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SUMMARY

Electromagnetic signals propagating through the ionosphere are subject to path delay and the depolarizing effect
of Faraday rotation. These are both dependent on global position and link geometry, which constantly vary for
satellites in non-geosynchronous orbits. These effects introduce performance error and reduce range resolution
of remote sensing polarimetric measurements. Communication with ground receivers may be severely degraded
by these effects. In this paper, a tri-orthogonal approach at the receiver is introduced to enhance performance
of conventional polarization diverse receive schemes. Performance is measured through a capacity metric. The
work presented forms part of a large-field-of-view, non-geosynchronous satellite model exploiting tri-orthogonal
receive polarimetry as a means to enhancing link performance in a field-of-view. Copyright © 2016 John Wiley
& Sons, Ltd.
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1. INTRODUCTION

Many ground receive antennas relying on communication with non-geostationary satellites, including
those used for voice and data communications, global telemetry, tracking, and command applications,
and Global Positioning Systems (GPS), offer optimum performance through a maximized radiation
gain pattern in a zenith direction. This performance degrades as the communication link between satel-
lite and receiver moves away from this alignment. Moreover, as a means of avoiding communication
degradation resulting from reduced power reception due to the depolarizing effect of Faraday rotation,
satellite systems typically provide link reliability using circular polarization (CP) wave propagation.
This form of polarization provides diversity and may be fundamentally resolved into two orthogonal
linear polarized (LP) waves, with a ˙90°phase offset between them [1]. This phase offset determines
whether right-handed CP (RHCP), or left-handed CP wave propagation occurs. For an aligned system,
CP propagation provides a higher probability of signal reception, after signal propagation through a
depolarizing medium, than its LP counterpart. Wavemode propagation using CP and LP waveforms
represents two extremes of the more general form of elliptical polarization (EP). The penalty for link
reliability using CP propagation is that range may be reduced, as 3 dB of transmitted signal power
is emitted from an orthogonal transmit polarization, or branch. The radiating surface of a CP patch
antenna as a ground receiver is typically aligned with its radiating surface orthogonal to the zenith,
providing optimal performance in the zenith direction [2, 3]. Coupled with a large gain reduction at
low satellite angle elevations [4], polarization diversity at the receiver is degraded to little more than
LP performance.
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With a ground receive antenna aligned for optimal zenith performance, a satellite passing overhead
and transmitting a CP waveform in a sub-satellite, or nadir, direction transmits along the shortest
possible channel link. At equatorial latitudes, ionospheric effects such as Faraday rotation and path
delay on a propagating signal are typically weak in the nadir direction, due to both a short ionospheric
path length and low interaction between the transmitted signal and the terrestrial magnetic field. As link
geometry diverges from this aligned case, receive performance is typically more difficult to maintain as
antenna misalignment increases, because of fundamental radiation pattern constraints of a CP antenna
[5]. At higher latitudes, within the polar regions for example, an increased strength and inclination of
the terrestrial magnetic field component [6] increases the possibility of degraded receiver performance
[7]. This degradation may be further exacerbated by the possibility of a reduced satellite coverage
according to a satellite application.

A satellite may transmit a CP waveform and thus provide polarization diversity, in a unique direction
of propagation. At the receiver, angular departure from this direction of propagation causes recep-
tion to become EP, as a signal is received that does not demonstrate an axial ratio of 0 dB [8].
For a CP ground patch antenna receiver, orientated with radiating surface orthogonal to the zenith,
reception in any off-zenith receive angle degrades polarization diversity. From a vectorial standpoint,
this degradation becomes severe at the receiver horizon and may typically result in LP, or horizon-
tally polarized, reception alone and an accompanying lack of polarization discrimination. Coupled
with a reduced gain profile of the receive antenna for low receive elevation angles, and depolariz-
ing ionospheric effects on a propagating signal which are typically strong at such elevations due to
a maximized path length and strong interaction between the signal and a parallel component of the
terrestrial magnetic field [9], link reliability can no longer be guaranteed over the extent of a satel-
lite field-of-view (FoV). In this paper, we consider the FoV to be a circular area on the Earth seen
from the perspective of the satellite in which a receive antenna may be positioned. The size of the
FoV is determined by satellite orbit height, with the ground range at which the radiating surface of
the receive antenna is orthogonal to an incoming satellite signal providing the circular FoV perimeter.
Details of the FoV are expanded upon in Section 2. Furthermore, a lack of polarization diversity at
the receiver may occur when optimal CP performance is expected: with a transmitting satellite at the
zenith of a CP patch antenna on a boat, link performance may be compromised in rough sea condi-
tions, for example, where severe receive antenna misalignment occurs as the boat travels up and down
a wavefront.

The problem is prevalent for low-Earth-orbit (LEO) satellite systems, where relative link geometry
varies rapidly as a function of time [10, 11]. To counter detrimental effects on a transmitted signal,
a ground receiver may be perfectly aligned with a transmitting satellite, using manual or mechanical
means, provided the location of the satellite is known. This may not always be possible and may be
subject to mechanical failure.

Polarization diverse receive antennas, such as geodetic radomes and patch antennas, may receive
signals from satellites in non-geosynchronous orbits and exhibit a low gain, and so low noise, opti-
mal zenith performance with a large gain roll-off as departure is made from the zenith direction [4].
Cross-polarization rejection is degraded as the elevation of received signal decreases. Ideally, we
would like to avoid the constraint of link geometry on antenna operation. In the case of global naviga-
tion satellite systems, receiving simultaneous signals from satellites provides a more accurate global
position [12].

Synthetic aperture radar systems operating at L-band (1–2 GHz) use polarization diversity in the
form of horizontally and vertically polarized waveforms as a means of mitigating Faraday rotation
depolarization. In [13], a Faraday rotation of just 5° is suggested as reducing the dynamic range of
wanted copolarized channels while driving cross-polarized channels to resemble copolarized channels.
As a consequence, sensitivity is reduced to the point that differentation of received ground backscatter
is severely degraded. In effect, when cross polarization rejection is degraded, the polarization diversity
of a dual polarized antenna degrades towards that of a singularly polarized one.

