarization
diversity offers the potential to beam steer radiated energy
towards an antenna over a wide range of angles, through
relative phasing techniques that may be enhanced by changes
in relative wave magnitude.

Remaining within conventional planar size constraints
has proved an issue for prior tri-orthogonal antenna design.
To this end, a novel antenna providing tri-orthogonal polar-
ization diversity in a planar form is highlighted. The design
suggests that conventional size constraints need not restrict
polarization diversity methods for the next generation of
wireless communications.

APPENDIX A
Maxwell’s EQUATIONS
A. IN VACUO
For a region of space devoid of charges and currents, the equa-
tions of Maxwell are given as a set of coupled, first order,
partial differential equations for the electrical vector E and
magnetic vector B. These equations form the foundation of
classical electromagnetics and are given in the following
form,

∇ · E = 0 (Faraday’s Law) (22)

∇ · B = 0 (Ampère’s Law) (23)

∇ × E = −
∂B
∂t

(Gauss’ Law) (24)

∇ × B = µ0ε0
∂E
∂t

(Coulomb’s Law). (25)

Applying a curl operation to Equations (24) and (25) yields
the following expressions respectively,

∇ × (∇ × E) = ∇(∇ · E)−∇2E

= −∇ ×
∂B
∂t
= −

∂

∂t
(∇ × B)

= −µ0ε0
∂2E
∂t2

(26)

∇ × (∇ × B) = ∇(∇ · B)−∇2B = ∇ ×
(
µ0ε0

∂E
∂t

)
= µ0ε0

∂

∂t
(∇ × E) = −µ0ε0

∂2B
∂t2

(27)

where the permittivity of free space, ε0 and permeability
of free space µ0, are constants that are respectively found in
Coulomb’s law and the Biot-Savart law. Since ∇ ·E = 0 and
∇ · B = 0, so these expressions reduce to,

∇
2E = µ0ε0

∂2E
∂t2

(28)
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and

∇
2B = µ0ε0

∂2B
∂t2

. (29)

This process generates separate equations for E and B,
which are of second order. In a vacuum, each Cartesian
component of E and B satisfies a three-dimensional wave
equation, or,

∇
2f = µ0ε0

∂2f
∂t2

. (30)

The solution of this equation is a wave. Maxwell’s equa-
tions suggest that a vacuum supports the propagation of an
electromagnetic wave, travelling with a velocity of light, c,
or 3× 108ms−1.

B. MONOCHROMATIC PLANE WAVES
For a light wave, which is an electromagnetic wave, dif-
ferent frequencies in the visible range correspond to dif-
ferent colours. Different frequencies correspond to different
wavelengths of electromagnetic waves, and these waves may
collectively be referred to as monochromatic waves. Electro-
magnetic waves, travelling in a direction that we shall refer
to as z, with no x and y dependence, are known as plane
waves. Plane waves are made of fields that are uniform over
every plane orthogonal to the direction of propagation, z. The
coexisting electric and magnetic fields of such plane waves
assume the following form,

E(z, t) = E0 exp i(kz-ωt) (31)

B(z, t) = B0 exp i(kz-ωt). (32)

The vectors E0 and B0 are the electrical and mag-
netic complex amplitudes of the propagating electromagnetic
wave. Through substitution of Equations (31) and (32) into
Equations (28) and (29), we are led to,

c =
ω

k
(33)

where c is the velocity of light and ω is the angular fre-
quency of the electromagnetic wave. The wavenumber k is
related to the wavelength of the wave by Equation (34),

λ =
2π
k
. (34)

Classically, the direction of E is used to specify the polar-
ization of the electromagnetic wave. In empty space, the wave
equations for E and B are derived fromMaxwell’s equations.
Indeed, the wave equation must be obeyed by every solution
to Maxwell’s equations in empty space. Since ∇ · E = 0 and
∇ · B = 0, it follows that E0z = B0z = 0.
In other words, electromagnetic waves are transverse in

nature. The electric and magnetic fields are orthogonal
to the direction of propagation, as shown in Figure 29.
Equation (22), or Faraday’s law, implies a relation between
the dielectric and magnetic amplitudes. In compact form, this
relationship may be given as,

B0 =
k
ω
(ẑ× E0) =

1
c
(ẑ× E0). (35)

FIGURE 29. An electromagnetic wave consists of a sinusoidal electric
field distribution and associated sinusoidal magnetic field distribution.
The fields are orthogonal to each other and in phase with other, and are
both orthogonal to the direction of propagation. Adapted from [128].

