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Abstract. The Cascade Demonstrator Small-Sat and Iono-
spheric Polar Explorer (CASSIOPE) satellite is scheduled to
be launched in 2010. On board this satellite will be a suite
of eight scientific instruments comprising the enhanced Polar
Outflow Probe (ePOP). One instrument is the Radio Receiver
Instrument (RRI) which will be used to receive HF trans-
missions from various ground transmitters such as the Super
Dual Auroral Radar Network (SuperDARN) array. Magne-
toionic polarization and propagation theory have been used
to model the relative power that SuperDARN delivers to the
Ordinary (O) and Extraordinary (X) modes of propagation.
These calculations have been performed for various frequen-
cies in the SuperDARN transmitting band and for all five
Canadian based SuperDARN radars. The geometry of the
radars with respect to the background magnetic field results
in the X-mode dominating the transmitted signal when the
modelled wave propagates northward and is nearly perpen-
dicular to the magnetic field lines. Other propagation direc-
tions (i.e., above or southwards of the radar) results in prop-
agation which is anti-parallel to the magnetic field lines and
an equal splitting of transmitted power between the O- and
X-modes occurs. The modelling analysis shows that for ei-
ther high transmitting frequencies or low ionospheric elec-
tron densities, the range of latitudes that signal will be re-
ceived is quite large (up to∼90◦ of latitude). Also for these
conditions, the range of elevations where the X-mode signal
strongly dominates the O-mode signal will be apparent in the
received signal. Conversely, for lower transmitting frequen-
cies or higher ionospheric electron densities, the latitudinal
range that signal will be received over is smaller. Here the
X-mode-only band is not apparent in the received signal as
both modes will be received with roughly equal power. These
relative mode power calculations can be used to characterize
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the average electron density content in the ionosphere or pro-
vide a measure of relative absorption in the D- and E-regions
when the satellite passes through the field-of-view of a Su-
perDARN radar.

Keywords. Radio science (Radio wave propagation; Instru-
ments and techniques)

1 Introduction

The Canadian designed and built Cascade Demonstrator
Small-Sat and Ionospheric Polar Explorer (CASSIOPE)
small satellite will be launched in 2010 (Yau et al., 2006).
The satellite bus will consist of two payloads, a commercial
data storage and forward system called Cascade and a scien-
tific group of instruments called the enhanced Polar Outflow
Probe (ePOP). ePOP will consist of various particle detec-
tors, active and passive radio experiments, an auroral imager,
a magnetic field detector, and a GPS system. The scientific
goals of ePOP are to study outflows of particles from the
polar regions, radio wave propagation, and ionospheric to-
mography (Yau et al., 2006). Some radio experiments will
use the Radio Receiver Instrument (RRI) on ePOP (James,
2003, 2006; James and Lunscher, 2006; James et al., 2006).
The RRI is a radio receiver that is fed by four 3-m dipole
antennas. Each antenna can operate as a separate monopole,
or in pairs as two crossed (perpendicular) 6-m dipoles. The
RRI will measure electric fields between 10 Hz and 18 MHz.
One RRI experiment to be undertaken will include various
ground-based HF transmitters such as the Super Dual Auro-
ral Radar Network (SuperDARN) radars (Greenwald et al.,
1995), which will transmit HF waves to be detected by the
RRI as ePOP orbits overhead.

One objective of the SuperDARN-RRI experiment is the
detection of various ionospheric structures through interpre-
tation of the signal received by the RRI. The background
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Fig. 1. The coordinate system and a general polarization ellipse.
The orientation angle is represented byψ , a represents the semi-
major axis,b represents the semi-minor axis, andθ is the aspect
angle. The propagation direction of the wavek̂ is in thez-direction
and the polarization of interest is in the x-y-plane.

electron density of the ionosphere is often perturbed by en-
hancements and depletions ranging in scale sizes from sev-
eral meters to several hundred kilometers. Various mod-
elling efforts have been undertaken to determine the effect of
these structures on the received signal. For example, Wang
et al. (2003) studied the signature of ionospheric structures
on the received power, signal delay, and direction of arrival.
Thorough studies of data and modelling from a previous HF
transionospheric experiment performed by the ISIS II satel-
lite have also been performed by James (2006), James et
al. (2006), Gillies (2006), and Gillies et al. (2007). In these
studies, the experimentally measured Faraday rotation and
differential signal delay of radio waves was compared to the
same parameters as determined by computational models.