Detrimental effects on LEO satellite communication receivers, typically operating at L-band fre-
quencies and lower, may also increase due to suboptimal cross-polarization rejection at low elevation
angles, as gain is optimized at the zenith and rolls off with decreasing elevation [14]. Specular reflec-
tions on a propagating signal, where 180° phase changes occur, may render RHCP transmission as
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Figure 1. Tri-orthogonal arrangement: (a) full capacity is observed between R consisting of orthogonal polariza-
tions Oq, Or, and T consisting of orthogonal polarizations On, Oo, as a result of perfect alignment. Polarizations Oo and Or
are vertical so point upwards out of the paper; (b) half capacity is observed at R as only polarization Or is broadside
to T; (c) polarization Om is introduced at T. Half capacity is once again observed as only polarization Or is broadside
to T; (d) full capacity is restored through inclusion of polarization Op at R. At least two orthogonal polarizations
are offered in any link direction. In this paper, polarization Oo is omitted from T in order to accurately represent

three in si tu satellite system configurations. [Colour figure can be viewed at wileyonlinelibrary.com]

left-handed CP propagation, with no signal reception at a RHCP configured receive antenna. Mul-
tipath may create signal cancellation from certain directions at the receive antenna, as the result
of scattering effects and diffusion in the channel. Both specular reflections and multipath effects
typically reduce signal reception at the receiver. For system operation over channels with satel-
lites already in orbit, the receiver configuration becomes important in offering the possibility of
enhanced system performance through diversity at lower elevation angles. Polarization purity in three
orthogonal directions may improve reception at lower elevation angles and so extend the range of
useful reception.

The advantages of polarization diversity through a tri-orthogonal antenna configuration have been
presented in previous work, typically in consideration of terrestrial applications [15], but also over
satellite channels [16]. Polarization diversity offers an alternative to satellite diversity that may
suffer from synchronization effects, which are exacerbated for LEO satellites. Such a configura-
tion offers an additional degree of freedom at the antenna over conventional CP techniques that
may mitigate performance degradation due to ionospheric effects. The concept of a tri-orthogonal
arrangement is illustrated in Figure 1. Over a satellite channel, ionospheric effects are both time
and location dependent, and so to mitigate their effect over an entire FoV requires a generic solu-
tion. In this paper, tri-orthogonal polarization at the receiver is considered as a means to improving
link performance.
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Table I. System information is provided below on three distinct satellite systems considered in this paper.

Orbit Inclination Transmit Frequency Bandwidth Polarization Gain .T,boresight/ Gain.R,max/
Type (km) (°) Power (dBm) (MHz) (kHz) (dBic) (dBic)

Iridium 780 86.4 27.7 1616 41.7 RHCP 23.1 3.7
Orbcomm 775 48.6 39 138 25 RHCP 0.8 4.5
GPS 20200 55 25.4 1575 (L1) 2000 RHCP 13.1 3.7

2. METHOD

Three distinct non-geosynchronous satellite systems are analyzed, all transmitting an RHCP signal;
the LEO Iridium satellite system [17, 18], the LEO Orbcomm Telemetry, Tracking, and Command
(TT&C) system [19, 20] and the GPS system [21], operating in a mid-Earth-orbit.

A novel vectorized model is described using a fundamental physical approach, which uses real-
time ionospheric data inputs, in order to calculate system channel capacity at the receiver for system
operation with and without a third orthogonal polarization at the receiver. Constant transmit power is
assumed in these calculations.

The characteristics of the three satellite systems are given in Table I. The transmitter at the satellite
shall be referred to as T, with the receiver on the ground referred to as R. The gain at T is denoted as
GT. The gain at R is denoted as GR. We assume the ground receiver at R to be planar in nature, with a
volume of a conventional CP patch antenna.

2.1. Link geometry

The link geometry is given according to [10] and is illustrated in Figure 2. An Earth-centered Earth-
fixed (ECEF) coordinate system is invoked for this work. The x-axis is positioned at the latitude,
longitude position (0,0). In a first instance, we may generate the FoV about this axis. At the FoV center,
an easterly direction Œ010�T , where the superscript refers to transpose, coincides with an azimuthal
angle �T of 0°. Within the FoV, anti-clockwise rotation is deemed as positive. Figure 3 demonstrates
the concept, with the five system polarizations labelled as Om to Or. These will be determined in vector
form in Section 2.2. Link geometry is determined according to the following equations:
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Figure 2. Link geometry: Transmitter T is in an orbit of height d . The receiver R is positioned on a semi-
circle determined by simple trigonometry. Propagation from T to R is along the path of length, s. At any FoV
position, the radial distance from the FoV center is a function of angle ˛ or angle � together with the radius of the
Earth. The entire system is rotated about the FoV center by 360° to develop a spherical surface. The number of
concentric paths on the sphere together with the azimuthal step increment about the FoV center is set by the user.
The simulation begins at the FoV center and works outward to the concentric circle where � = 90°. [Colour figure

can be viewed at wileyonlinelibrary.com]

where re is the 6378 km radius of the Earth and u is re C d , d being orbit height. A link unit vector Ok
from T to R is determined for all positions in the FoV by

Ok D

2
4 � cos˛

cos �T sin˛
sin �T sin˛

3
5 : (8)

The perimeter of the FoV is determined as the ground range at which � D 90°, as seen in Figures 2
and 3. Elevation at T is given by ˛ with 0° in the nadir direction, otherwise positive. Elevation at R
is given by � with 0° in the zenith direction, otherwise positive. The azimuthal angle �R at R of the
vector representing signal propagation k differs to that of the corresponding angle �T at T by 180°. The
receiver R is assumed to be at a distance s from T that changes according to FoV location. The FoV
may subsequently be positioned, according to its center, at any user specified (Lu; lu) global position.