The electric and magnetic vectors, E and B, are in phase
and are orthogonal. We may introduce a wave vector, k,
pointing in the direction of propagation z, with a magnitude
equal to thewave number k . The scalar product k·r, where r is
a radial vector, is the appropriate generalisation of kz where,

E(r, t) = E0e exp i(k·r−ωt) (36)

B(r, t) =
1
c
E0(n× e) exp i(k·r-ωt)

=
1
c
(n× E) (37)

The vector n is a unit vector in the direction of propagation,
where n = k

k . The polarization vector is given as e. As E is
transverse, so n · e = 0.

C. LINEAR, CIRCULAR AND ELLIPTICAL POLARIZATION
The plane wave with components given in Equations (36)
and (37) is a wave with its electric field vector in the direc-
tion e. A wave of this nature is said to be linearly polarized
and possess a polarization vector e1 = e.
We introduce a second linearly polarized wave with a

polarization vector e2 6= e1. This wave is linearly indepen-
dent of the first. As a consequence, we may write the two
waves as,

E1(r, t) = E1e1 exp i(k·r-ωt) (38)

and

E2(r, t) = E2e2 exp i(k·r−ωt). (39)

Coexisting magnetic waves may be given in the form,

B1,2 =
1
c
(n× E1,2) (40)

The two waves may be combined to provide a plane wave
in general form propagating in the direction of k = kn,

E(r, t) = E1(r, t)+ E2(r, t) = (E1e1 + E2e2) exp i(k·r−ωt).

(41)

The amplitudes E1 and E2 are complex numbers, allow-
ing a potential relative phase difference to exist between
waveforms of non-identical linear polarization. Alternatively,
a phase difference may be represented by an additional term
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FIGURE 30. The direction of polarization of an electromagnetic wave is
described according to the electric field vector. Two linearly polarized
electric fields, described respectively by electric field vectors E1 and E2,
that are in phase with each other and are travelling in the same direction
of propagation, combine to form a resultant linearly polarized electric
field distribution shown here by the electric field vector E, or the magenta
line. The resultant electric field vector may be described according to the
angle theta between the resultant electric field vector E and the electric
vector E1.

in the complex exponent of one of the propagating waves.
Three possibilities of plane wave exist:
• If E1 and E2 have the same phase then Equation (41)
represents a wavefront demonstrating linear polariza-
tion, as shown in Figure 30. The polarization vector of
the resultant waveform is given by tan θ = E2/E1 with

respect to e1, with a magnitude of
√
E2
2 + E1

2.
• If a 90◦ phase exists between E1 and E2, which are of
the same magnitude, then Equation (41) represents a
wavefront exhibiting circular polarization of the form,

E(r, t)=E1(r, t)+ E2(r, t)=E0(e1± ie2) exp i(k·r−ωt)

(42)

with E0 the common real amplitude. Axes are chosen
such that a wave is propagating in a positive z direction,
with e1 and e2 being repsectively in the x and y direc-
tions. Actual electric field components are found from
the real part of Equation (42),

Ex(r, t) = E0 cos(kz− ωt) (43)

and

Ey(r, t) = ∓E0 sin(kz− ωt). (44)

At a given fixed point in space, the fields of Equa-
tions (43) and (44) provide a resultant electric vector
with constant magnitude, sweeping around in a circle at
an angular frequency ω, as shown in Figure 31.
For the upper sign of Equation (42), the rotation is
counterclockwise when the observer is facing into the
oncoming wave. The wave is deemed to be right hand
circularly polarized in antenna design. Conversely, for
the lower sign in Equation (42), the rotation is clockwise,
and so the wave is deemed to be left hand circularly
polarized.

• Two counter-rotating circularly polarized waves may
form an equally acceptable basis for describing a general
state of polarization, known as elliptical polarization,
of which several cases may be observed in Figure 32.