In the present paper, the polarization state of the Super-
DARN radars is examined and more specifically the relative
amount of transmitted power that will be distributed between
each of the two magnetoionic modes of propagation is mod-
elled. The relative power of each mode received by the RRI
was thoroughly investigated for various transmitter frequen-
cies and ionospheric electron density profiles. This knowl-
edge of the relative power of the two propagation modes will
greatly assist in interpretion of the RRI instrument observa-
tions. This research is also of interest for general Super-
DARN science as it details the propagation environment. The
Doppler velocity that SuperDARN detects is directly related
to the index of refraction at the scattering location (Gillies et
al., 2009). Since the two modes of propagation have different
indices of refraction, knowledge of which mode is involved
in the scattering process is of significance when interpret-
ing line-of-sight velocity values derived from coherent Su-
perDARN scatter.
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Fig. 2. The two magnetoionic modes predicted by Budden (1961)
which exist from the decomposition of the wave in Fig.1. The
propagation direction of the modesk̂ is in thez-direction and the
polarization of interest is in the x-y-plane.

2 Determination of relative mode power

This section has two objectives; namely, to define a general
elliptical polarization state of a propagating magnetoionic
wave (Fig.1) at any point in the ionosphere using notation
given by Budden (1961) and then to resolve this general po-
larization state into the two allowed magnetoionic propaga-
tion modes at that ionospheric location (Fig.2). This decom-
position will provide an expression for the amount of power
that is injected into the X-mode relative to the O-mode, given
an initial polarization state. This calculation is of use for
the upcoming RRI experiment, as the RRI on ePOP will,
at times, receive pulses from the two modes separately (the
received pulses may overlap or be completely separate de-
pending on factors such as: the pulse length, the transmitted
frequency, and the ionospheric electron density).

The coordinate system used for this derivation is described
by Budden (1961) and illustrated in Fig.1. In this system,
the z-axis is oriented parallel to the wave propagation vector
(k̂). The x-axis is determined because the external magnetic
field is taken to be in the x-z-plane at an angleθ to the z-
axis. The y-axis follows from the definitions for the x- and z-
axes. In this geometry, Budden (1961) has shown that, when
collisions are negligible, the two magnetoionic propagation
modes are orthogonal elliptical polarization states in the x-y
plane and have principal axes along thex̂ andŷ directions as
demonstrated in Fig.2.

A three-dimensional rotation is performed to transform the
horizontally polarized SuperDARN wave in a local radar co-
ordinate system into the Budden (1961) axes. This rotation
allows the wave polarization state to be completely described
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in this axis system and determines the value for the orienta-
tion angleψ so that decomposition of the wave into the two
allowed propagation modes can be performed.

The polarization ellipse of the wave in the principal axis
frame has major and minor axes given bya andb, respec-
tively. In the principal axis frame (see Fig.1), this initial
polarization state (i.e., the polarization leaving the radar an-
tennas) (

−→
Er) can be expressed as:

−→
Er = (aeiφx x̂p+beiφy ŷp)e

i(ωt−kz) (1)

whereφx andφy are the phases of the oscillation in thex̂p and
ŷp directions, respectively, andφy −φx = ±π/2, where the
(±) describes the sense of rotation of the polarization ellipse.
Therefore, the polarization can be re-written as:
−→
Er = (ax̂p+(±i)bŷp)e

i(ωt−kz+φx ). (2)

A rotation of this ellipse must be performed to describe the
polarization state in the Budden (1961) coordinate system
which is defined using the propagation direction of the wave
and the magnetic field orientation. Given a value forψ using
coordinate transforms mentioned previously, the polarization
can be described as:
−→
Er = [(acosψ−(±i)bsinψ)x̂

+(asinψ+(±i)bcosψ)ŷ]ei(ωt−kz+φx ). (3)

Equation (3) completely describes the polarization ellipse of
Fig. 1.