2.2. Transmitter and receiver arrangement

In Figure 3, we position orthogonal polarizations Om, On, representing CP wave transmission, that are
respectively aligned in an easterly and northerly direction at (Lo; lo), or (0,0).

To increase system performance over a large-FoV, polarization diversity using a tri-orthogonally
polarized structure is employed at R. Polarizations Op, Oq, and Or are respectively aligned in an easterly,
northerly, and radial direction. The radial polarization, Or, at R becomes increasingly broadside to trans-
mission from T as movement is made to the outer edge of the FoV. At the outer edge of the FoV, it
becomes fully broadside, offering optimal alignment and gain characteristics, and the possibility of
dual polarization as the performance of either Op or Oq degrades. We assume R to be stationary, that
is to say, with no vector displacement. In this analysis, we maintain a 3 � 3 channel matrix for ease
of matrix manipulation by inclusion of a third orthogonal polarization Oo at T. Once the final channel
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Figure 3. System according to specific location in field-of-view. An Earth-centered Earth-fixed coordinate system
locates position in three-dimensional space. Propagation is from T, using two orthogonal polarizations to represent
circular polarization wave transmission, to the tri-orthogonal arrangement at R along a path of length s. The five
system polarizations are labelled Om to Or. Link direction is given by a propagation vector, k. Propagation to a point
in the FoV is determined by ˛ and �T . These angles correspond to a (latitude, longitude), or (L; l), global position
enabling link characteristics to be determined as a function of global location and FoV geometry. [Colour figure

can be viewed at wileyonlinelibrary.com]

matrix is calculated, of 3 � 3 form, capacity is calculated according to transmission from polariza-
tions Om and On, or the left hand and middle column of the matrix only. Any CP signal transmission in
a direction, in this paper from three insi tu satellites at T, may be fundamentally described using an
arrangement of two linear collocated orthogonally polarized transmitted waveforms, in this case with
polarizations Om and On, a relative phase difference of 90°, and a superimposed gain pattern or directiv-
ity in the direction of transmission, including a third orthogonal polarization at R effectively provides
two orthogonal reception polarizations for signal reception from any link direction.

We may describe five polarization orientations according to their latitude (L) and longitude (l)
positions within the FoV. At T, we have

Om D

2
4� sin lo

cos lo
0

3
5 (9)

On D

2
4� sinLo cos lo
� sinLo sin lo

cosLo

3
5 : (10)

At R, we have
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3
5 (11)
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Or D

2
4 cosL cos l

cosL sin l
sinL

3
5 : (13)

For completeness, we introduce the third polarization Oo, orthogonal to Om and On, at T as,

Oo D

2
4 cosLo cos lo

cosLo sin lo
sinLo

3
5 : (14)

Latitude and longitude (L,l) determination is given in the next section.

2.3. Latitude and longitude determination

We begin by determining a FoV center (Lc; lc), along an orbit track and according to orbit parameters,
and the user specified FoV center starting point, (Lo; lo), which we set at (0°,0°) for ease of under-
standing. After a time t , and with the satellite orbit dictating a tangential velocity of vT, of magnitude
given by Kepler orbital mechanics, and of direction given by an orbital inclination angle, �inc, where
this angle is positive for counter clockwise rotation about the x-axis and is 0°for an easterly direction,
we arrive at the new FoV center, (Lc; lc). A unique satellite bearing angle at (Lo; lo), which is 0° in a
northerly direction and positive for a clockwise rotation about the x-axis, is determined as,

�bFoV D

ˇ̌̌
ˇ2:5� � �inc; 2�

ˇ̌̌
ˇ (15)

where �inc values for all three satellites are given in Table I.
All (L; l) positions of R within a second FoV centered at (Lc; lc), required for determination of

ionospheric parameters of total electron content (TEC), and terrestrial magnetic field vector, or b, are
determined from the FoV center latitude and longitude, (Lc; lc), given respectively from (Lo; lo) and
�bFoV as,

Lc D arcsin¹sin.Lo/ cos.kvTkt=u/
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(16)
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where the function atan2 (a; b) is given as
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undefined .a D 0; b D 0/

: (18)

We proceed to calculate latitude and longitude, or (L; l), positions for every position within the FoV.
The number of positions within the FoV are user defined through increments of the azimuthal and
off-nadir angles, �T, and ˛, respectively. Global positioning through (L; l) doublets for each of these
positions may be given by the following formulae [22], the FoV being centered at (Lc; lc),

L D arcsin¹sin.Lc/ cos.rplot=re/

C cos.Lc/ sin.rplot=re/ cos �bº
(19)
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l D lc C atan2¹sin �b sin.rplot=re/ cos.Lc/;

cos.rplot=re/ sin.Lc sin.L/º
(20)

where �b is a bearing angle from the FoV center (Lc; lc) to a (L; l) position in the FoV and is related
to �T by

�b D

ˇ̌̌
ˇ2:5� � �T; 2�

ˇ̌̌
ˇ: (21)

We aim to perform vector calculation within the FoV centered at (Lo; lo). The unit vectors Om, On,
and Or do not vary as a function of FoV center, although Or does change over the FoV. The orientation
of polarization unit vectors Op and Oq is given by (11) and (12), respectively, following determination
of (L; l) values obtained from (19) and (20). They may be rotated into the FoV centered at (Lo; lo)
according to

OpFoV.Lo;lo/ D R�lR�L OpFoV.Lc;lc/ (22)

and

OqFoV.Lo;lo/ D R�lR�L OqFoV.Lc;lc/ (23)

where

RL D

2
4 cos.L/ 0 � sin.L/

0 1 0

sin.L/ 0 cos.L/

3
5 (24)

and

Rl D

2
4 cos.l/ � sin.l/ 0

sin.l/ cos.l/ 0

0 0 1

3
5 : (25)

The (L; l) values obtained from (19) and (20) allow for determination of the ionospheric parameters
of TEC, and terrestrial magnetic field vector, b. They may subsequently be introduced into the analgous
FoV centered at (Lo; lo) for subsequent vector calculation.