FIGURE 31. Circular polarization. Providing a relative phase difference
of 90◦ between two orthogonal linearly polarized electric field
distributions of the same magnitude, and travelling in the same direction
of propagation, results in a circularly polarized electric field vector. The
resultant wave polarization, shown here by the magenta line, is observed
to rotate with angular frequency ω about a fixed point as it propagates
through a medium. The sense of rotation is dictated by the
advancement or retardation of one of the linearly polarized electric field
distributions with respect to the other.

FIGURE 32. Linear and circular polarizations are the extreme forms of the
more general case of elliptical polarization. The cases of elliptical
polarization are most simply understood when two orthogonal linearly
polarized waves travelling in the same direction of propagation towards
the observer combine with: (a) identical magnitudes and a phase
difference of 90◦ to produce circular polarization, (b) identical
magnitudes and a phase difference that is non-zero and that is not a
multiple of 90◦ to produce elliptical polarization with 45◦ rotated
semi-major and semi-minor axes, (c) a 90◦ phase difference but
non-identical magnitudes to produce elliptical polarization. Cases of
elliptical polarization may also be demonstrated by two counter rotating
circularly polarized electric field vectors with: (d) identical phase and
identical magnitudes to produce linear polarization, (e) identical phases
and non-identical magnitudes to produce elliptical polarization, (f) the
introduction of non-identical phases to (e) causing the axes of the ellipse
to be rotated by an angle (α/2), where the angle α represents the relative
phase difference between the counter rotating electric field vectors.

Vertical linear polarization is described by counter-
rotating circularly polarized waves experiencing no rela-
tive phase shift between them, as shown in Figure 32 (d).
As a relative phase shift is introduced between the
counter-rotating electric vector tips, so linear polariza-
tion veers away from the vertical, becoming horizon-
tal with a 180 ◦ relative phase shift. This is shown
in Figure 34.
Using two counter-rotating circularly polarized waves,
we may represent Equation (41) for a general state
of polarization through the introduction of complex
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FIGURE 33. The effect of relative phase on two orthogonal polarization
modes. By combining a vertically polarized electric field distribution with
a horizontally polarized electric field distribution, of identical magnitude
and both travelling in the same direction of propagation towards the
observer, it is possible to cycle through resultant wave linear, elliptical
and circular polarizations by altering the relative phase difference
between the two waves. In this diagram, increments of π/8 radians are
sequentially added to this relative phase difference, providing the cycling
of resultant wave polarizations indicated. The ellipse axes are rotated by
45◦, due to the identical magnitude of the vertically polarized and
horizontally polarized electric field distributions.

orthogonal unit vectors,

e± =
1
√
2
(e1 ± ie2) (45)

to give,

E(r, t) = (E+e+ + E−e−) exp i(k·r−ωt). (46)

In Equation (46), E+ and E− are complex amplitudes.
For E+ and E− with non-identical magnitudes but iden-
tical phase, Equation (46) signifies an elliptically polar-
ized wave. The principal axes of the ellipse are in the
e1 and e2 directions, this being shown in Figure 32 (e).
The ratio of principal axes is |(1 + r)/(1 − r)|, where
r = E−/E+.
With a relative phase difference between the amplitudes,
E−/E+ = reiα , and the ellipse traced out by the vec-
tor has its axes rotated by an angle (α/2), as shown
in Figure 32 (f). A linearly polarized wave is obtained
when r = ±1.
By cycling the phase of two orthogonal linear polarized
waves of identical magnitude, we may produce the ellip-
tical polarizations observed in Figure 33.
In Figure 35, various forms of linear,
circular and elliptical polarization are shown using
combinations of linearly polarized waves travel-
ling towards the observer. From observation of

FIGURE 34. Resultant polarization through circular polarization
combination. Two counter-rotating circularly polarized electric field
vectors of the same magnitude travelling in the same direction of
propagation towards the observer may combine to form each of the four
specific cases shown. The cases are: (a) relative phase difference of 0◦
results in a vertically polarized electric field distribution, (b) relative
phase difference of 90◦ results in a slant polarized electric field
distribution, (c) relative phase difference of 180◦ results in a horizontally
polarized electric field distribution, (d) relative phase difference of 270◦
results in a slant polarized electric field distribution that is 90◦ rotated
about the direction of propagation in relation to (b).