The next step is to describe the polarization states of the
two magnetoionic modes of propagation. This is accom-
plished using the wave-polarization ratio:

ρ=
Ey

Ex
(4)

WhereEx andEy are the phasor representations of the elec-
tric field along the x- and y-axes, respectively. In the absence
of collisions,ρ is given by the following equation:

ρ= i
Y 2

T

2YL(1−X)
± i

√
Y 4

T

4Y 2
L (1−X)2

+1 (5)

or

ρ= i
(Y sinθ)2

2Y cosθ(1−X)
± i

√
(Y sinθ)4

4(Y cosθ)2(1−X)2
+1, (6)

where X = (ωp/ω)
2, Y = ωc/ω, YL = (ωc/ω)cosθ , and

YT = (ωc/ω)sinθ (note thatX represents the ratio ofω2
p to

ω2, not the X-mode of propagation). Further:ωc is the cy-
clotron frequency,ωp is the plasma frequency,ω is the radio
wave frequency, andθ is the aspect angle. The major axis
of the O-mode is oriented along the x-axis (i.e., the O-mode
major axis is always parallel to the component of the external
B-field that is perpendicular tôk) and the major axis of the
X-mode is oriented along the y-axis (this behaviour is illus-
trated in Fig.2). This condition indicates that, with respect

to Eq. (4), the absolute value ofρ for the O-mode is always
less than one and the absolute value ofρ for the X-mode is
always greater than one. Both values forρ are purely imag-
inary, indicating that the electric field oscillations along the
x- and y-axes are 90◦ out of phase for either mode.

When a radar wave is propagating nearly (or exactly) par-
allel or anti-parallel to the magnetic field lines (the aspect an-
gleθ is near 0◦ or 180◦), the two polarization modes become
circularly polarized waves with opposite sense. In the other
extreme, when the radar wave propagates nearly (or exactly)
perpendicular to the magnetic field, the polarization state of
a mode is linear, each orthogonal to the other, assuming there
are no collisions. In between these two propagation regimes,
each mode takes on an elliptical polarization state which, if
there are no collisions, is orthogonal to the other mode.

The polarizations of the two modes of propagation (
−→
Eo for

the O-mode and
−→
Ee for the X-mode) are described by:

−→
Eo = (oxe

iφox x̂+oye
iφoy ŷ)ei(ωt−kz) (7)

and
−→
Ee= (exe

iφex x̂+eye
iφey ŷ)ei(ωt−kz) (8)

ox andoy represent the major and minor axes of the O-mode
ellipse and similarly,ex andey represent the major and minor
axes of the X-mode ellipse (note thatex andey represent the
axes of the X-mode ellipse should not be confused with the
base of the natural logarithme). Equation (4) gives the re-
lation between the phasor representations of the oscillations
along the x- and y-axes for each mode:

ρoc=
oye

iφoy

oxe
iφox

(9)

and

ρec=
eye

iφey

exe
iφex

, (10)

whereρoc andρec are the axis ratios for the O- and X-modes
from Eq. (6), respectively. Substitution gives,
−→
Eo = oxe

iφox (x̂+ρocŷ)e
i(ωt−kz) (11)

and
−→
Ee= exe

iφex (x̂+ρecŷ)e
i(ωt−kz). (12)

Recall that, because collisions have been neglected,ρoc and
ρec are imaginary numbers and have opposite signs to repre-
sent the opposite sense of rotation of the two modes. For sim-
plicity, the imaginary portion of the two wave-polarization
ratios should be explicitly written, so two new variables will
be defined asiρo = ρoc andiρe= ρec where the values forρo
andρe are purely real. Also, for simplicity, the phasesφox

andφex will be written asφo andφe. The polarizations of the
two modes become:
−→
Eo = oxe

iφo(x̂+ iρoŷ)e
i(ωt−kz) (13)
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and

−→
Ee= exe

iφe(x̂+ iρeŷ)e
i(ωt−kz) (14)

The sense of rotation of the modes is opposite, indicating that
ρo andρe must have opposite signs, which Eq. (6) assures.