2.4. The channel

A satellite channel does not typically provide a rich scattering environment that may benefit signal
propagation in, for example, a densely populated urban environment employing wireless frequencies
typically less than 6 GHz. Satellite channels are typically low rank and line-of-sight (LoS) [23, 24].
A complex Ricean fading channel matrix H may be decomposed into the sum of an average LoS
component ( NH) and a variable scattered NLoS component ( QH) given by

H D

r
K

1CK
NHC

r
1

1CK
QH (26)

where K is the Ricean K-factor that determines the proportion of LoS and NLoS signal components
arriving at R, after signal propagation through the channel. In this manuscript, a pure LoS channel
shall be assumed for the Orbcomm and GPS systems, as this forms the basis on which statistical
interpretation of channel fading may be applied. As such, the NLoS component, QH, is omitted for these
two satellite systems. For the Iridium system, local scattering effects shall be included, and as such, we
shall include a NLoS component. For the system shown in Figure 3, the channel has six subchannels
as we consider insi tu CP transmission from T. These are the first two columns of the 3 � 3 channel
matrix in (27) that includes subchannels arising from transmission of a third orthogonal polarization Oo
at T. The channel, which is of rank 2, may be given as
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H D

2
4 hOp Om hOpOn hOpOo
hOq Om hOqOn hOqOo
hOr Om hOrOn hOrOo

3
5 (27)

where the matrix coefficients represent signal transfer between a polarization pair. The channel H is
calculated for all (L; l) positions within the FoV.

Several factors affect signal transfer between the six polarization pairs, and the Friis transmission
equation is used to describe these. For a polarization pair such as Or Om, the polarization mismatch may
be given by the inner product in (28) [25],

epol.Or Om/ D jOr?k � Om?kj
2 (28)

where Or?k and Om?k are projections onto the plane perpendicular to the unit propagation vector Ok.
The projection of an arbitrary vector v onto the plane perpendicular to Ok may be given by

v?k D
�
I3 � Ok OkT

�
Ov; (29)

which may be normalized to give

Ov?k D
v?k

jv?kj
: (30)

Boresight gains for waveforms at T and maximum gains for received waveforms at R are introduced
in Table I.

Considering the Orbcomm system, for the gain profiles of waveforms transmitted with polarizations
Om and On at T, we place a shaped profile according to [26], where a 0.8 dBic gain is observed at
broadside, or ˛=0°, which increases to a maximum of 3.7 dBic at 55°off-nadir, or ˛ D 55°. For
the Iridium and GPS systems, we introduce ideal conical beam gain profiles at T which compensate
additional free space path loss for non-nadir path propagation [27, 28]. Transmit frequencies for the
Iridium and GPS L1 systems are close together, straddling 1.6 GHz, and as such, receive antennas are
typically packaged to cater for both as a patch-style unit [4]. Receive antennas for the Orbcomm system
provide a similar low-gain radiation pattern. We note that patch-style and vertical whip antennas are
commercially available [29, 30], and opt for a patch-style antenna in our simulation, so that RHCP
reception may be considered. We introduce the power gain of a half-wavelength dipole, G, [25], and
assume 100% dipole efficiency. Minimum gain occurs when elevation � is 0°, or at the endfire position.
Maximum gain occurs when � is 90°, or at the broadside position, and is independent of the azimuthal
angle, � . For all three satellite systems, we note the similarity in low-gain profiles at R in Table I. These
antennas are designed for a wide hemispherical angle of reception and low noise. In this paper, we base
the gains associated with polarizations Op and Oq at R on that of a half-wavelength dipole, which is a
realistic approximation of a typical low gain CP receive antenna. In addition, we introduce polarization
Or, orthogonal to polarizations Op and Oq, and also exhibiting a half-wavelength dipole power gain. As
polarizations Op and Oq are common to both a CP receive antenna and a tri-orthogonal arrangement, so
any improvement in receive performance is purely as a result of the inclusion of polarization Or at R. We
maintain symmetry of the CP radiation pattern at R after inclusion of polarization Or through a phase
centered approach that employs a sequential feeding technique [31].

In the case of polarization Or at R, angle � is represented by �, the sum of ˛ and � , as in Figure 2.
It is important to recognize that the gain profile, as well as the polarization mismatch profile, changes
for Op and Oq at R as a function of latitude and longitude within the FoV. For polarizations Op and Oq, we
use the following equation,

G.�; �/ D 1:64jOv ^ Okj3 (31)

where Ov represents the unit vector of the polarization in question.
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2.5. Faraday rotation and path delay

Faraday rotation and path delay are considered to be the two principal effects that affect signal propa-
gation through the ionosphere [32]. These effects may be determined through link geometry, together
with TEC data and terrestrial magnetic field data. TEC data are available in 10 min intervals [33], while
terrestrial magnetic field data are available on a daily time scale [6]. Values of TEC typically range
from 1 to 100, for a vertical path through the ionosphere. Magnetic field ranges are readily interrogated
within the World Magnetic Model supplied in the MATLAB environment.

Height h along the propagation path from T to R is determined as

h D .re C d/

�

´°
re¹1 � cos �iFRº C d

±
�
d.kFR � 1/

.iFR � 1/

μ

� re cos �kFR :

(32)

In (32), iFR is the i th incremental position in terms of ˛ from the nadir, and kFR is a variable running
from the nadir position along a constant azimuthal path, �T, to the i th incremental position of ˛.
Figure 5 illustrates the concept. Propagation to an FoV (L; l) doublet position is along a path with a
constant azimuthal angle, �T.

The simulation computes the propagation vector, Ok, and all investigated effects starting at the FoV
center or nadir position at �T D 0. The simulation refers to each FoV position in turn through incre-
ments of �T that, after completion of one circle, moves radially outward by an increment of the off-nadir
angle, ˛.