Figures 32, 33, 34, and 35, the interconnection of linear,
circular, and elliptical polarization is evident.

D. ELECTROMAGNETIC WAVES IN MATTER
In regions of matter devoid of free charges and free currents,
Maxwell’s equations become,

∇ · D = 0 (Faraday’s Law) (47)

∇ · B = 0 (Ampère’s Law) (48)

∇ × E = −
∂B
∂t

(Gauss’ Law) (49)

∇ ×H =
∂D
∂t

(Coulomb’s Law) . (50)

For linear matter, D = εE and H = 1
µ
B. If the matter is

also homogenous, then Maxwell’s equations reduce to,

∇ · E = 0 (Faraday’s Law) (51)

∇ · B = 0 (Ampère’s Law) (52)

∇ × E = −
∂B
∂t

(Gauss’ Law) (53)

∇ × B = µε
∂E
∂t

(Coulomb’s Law). (54)

In effect, the difference between electromagnetic waves
propagating in a linear homogenous medium and those
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FIGURE 35. Resultant polarization through linear polarization
combination. Presented are general forms of polarization resulting from
the combination of two linearly polarized electric field distributions of
identical magnitude travelling in the same direction of propagation
towards the observer. Images shown are: (a) two vertically polarized
in-phase electric vectors combine to form a vertically polarized electric
field vector, (b) two vertically polarized electric vectors in anti-phase
combine to form no electric field distribution, (c) vertically polarized and
horizontally polarized electric field vectors that are in phase combine to
form a slant polarized electric field vector, (d) vertically polarized and
horizontally polarized electric field vectors that are in anti-phase combine
to form a slant polarized electric field vector that is 90◦ rotated about the
direction of propagation in relation to (c), (e) vertically polarized and
horizontally polarized electric field vectors with a relative phase
difference of 90◦ between them combine to form a circularly polarized
electric field vector, (f) vertically polarized and horizontally polarized
electric field vectors with a relative phase difference between them that
is non-zero and that is not a multiple of 90◦ combine to form an
elliptically polarized electric field vector with 45◦ rotated semi-major and
semi-minor axes.

propagating in a vacuum is the inclusion of relative permit-
tivity and permeability into Coulomb’s law in the former
case. Through a linear homogenousmedium, electromagnetic
waves travel with a velocity,

v =
1
√
µε
=
c
n

(55)

where

n =
√
µε

µ0ε0
(56)

is the index of refraction. In the case of most non-
ferromagnetic materials, µ is very close to µ0. As a result
of this, we may say that n ≈

√
εr, where εr is the dielectric

constant of the medium.

APPENDIX B
TRANSMITTING AND RECEIVING ANTENNAS
A. EFFECTIVE AREA OF AN ANTENNA
In the model employed in this article, we consider linear
antennas. The effective area of a linear antenna is not equal to
the physical antenna area. This is in contrast to dish or horn
antennas, where the effective area is typically 55–65% of
the physical area for the former and 60–80% for the latter.
Antennas typically fall into two classes: (i) fixed-gain con-
figurations such as linear antennas where gainG is frequency
independent and (ii) fixed-area configurations where gain G
increases quadratically with frequency f . In this paper, our

model considers a half-wave dipole antenna, which is a linear
antenna with a maximum gain given as 1.64, this being in a
direction of propagation orthogonal to the dipole.

B. ANTENNA NOISE TEMPERATURE
The received signal from a non-geosynchronous satellite is
extremely weak due to the large free space path loss that
it experiences during propagation. This loss is typically of
the order of 150 dB or more, resulting in a received signal
being of the order of picowatts. Detection of a faint signal
requires the receiver system to sustain a noise level lower
than the received signal. Several sources may introduce noise
into the receiving system. As well as the desired signal,
the receiving antenna may pick up noisy signals from the
several sources including the sky, the weather, the ground,
as well as other natural or man-made noise sources. Noise
signals, impingent on the receiver from various directions,
may be weighted according to the antenna gain. From this
weighting, a weighted average noise power for the receiver at
the output terminals of the antenna may be calculated. As an
example, for an antenna pointing in the zenith direction, noise
will be picked up through its sidelobes due to thermal noise
and reflected signals from the ground. Ohmic losses in the
antenna provide an additional noise source. Any antenna out-
put that propagates in a lossy feed line, such as a transmission
line or waveguide, before arriving at the receiver circuits is
attenuated by the feed line. In addition, the feed line will
introduce additional thermal noise.