Now the initial polarization (Eq.3) can be equated to the
polarizations of the two modes of propagation:

−→
Er =

−→
Eo+

−→
Ee. (15)

Equating the real and imaginary components of both the x-
and y-axis values in Eq. (15) gives:

acosψ = oxcosφo+excosφe, (16)

−(±)bsinψ = oxsinφo+exsinφe, (17)

asinψ = −ρooxsinφo−ρeexsinφe, (18)

(±)bcosψ = ρooxcosφo+ρeexcosφe. (19)

The knowns in these equations area, b, (±), andψ , which
define the initial conditions for the wave, (for example, for
the initial SuperDARN polarization,a=1.0,b=0.0, the(±)
does not matter, andψ is calculated through the coordinate
transform mentioned previously). Also known from the lo-
cal magnetoionic conditions areρo andρe (from Eq.6). The
unknowns, which need to be solved to determine the rela-
tive power delivered to X-mode, areox, ex, φo, andφe. The
solutions to these equations are:

φo = arctan

[
tanψ

(
(±)bρe−a

(±)b−aρe

)]
, (20)

ox =
sinψ((±)bρe−a)

sinφo(ρo−ρe)
, (21)

φe= arctan

[
tanψ

(
(±)bρo−a

(±)b−aρo

)]
, (22)

ex =
sinψ((±)bρo−a)

sinφe(ρe−ρo)
. (23)

The values foroy andey are found using:

oy = |ρo|ox (24)

ey = |ρe|ex. (25)

Finally, the relative power that is delivered to the X-mode
compared to the O-mode (Re), which is the quantity that is
discussed in the following sections, in units of dB is:

Re= 10log10

[
e2

x +e2
y

o2
x +o2

y

]
. (26)

3 The SuperDARN radar system

High-latitude ionospheric convection is continuously mon-
itored by the Super Dual Auroral Radar Network (Super-
DARN) set of radars. A SuperDARN radar consists of six-
teen transmitting antennas which produce, at any given time,
a single beam of dwell time 7 s (normal scan) or 3 s (fast
scan). By means of a phasing matrix, the beam is progres-
sively shifted by 3.25◦ through 16 successive beam posi-
tions, thereby covering an azimuth range of 52◦ during a
single complete scan. The frequency range of the radars is
8–20 MHz (Greenwald et al., 1995).

The antenna beam pattern of a SuperDARN array is de-
signed for poleward viewing at elevation angles less than
∼45◦. In practice, power is radiated from the horizontal an-
tennas through all elevation angles from 0–180◦ (e.g., Arnold
et al., 2003). This is beneficial for the ePOP mission as
the RRI can therefore receive transmitted signal throughout
a pass over a given SuperDARN radar. The electric field
polarization of the SuperDARN antennas is linear and ori-
ented horizontal to the Earth. Since the geomagnetic field
lines are nearly vertical at higher latitudes, the SuperDARN
transmitted linear horizontal polarization is roughly perpen-
dicular to the magnetic field lines. According to the magne-
toionic theory, for propagation perpendicular to the magnetic
field lines, the horizontal waves transmitted northward are
predominantly extraordinary mode (X-mode) signals before
entering the ionosphere.

3.1 SuperDARN mode power distribution

The equations for relative mode power derived in Sect.2
were used to determine the power that a SuperDARN radar
distributes to either mode of propagation. Inspection of
Eq. (6) indicates that the polarization state with which the
two modes propagate is dependent on electron densityNe

(ωp =

√
e2Ne/εom), radar frequencyω, and propagation di-

rectionθ . As the radars are ground-based, the initial electron
density and collision frequency were taken as zero and the
polarization ratios of the modes depended only onθ andω.
Equations (20) through (26), along with the polarization ra-
tio (Eq.6), were used to determine the relative mode power.
The power distribution for the Saskatoon SuperDARN (geo-
graphic coordinates: 52.16◦ N, 106.53◦ E, magnetic coordi-
nates: 61.34◦ N, 45.26◦ W) at various frequencies has been
modelled. Figure3 illustrates the relative X-mode power(

10log10

[
e2

x+e2
y

o2
x+o

2
y

])
for 12.5 MHz propagation at different

elevation and azimuth angles. The directions of geographic
north, west, south, and east are represented by “N”, “W”,
“S”, and “E”, respectively. The edge of the large circle rep-
resents 0◦ elevation angle, while the centre of the circle rep-
resents 90◦ elevation angle or directly vertical. The solid and
dashed arrows illustrate the direction to magnetic north and
the boresight of the radar, respectively. An X-mode relative
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X-mode Relative Power (Saskatoon SD, 12.5 MHz)
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Fig. 3. Relative power delivered to the X-mode (Eq.26) at 12.5 MHz from the Saskatoon SuperDARN as a function of elevation and azimuth
angles.