Considering transmission to a receiver position, R1, with regard to ionospheric effects, the introduc-
tion of h creates (L; l; h) triplets where h is calculated at each (L; l) doublet position along a unique
path, given by OkR1, to the receiver position, (LR1; lR1). Once the accompanying effects of Faraday
rotation and path delay have been computed for propagation from T to R1, the simulation moves to
position R2. New values of h must be assigned to each (L; l) position along a propagation path each
time a new receiver position is considered. Receiver positions on the same concentric circle utilize the
same values of h along the path.

The values of h are used in the determination of the Earth’s magnetic field vector. Along a prop-
agation path from T to R, globally referenced positions are passed through at progressively reduced
heights with each set of encountered (L; l; h) triplets subsequently introducing an accompanying set
of magnetic field vector and TEC data. These data are then used to generate estimates of Faraday rota-
tion and path delay [34]. These estimates are based on the following trigonometric equations [35] but
differ from them as a result of tapping ionospheric data at mutiple points along the propagation path,
providing vectorized estimates at the receiver.

Faraday rotation and path delay are respectively given as

 FR D
e3�2

8�	0m2c3

Z s

0

ne.s/bjj.s/ds (33)

and


 D Kref
TEC

f 2 cos˛
(34)

where s is propagation path length, bjj is the component of the terrestrial magnetic field parallel to
signal propagation, e is electronic charge, � is propagating signal wavelength, 	0 is the permittivity of
free space, m is electronic mass, c is the speed of light in vacuo, Kref is a dimensionless constant of
ionospheric refraction set at 40.28 [35], TEC is the TEC along the propagation path, f is the signal
frequency and ˛ is an off-nadir angle that is used to account for the additional path length of a slanted
path. Determination of the Earth’s magnetic field vector at a triplet position is according to [6]. Each
terrestrial magnetic field unit vector may be orientated into the ECEF coordinate system beginning
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with an ECEF northerly pointing unit vector, On or Œ001�T, at (0°,0°). This is rotated by the declination,
ı, and inclination, �, of the magnetic field vector for a given height,

Rı D

2
4 1 0 0

0 cos ı � sin ı
0 0 1

3
5 (35)

R� D

2
4 cos � 0 sin �

0 1 0

� sin � 0 cos �

3
5 : (36)

Convention gives ı as positive in an easterly direction and � as positive in a downward direction. The
magnetic field unit vector may then be rotated to the appropriate (L; l) position in the FoV centered
at (Lo; lo),

ObL,l,h D RLRlRıR� On0;0 (37)

where the rotation matrices, RL and Rl , are as per (24) and (25). Magntitudes given by [6] are
attributed to each triplet (L; l; h) position.

Determination of the TEC value at a (L; l) position is given by [33]. Values of TEC in this paper
are from 1 to 100. The data are coarse with resolution of (2°,18°). In order to produce a smooth
interpretation of TEC for each (L; l) doublet in the FoV, bilinear interpolation is invoked. This is
pertinent as most (L; l) positions do not align with the global positions used in the data collection
performed in [33].

The TEC for a (L; l) nadir path is determined by the multiplication of a TEC value given by [33]
with a TECU or TEC unit defined globally as 1016 electrons per m2 [35]. The resultant path value,
VTEC, refers to the number of free electrons in a vertical column of cross section 1m2 along the nadir
path at a specified (L; l) position and may be given as

VTEC D
Z
s.nadir/

neds.nadir/ (38)

where ne refers to the electron density along the nadir path, snadir [36].
Variability of interaction between ionized particles and an electromagnetic signal propagating along

a path between transmitter and receiver is accounted for by the introduction of an interaction length
over which the magnetic field vector and TEC, respectively, (L; l; h) and (L; l) specific, interact with
the signal. In Figure 5, s is assumed to be 1500 km. The FoV position is at the end of a constant
azimuthal or �T trajectory path, at a position specified by ˛. For simplicity, it shall be known as ˛3.

Three interaction lengths, shown with parametric subscripts, are delineated in Figure 5. Each length
is 500 km and attributed to each of the three (L; l) doublet positions along the path. Over an inter-
action length, the TEC is given according to the accompanying (L; l) position. Magnetic field vector
data are obtained using a (L; l; h) triplet position. A scaling factor is introduced to account for iono-
spheric electron density, as a function of height, along the propagation length [34]. It is noteworthy
to observe that, as a result, the TEC becomes .L; l; h/ specific for path effect calculations. The scal-
ing factor is enhanced for this model to provide a two state diurnal ionosphere as a function of .l/
and Coordinated Universal Time, or UTC. The two states are calculated as the mean of solar max-
ima and minima ionospheric electron density profiles for both day and night. The variation between
day and night profiles stems from changes in ionospheric electron density at a specific altitude as a
function of solar activity. In effect, the two diurnal states scale the interaction between the ionosphere
and a propagating signal as a function of ionospheric electron density at a .L; l; h/ position along a
propagation path normalized by an average of ionospheric electron density in a vertical column that
passes through the ionosphere at this .L; l; h/ position. We assume the ionosphere to lie between 50
and 1000 km in geodetic altitude. Figure 4 shows the day and night scaling factors as a function of alti-
tude. The scaling factors for both averaged day and night profiles provide a profile equivalent to a unity
scale for propagation through the entire ionosphere. For off-nadir transmission, TEC may vary as a
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Figure 4. Two state or diurnal ionospheric scaling factors are averaged from solar maxima and minima profiles
to make day and night averaged ionospheric profiles. Both of these profiles provide a profile equivalent to a
unity scale for propagation through the entire ionosphere. For off-nadir transmission, total electron content may
vary as a function of (L; l) position. By introducing the scaling factors, we provide the possibility of simulating
ionospheric effects on a transmitted signal as a function of .L; l; h/ position. [Colour figure can be viewed at

wileyonlinelibrary.com]

function of (L; l) position. By introducing the scaling factors, we provide the possibility of simulating
ionospheric effects on a transmitted signal as a function of .L; l; h/ position. The Earth’s rotation pro-
vides movement of longitudinal position at the angular rate of 15°/h, regardless of latitudinal position.
As well as affecting the orbital position of a satellite, this movement affects the position of a ground
receiver relative to the Sun. Coordinated Universal Time provides a reference that we may use in order
to provide either of the two ionopsheric profiles in Figure 4.