From the feed line, the output is then passed into a LNA,
pre-amplifying the signal and introducing only a limited
quantity of thermal noise. Indeed, a critical property of the
receiving system is the low-noise nature of the LNA. From
the LNA, the output signal is then passed to system downcon-
verters, IF amplifiers, and bandpass filters. These subsystems
all introduce their own gain and thermal noise factors. Col-
lectively, the system provides a cascade of receiver compo-
nents. Receiver system performance can only be guaranteed
by ensuring that the sum total of all the noises injected by
these constituent parts remains at an acceptably low level,
in comparison to the amplified wanted signal. For a receiver
system operating with a bandwidth of B Hz, the average
power PN (in Watts) of a noise source is given by means of an
equivalent temperature T. The average power is defined as,

PN = kTB (57)

where k is the Boltzmanns constant = 1.3803 ×
10−23 W/Hz·K and T is in degrees Kelvin [37]. A convenient
way to express the noise power is through the temperature T.
This temperature does not have to equal the physical temper-
ature of the source. However, this temperature T is indeed the
physical temperature for a thermal source.

APPENDIX C
EFFECTIVE LENGTH AND POLARIZATION MISMATCH
For an antenna, the polarization properties of an electric
field E depend on the transverse component of a radiation
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vector F⊥ where,

E = −jkη
e−jkr

4πr
F⊥ = −jkη

e−jkr

4πr
(Fθ2̂+ Fφ8̂). (58)

An effective length vector h of an antenna may be defined
in terms of the radiation vector F⊥, and the input current Iin
to the terminals of an antenna,

h = −
F⊥
Iin
. (59)

In general, h is a function of (θ, φ). The electric field E
may then be written as,

E = −jkη
e−jkr

4πr
Iinh. (60)

Motivation for the definition of h is provided by the case
of a vertical Hertzian dipole antenna, which is shown to have
h = I sin θ2̂. As a consequence of the reciprocity principle,
the open circuit voltage V at the terminals of a receiving
antenna may be given in terms of the incident electric field
Ei and the effective length h by,

V = Ei · h. (61)

The normal definition of the effective area A of an antenna
and the resulting power gain G = 4πA/λ2, where λ is
the operating wavelength, depend on idealised assumptions.
These assumptions are that a conjugate-match exists between
the receive antenna and its load, as well as the antenna polar-
ization matching that of the incident wave.

Characterization of the degree of polarization mismatch
that may exist between the incident field and the antenna
is assisted by the effective length, ultimately leading to a
modified area-gain relationship.

Polarization and load mismatch factors may be defined by,

epol =
|Ei · h|2

|Ei|2|h|2
. (62)

eload =
4RLRA
|ZL + ZA|2

= 1− |0load|
2 (63)

where

0load =
ZL − Z∗A
ZL + ZA

. (64)

We include the load mismatch factor for completeness.
In the article, the load mismatch factor is set to unity.

The effective area may then be written as,

A(θ, φ) =
η|h|2

4RA
eloadepol. (65)

Finally, we may give the modified gain-area relationship
as Equation (66),

A(θ, φ) = eloadepol
λ2

4π
G(θ, φ) (66)

where G is the power gain of the antenna under scrutiny, and
λ is the operating wavelength.

We may assume that the incident field originates at some
antenna with its own effective length hi. By making this
assumption, Ei will be proportional to hi, and hence the
polarization mismatch factor may be written as,

epol =
|hi · h|2

|hi|2|h|2
= |ĥi · ĥ|2 (67)

where

ĥi =
hi
|hi|

(68)

and

ĥ =
h
|h|
. (69)

For a load that is conjugate-matched, we have eload = 1.
For an incident field that has matching polarization with the
antenna, or hi = h∗, then epol = 1. In this article, we assume
the load to be conjugate-matched. We examine the mitigation
of polarization mismatch through tri-orthogonal polarization
diversity.
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