Table 1. Locations of Canadian SuperDARN radars.

Radar Latitude (◦ N) Longitude (◦ W) Latitude (◦ N) Longitude (◦ W)
(Geographic) (Geographic) (Geomagnetic) (Geomagnetic)

Saskatoon 52.16 106.53 61.34 45.26
Kapuskasing 49.39 82.32 60.06 9.22
Prince George 53.98 122.59 59.88 65.67
Rankin Inlet 62.82 92.11 72.96 28.17
Inuvik 61.41 133.80 71.15 86.5

power of 0.0 dB (white on the contour plot) would corre-
spond to equal splitting between the two propagation modes.
The elevation and azimuth angles which show darker shades
on the plot indicate higher relative X-mode power is trans-
mitted in these directions by SuperDARN.

From this figure, it is immediately apparent that there is
a band of elevation angles north of the transmitter where
the transmission is dominated by the X-mode. Meanwhile,
above and south of the radar, the two transmission modes are
roughly equal in power. It should also be noted that, near 0◦

elevation angle and at azimuths that are nearly perpendicu-
lar to the boresight, there are two small regions in the plot in
which the signal is dominated by the O-mode. This is due to
the special geometry that exists in this location between the
external magentic field, the propagation vector, and the initial
wave polarization. However, since very little signal is trans-
mitted in the direction parallel to the antenna, this region is

of little importance. Modelling has also been performed for
the other SuperDARN radars in Canada which are listed in
Table 1. In general the results are quite similar to the Saska-
toon radar modelling. The X-mode relative power maximum
is roughly centred on geomagnetic north and decreases in
elevation for an increase in geomagnetic latitude. This be-
haviour is demonstrated in Figs.4 and5 which illustrate the
relative X-mode power at 12.5 MHz for the Prince George
(which is at a different longitude than the Saskatoon radar)
and Rankin Inlet (which is at a high latitude) radars, respec-
tively. It is clearly evident for the Prince George radar that
the X-mode maximum power band is oriented to centre on
magnetic north. Meanwhile the Rankin Inlet radar, which is
the closest to the geomagnetic pole, shows an X-mode max-
imum band very close to the horizon.

Also noted (though not shown) was the effect of frequency
on the mode power distributions. Transmitter frequencies of
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X-mode Relative Power (PrinceGeorge SD, 12.5 MHz)
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Fig. 4. Relative power delivered to the X-mode (Eq.26) at 12.5 MHz from the Prince George SuperDARN as a function of elevation and
azimuth angles.

X-mode Relative Power (Rankin SD, 12.5 MHz)
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Fig. 5. Relative power delivered to the X-mode (Eq.26) at 12.5 MHz from the Rankin Inlet SuperDARN as a function of elevation and
azimuth angles.

9.5 MHz, 12.5 MHz, and 14.5 MHz were used in the mode
power simulations. The main effect of frequency upon the
distributions was a slight narrowing of the X-mode maxi-
mum band at higher frequencies, which will be discussed in
more detail in Sect.5.

It should be stressed that the power distributions in Figs.3
through5 illustrate only the relative power between the two
modes and not the absolute transmitted power. The Super-
DARN radars have complex antenna patterns and the ab-
solute power of a transmitted signal will vary with launch
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Cutoff Elevation Angles
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Fig. 6. Cutoff elevation angles as a function of the ratioX (=
ω2

p/ω
2) at the location of the peak electron density for the O-mode

(lower curve) and X-mode (upper curve). Waves launched from the
Saskatoon SuperDARN at lower elevation angles than these will be
refracted back to Earth and not detected by the RRI on ePOP.

elevation and azimuth angles; however, the relative power
between the modes as presented in Figs.3 to 5 is still cor-
rect.