Over each interaction length along the propagation path, values of magnetic field and TEC associ-
ated with each respective (L; l; h) triplet and (L; l) doublet are then used in (33) and (34). The resulting
values from all interaction lengths are then integrated to provide an estimation of Faraday rotation
and path delay for each (L; l) FoV position. Movement radially outward to the next concentric circle
through increment of ˛ redefines the parameters. In the case of Figure 5, the path is now split into four
interaction lengths.

Faraday rotation is implemented in the simulation by a rotation of the polarizations Om and On, at
T, about the propagation vector Ok, by the Faraday rotation angle. The effect of Faraday rotation is to
improve subchannel propagation at some global locations while worsening it for others.

2.6. Doppler frequency shift

The direction of tangential velocity associated with T changes as a function of time, in order to
maintain the orbit path, and is given by a shortest route bearing angle, �sb,

�sb D

ˇ̌̌
ˇatan2¹sin.Lo � Lc/ cos.Lc/;

cos.Lc/ sin.Lo/ � sin.Lc/ cos.Lo/ cos.lo � lc/º; 2�

ˇ̌̌
ˇ:

(39)
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Figure 5. Height is calculated at each field-of-view (FoV) position along the propagation path. Each of these FoV
positions has an accompanying (L; l) reference so forming a unique (L; l; h) triplet along a propagation path of
length, s, and of direction given by the unit propagation vector, Ok. Associated magnetic field and TEC data are
respectively attached to each triplet along the path. Interactions between the ionosphere and the propagation vector
k along the path at each encountered FoV position are then integrated to provide an estimate of Faraday rotation
and path delay, both specific to a (L; l) FoV position. This is repeated for all (L; l) FoV positions. [Colour figure

can be viewed at wileyonlinelibrary.com]

Figure 6 illustrates the changing nature of the unit velocity vector, OvT, associated with T, as a function
of global (Lc; lc) position. In effect, the velocity vector of T, vT, is seen to rotate about the FoV center
to vT0 , as a function of global (Lc; lc) position.

To determine the Doppler frequency shift as a function of the position of T along the orbit path, we
start with the initial bearing angle at the center of the (Lo; lo) FoV, �bFoV, and determine the bearing
angle at the center of the (Lc; lc) FoV, �bFoV0 . This is given as

�bFoV0 D

8̂̂̂
<̂
ˆ̂̂̂:

�sb .t D 0/

�sb C �

�ˇ̌̌
ˇkvTkt=re; 1

ˇ̌̌
ˇ � 0:5

�

�sb

�ˇ̌̌
ˇkvTkt=re; 1

ˇ̌̌
ˇ � 0:5

�
:

(40)

We then align the (Lc; lc) FoV with the initial (Lo; lo) FoV on the x-axis, as illustrated in Figure 6.
The bearing angle, �bFoV0 , may then rotate in the y´ plane about the x-axis, as a function of FoV center
position, (Lc; lc), along the orbit path.

In the (Lc; lc) FoV, the orbital inclination angle �inc0 is analgous to that of the initial (Lo; lo) FoV,
�inc. It is used in conjunction with �bFoV0 , for the determination of the Doppler frequency shift uniquely,
as a function of (Lc; lc) FoV position,

�inc0 D

ˇ̌̌
ˇ�bFoV0 � 2:5�; 2�

ˇ̌̌
ˇ: (41)

The tangential velocity unit vector of T for any FoV center position, (Lc; lc), along the orbit path
may be given as

OvT D

2
4 0

cos �inc0

sin �inc0

3
5 : (42)
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Figure 6. To maintain a trajectory along an orbit path, the velocity must change as a function of (L; l). This is
calculated at each FoV center, at the (Lc; lc) position of T. This allows calculation of the Doppler frequency shift,
which for a low-Earth-orbit satellite channel is typically of the order of 30 kHz for a stationary ground receiver.

[Colour figure can be viewed at wileyonlinelibrary.com]

For a LEO satellite orbiting at 780 km, the magnitude of tangential velocity is 7.470 kms�1. If required,
the ground velocity of R, vR, may be given according to a user defined magnitude and a unit vector
direction OvR, specified by rotating Op around Or by a user defined angle. In this paper, vR is set to zero.
At R, the maximum Doppler frequency shift for the Iridium satellite in an orbit of 780 km is 40 kHz
at the horizon and is given according to

fDoppler D
vclosingf

c
(43)

where vclosing is the relative velocity of T and R and is given as

vclosing D OvT � OkC OvR � Ok: (44)
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2.7. Satellite channel matrix

We may introduce signal transfer between T and R as proportional to the square root of power transfer
through each subchannel [37]. In addition, a phase matrix is required that introduces the change in
phase along a sub-channel as a result of path delay, Doppler shift and relative antenna offsets at both
the receiver and transmitter.