4 Power distributions to be detected by RRI

The preceeding section dealt with the power distributions of
the O- and X-modes from a SuperDARN perspective. In or-
der to focus this discussion on the ePOP/RRI experiment,
the behaviour of the transmitted waves from SuperDARN as
they propagate through the ionosphere to the orbiting RRI
receiver was examined.

4.1 Cutoff elevation angles

The main finding of the modelling of the relative power, for
either mode received by the RRI, was that waves launched at
lower elevation angles will not escape the ionosphere. These
waves will be internally reflected by the highly dense F-
region peak and thus will not be detected by the orbiting
RRI receiver. The peak ionospheric electron density at Su-
perDARN latitudes can range from below 1011 m−3 to above
1012 m−3 (e.g., Hunsucker and Hargreaves, 2003). With this
range of possible densities, the cutoff elevation angle (the
minimum elevation angle for which a wave of a given fre-
quency can propagate through the F-peak and reach the satel-
lite) can vary substantially.

For a horizontally stratified ionosphere, the cutoff eleva-
tion angle may be found using Snell’s Law in spherical coor-
dinates (Bouguer’s Law) (Born and Wolf, 1959):

noRocosφo = npRpcosφp (27)

whereno, Ro, andφo are the refractive index, radius (from
the centre of the Earth), and elevation angle of the wave at
the antenna location, respectively, andnp, Rp, φp have sim-
ilar meanings at the location of the peak electron density in
the ionosphere. For the SuperDARN radar, the initial index
of refractionno on the ground can be taken as unity, andRo
is the radius of the EarthRE. When the signal at the cutoff
elevation angle is totally internally reflected its propagation
direction will be horizontal, indicating thatφp is 90◦. Radar
waves at higher elevation angles will escape the ionosphere
and reach the satellite. The peak electron density occurs at
roughlyhscat= 300 km soRp =RE+hscat. The index of re-
fraction in the ionosphere as given by the Appleton-Hartree
equation (Budden, 1961) is

n2
= 1−

X

1−
Y 2

T
2(1−X)

±

√
Y 4

T
4(1−X)2

+Y 2
L

. (28)

The variablesX, YT, andYL are as defined in Sect.2. The
positive sign in Eq. (28) corresponds to the O-mode of prop-
agation and the negative sign to the X-mode of propagation.
In Fig. 6, Eqs. (27) and (28) are used to plot the cutoff ele-
vation angleφo for both modes of propagation versus the ra-
tio X (=ω2

p/ω
2), given a constant magnetic field strength of

5×10−5 T and an aspect angleθ = 80◦. These values are rep-
resentative of the Saskatoon SuperDARN radar wave prop-
agation conditions. The top curve represents the X-mode
cutoff elevation angle and the bottom curve represents the
O-mode cutoff elevation angle. Only waves launched at el-
evation angles higher than those plotted in the figure for a
given value ofX will escape the ionosphere and reach the
RRI on ePOP. As such, the X-mode-only band near 12◦ ele-
vation angle that is evident in Fig.3 will only be observable
by the RRI when the value for the ratioX at the location of
peak F-region electron density is lower than∼0.1 (the figure
indicates that waves launched at elevation angles higher than
∼10◦ will escape the ionosphere). It should be noted that this
cutoff angle calculation has assumed a horizontally stratified
ionosphere. In reality, the F-region peak density will vary
with latitude north and south of the radar.

Further affecting the transmitted signal as it propagates
through the ionosphere is relative absorption of the modes
in the lower ionosphere. Depending on the local time and
the state of the ionosphere, this absorption can range from
essentially zero to complete absorption. For quiet conditions
(Kp< 2 or 3), it is expected that the amount of absorption
for either mode at SuperDARN frequencies will be less than
1 dB. For slightly disturbed conditions (3<Kp< 5), the ab-
sorption will be no more than∼2 dB for the O-mode and
∼4 dB for the X-mode (James et al., 2006; Gillies et al.,
2007). Finally, for very disturbed conditions (Kp> 5 or 6),
both modes will be almost completely absorbed in the D- and
E-regions and no signal will reach the RRI receiver.
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Fig. 7. Modelled X-mode relative power that will be received by the RRI on ePOP. Panels(a), (b), and(c) illustrate transmitter frequency
and ionospheric peak density combinations which correspond to;X<0.1, 0.1<X< 0.3, and 0.3<X, respectively. The modelling assumes
a north-south satellite orbit at 1500 km directly over the Saskatoon SuperDARN radar (latitude – 52.16◦ N).