An exponential phase component with phase angle, �Ph, is given by

�Ph D 2�.f C fDoppler/

�
s C 


c

�
C  R C  T: (45)

In (45), f is the transmitted signal frequency, c is the speed of light, and  T,R represents a phase
offset imposed at T and at R. For RHCP, we introduce a 90° retardation on the signal sent from On with
respect to Om , while we introduce a 90° advance on Oq with respect to Op and Or. For the Orbcomm and
GPS systems, a final 3 � 3 LoS channel matrix, from which we use the first two columns to calculate
capacity resulting from insi tu CP transmission from T, is given as [38, 39]

H D X�R NHXT (46)

where the superscript denotes the Hermitian transpose. Mutual coupling matrices XR and XT introduce
the isolation between polarizations into the channel matrix. A mutual coupling factor, �, of 0.3 [39],
corresponding to an isolation coefficient of 10.45 dB is applied through mutual coupling matrices.
This value is found to be where mutual coupling starts to degrade system performance, and we apply
it universally as we assume no difference in isolation between any two ports. Values of 15 dB at R
and 20 dB at T are given in [40], and so, we assume a worst case scenario. Mutual coupling matrices,
including polarization Oo at T, are given as

XR,T D
1p

1C 2�2

2
4 1 � �� 1 �

� � 1

3
5 : (47)

For an antenna with no isolation between polarizations, or unit values of �, the performance reverts
to that of a singularly or uni-polarized antenna.

For the Iridium system, the channel matrix shall include a variable scattered NLoS component, QH,
together with shadowing effects, and may be given as [38, 39]

H D X�R

 r
K

1CK
. NHˇ S/XT C

r
1

1CK
QH

!
(48)

whereˇ represents the Hadamard, or elementwise, function, and S is a shadowing matrix.

3. RESULTS

We invoke the model used in [41] to provide analysis over antenna orientations at R within the FoV,
according to orbital parameters. Faraday and path delay are calculated and included according to the
work in [34]. Capacity for M orthogonal receivers and N orthogonal transmitters is given according
to [42] as

C D log2

ˇ̌̌
ˇ
�

IM C
PT

PNN
HH�

�ˇ̌̌
ˇ (49)

where PT is the total transmit power at T, PN is the noise power at R, I is an identity matrix, and H is
the channel matrix. In this paper, unit transmit power is assumed for a satellite system analysis. The
third orthogonal polarization at R provides a third degree of freedom and so provides an additional two
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link sub-channels to improve system performance. Simulations are performed over individual FoVs,
using magnetic field and TEC data acquired during a random period. Each satellite begins an orbit
at (0,0), where the orbit is calculated according to parameters laid out in Table I. The random orbit
periods and FoV temporal positioning for each satellite are as follows:

� Iridium: 0000 UTC, November 17 to 0140 UTC November 17, with FoV data calculated every
10 min.
� Orbcomm: 0000 UTC, November 17 to 0140 UTC November 17, with FoV data calculated every

10 min.
� GPS: 0000 UTC, November 17 to 0000 UTC November 18, with FoV data calculated every hour.

Northern latitudes and eastern longitudes are deemed positive. The edge of the FoV is the point at
which elevation at R is 0°and is orbit specific. In order to show the system improvement through imple-
mentation of a third orthogonal polarization at R, we introduce the notion of a percentage improvement
in capacity of a 3 � 2 system over a 2 � 2 system. Figure 7 presents the capacity improvement resulting
from the inclusion of a third orthogonal polarization at the receiver. In the case of the Iridium system,
we are able to provide additional metrics to the analysis in the form of L-band local scattering effects

Figure 7. Simulated percentage improvement in system capacity over individual field-of-view, as a result of
implementing a third orthogonal polarization at R. The following values in brackets are central positions on the
ground of individual field-of-view. Rows: Iridium, L to R: (0°,0°), (0.7°,167.16°), (�1.41°,�25.09°); Orbcomm,
L to R: (0°,0°), (0.39°,167.16°), (�0.78°,�25.68°); GPS, L to R: (0°,0°), (0.70°,�179.51°) (1.40°,0.98°). [Colour

figure can be viewed at wileyonlinelibrary.com]
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in a LoS narrowband channel. Local scattering effects may further degrade receive performance due
to multipath and synchronization issues [43]. A handheld receiver in an urban scenario is considered
in our model, with local scattering effects included as a function of elevation. The data are given in
Table XIII of [44]. We define the capacity improvement due to the inclusion of the third orthogonal
polarization at the receiver as

D D
C3�2 � C2�2

C2�2
� 100: (50)

For each of the satellite arrangements, the capacity improvement due to the inclusion of the third
orthogonal polarization at R is shown by three large-FoVs in Figure 7 and is determined by orbit
track parameters and the ionospheric effects of Faraday rotation and path delay. While it is to be
expected that at the FoV center, or satellite nadir path, there is minimal if any improvement to capacity
performance as a result of introducing a third orthogonal polarization at the receiver because it is
parallel to the transmitter direction of propagation, it is of note that at no time does 3 � 2 capacity ever
drop below that of the 2 � 2 system. This implies that capacity at the FoV center is not worsened by
the addition of the third orthogonal polarization at R. A percentage capacity improvement is observed
for all three satellite systems over each of the three global positions.

On average, and overall (L; l) positions analyzed over the orbital path, an increase in capacity per-
formance as a result of the implementation of a third polarization Or, orthogonal to the ground receiver
patch antenna radiating surface, is observed for each satellite system. The average improvement, as a
percentage of capacity performance compared with use of a conventional CP patch antenna at R, is
given as follows:

� Iridium: 14:6˙ 2:5%
� Orbcomm: 16:7˙ 1:8%
� GPS: 38:8˙ 3:1%.

At R, the patch antenna radiating surface is held orthogonal to the zenith position according to
manufacturer’s guidelines. This approach does not provide an idealized increase in system perfor-
mance, but rather a consistent approach over the entire FoV. This may be considered as a proxy for the
satellite position T being unknown at R. A beamsteering approach could subsequently be applied to
enhance system performance through increasing gain in a link direction through phased antenna feed-
ing techniques. As a consequence of applying a consistent approach to our analysis, the performance
parameters do not take into account misalignment of the receive antenna with the zenith. At the FoV
center, such misalignment would increase the capacity improvement because of the third orthogonal
polarization Or, as this polarization branch would mitigate any drop in performance on polarization
branches Op and Oq, associated with a conventional CP patch antenna. The large improvement in average
capacity performance over all (L; l) positions analyzed over the orbital path for the GPS system results
from the increased misalignment of the antennas at T and R, because of a higher mid-Earth-orbit orbit.
In effect, the maximum antenna misalignment experienced by each system due to the arrangement
described in Section 2.2 may be given by (5) and is as follows:

� Iridium: 27°
� Orbcomm: 26.9°
� GPS: 76.1°.

The increase in diversity gain [45] over the orbital path due to the inclusion of the third orthogonal
polarization at R is calculated for each satellite system and is shown in Figure 8. We assume the patch
antenna radiating surface is once again held orthogonal to the zenith position. Applying maximal ratio
combining at R, the increase in diversity gain for 99% communication reliability is given as follows:

� Iridium: 2.43 dB
� Orbcomm: 2.23 dB
� GPS: 3.18 dB.
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Figure 8. Simulated increase in diversity gain (dB) over an orbital path for each satellite, as a result of
implementing a third orthogonal polarization at R. [Colour figure can be viewed at wileyonlinelibrary.com]

4. CONCLUSION

This paper provides model analysis which, through a fundamental physical design approach, suggests
that the inclusion of a third polarization at a ground receiver, orthogonal to an existing patch or helical
structure, provides over a large non-geosynchronous satellite FoV the following advantages:

� increased capacity over a majority of a FoV, or antenna orientations
� provision of orientation robustness in instances of antenna misalignment
� increased FoV range extending the outer edge of the FoV
� increased diversity gain over the orbit path, providing communication reliability with a reduction

in transmit power at the satellite
� implementable on ground receiver, requiring no intervention at the satellite.

This is particularly relevant to LEO satellite systems, where link geometry changes rapidly, and near
horizontal link geometry occurs frequently. A tri-orthogonal approach at the ground receiver renders a
satellite link less dependent on alignment, as at least two orthogonal receive polarizations are offered
at the receiver for any receive link direction.

For a conventional CP receive antenna, a CP signal is only able to be received where perfect
transmitter-receiver antenna alignment exists, typically when a satellite is near the zenith position
of the ground receive patch antenna, due to design constraints and manufacturer guidelines. Signal
polarization becomes EP as receive link geometry deviates from perfect transmitter-receiver antenna
alignment, ultimately resulting in horizontally polarized signal reception at the receiver horizon. Cou-
pled with a reduced receive antenna gain at lower elevation angles, this impairs cross-polarization
rejection and reduces system capacity. The ability to maintain gain at lower elevation angles, while
maintaining polarization diversity, would increase link range and extend the FoV.

We have considered the case whereby the ground receiver patch antenna radiating surface is orthog-
onal to the zenith position. This alignment is unlikely to be maintained for most applications, because
of local topography and movement. At or near the FoV center, this suggests that, where a low or
negligible improvement in capacity due to a third orthogonal polarization branch is observed in our
simulations, the probability of a capacity improvement as observed in the outer FoV edges of our
simulations is increased. This would additionally increase the diversity gain of the satellite system.

The inclusion of a third polarization at the ground receiver, orthogonal to the radiating surface of the
antenna and so orthogonal to conventional patch antenna polarizations, provides additional polarization
diversity. Through no alteration to the satellite transmission mechanism, such an arrangement provides
a capacity improvement and additional diversity gain over a FoV for three distinct satellites. Real-
time global ionospheric data and physical satellite characteristics are used to provide these results.
The capacity improvement and additional diversity gain are a consequence of increased gain at low-
elevation angles, coupled with enhanced polarization diversity performance at low-elevation angles.
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APPENDIX

Table A1. List of variables.

Reference Description

T Transmitter (satellite)
R Receiver (ground)
rplot Ground range
re Earth radius
s Propagation distance
d Orbit Height
u re C d
˛ Off-nadir angle
� Earth centered arc angle
� 90°-elevation at R
�T Azimuthal angle, +ve a/cw from east
L Latitude
l Longitude
Lu User specified latitude
lu User specified longitude
h Height (m)
Lo Original FoV center latitude
lo Original FoV center longitude
Lc Calculated FoV center latitude
lc Calculated FoV center longitude
b Terrestrial magnetic vector
 FR Faraday Rotation (rads)
Kref Ionospheric refraction constant
e Electronic charge (C)
m Electron mass (kg)
	0 Permittivity of free space (Fm�1)
TEC Total electron content
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Table A1. Continued.

Reference Description


 Path delay (m)
i,kFR Loop increments for calculation of Faraday rotation
ı Magnetic field declination
� Magnetic field inclination
�inc Orbital inclination angle
�bFoV Bearing angle at FoV center to next FoV center
�b Bearing angle at FoV center to (L; l) position in FoV
�sb Shortest route bearing angle
Ok Propagation unit vector
Om Unit vector aligned in easterly direction at T
On Unit vector aligned in northerly direction at T
Op Unit vector aligned in easterly direction at R
Oq Unit vector aligned in northerly direction at R
Or Unit vector aligned in Earth centered radial direction at R
t Time (secs)
� Angle made with dipole (rads)
Y Set of received signals at R
X Set of transmitted signals at T
H Channel matrix
N Set of noise signals at R
f Frequency (Hz)
c Speed of light in vacuo (ms�1)
�Ph Phase change over channel (rads)
ˆT,R Phase offset at T,R
K Ricean K-factor
XT,R Mutual coupling matrix
� Mutual coupling coefficient
P Power (W)
G Gain (dB)
Ov Generic unit vector for polarization mismatch
� Wavelength (m)
epol Polarization mismatch (dB)
Latmos Atmospheric attenuation (dB)
ne Electron density (m�3)
fDoppler Doppler frequency shift (Hz)
vclosing Relative velocity of T and R (ms�1)
vT,R Vector describing motion at T,R
C Capacity (bits/s/Hz)
D Percentage improvement in capacity .%/
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