4.2 Raypath modelling of signal received by RRI

The relative mode power that is to be received by the RRI
on ePOP as it orbits over the Saskatoon SuperDARN radar
has been modelled. A ray tracing program based on the ray
equations from Haselgrove (1963) iteratively determined the
path a wave would take from the transmitter on the ground
to a given location of the satellite orbit. The program took as
input the frequency to be transmitted, the starting (antenna)
location, and an electron density profile. The electron den-
sity profiles for this study were determined from the Interna-
tional Reference Ionosphere (IRI) model (Bilitza, 2001). The
magnetic field data for the ray trace program were obtained
from the International Geomagnetic Reference Field (IGRF)
model (Maus et al., 2005). For this study, the electron den-
sity distributions were horizontally stratified so they varied
in altitude only. The iteration process was used to study a
total of eight passes of the satellite over the transmitter at
an orbital altitude of 1500 km, the approximate apogee of
the ePOP satellite. TheNe profile and transmitter frequency
were varied for each pass. For both the O- and X-modes,
rays which propagated from the SuperDARN radar location
to the orbiting RRI receiver were calculated for 0.1◦ latitude
increments. Once these connecting rays were determined,
the equations developed in Sect.2 were used to model the

relative mode power the RRI would observe in a pass over
the transmitter.

Figure7 illustrates the modelled relative power of the X-
mode to that of the O-mode that would be detected by the
RRI as a function of satellite latitude as it passes over the
Saskatoon SuperDARN for a variety of electron density and
frequency combinations. Absorption in the D- and E-regions
has been taken into account; however, the electron density
profiles were obtained for quiet conditions, so there was very
little effect. It should be noted that Fig.7 predicts equal split-
ting of power between the O- and X-modes for the majority
of the ePOP orbit, however when ionospheric conditions are
appropriate for preferential absorption of the X-mode, the O-
mode signal that will be detected by the RRI will be higher
than that of the X-mode in these locations. A further effect,
which has not been considered, is focusing and defocusing
of the waves as they propagate through the ionosphere (Hun-
sucker, 1991). It is possible that skip-distance focusing could
preferentially favour the O-mode over the X-mode, which
may result in the O-mode being received with a higher power
than the X-mode in some instances. Future studies consid-
ering the amount of absorption for different levels of iono-
spheric activity and the effect of focusing and defocusing of
the waves are being planned.
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In Fig.7, different transmitter frequency and peak electron
density combinations were modelled and are presented by
the different curves in the three panels. The panels (a), (b),
and (c) in the figure correspond to frequency–peak density
combinations which result in;X< 0.1, 0.1<X< 0.3, and
X>0.3, respectively. The peak ionospheric electron density
used to produce the values forX in panel (a) was 1011 m−3

which is a reasonable value to expect in the nighttime iono-
sphere at SuperDARN observation latitudes. For these low
values ofX (<0.1), the range of latitudes over which sig-
nal was detected was quite large and the X-mode-only band
of signal was clearly observable. The curves in panel (b)
in Fig. 7 were calculated using a peak electron density of
5×1011 m−3, which is a reasonable estimate of peakNe dur-
ing evening or morning hours. At these moderateX values
(0.1<X< 0.3), the traced waves reached the satellite for a
large range of latitudes, and the power was more evenly dis-
tributed between the O- and X-modes. Finally, the curves
in panel (c) were generated primarily using a profile with a
peakNe of 1012 m−3 which is representative of electron den-
sities during the daytime. For the higherX values (>0.3),
the range of latitudes over which the the signal was observed
was much narrower. It should be noted that the given values
of X in Fig. 7 are not only dependent on local time as dis-
cussed, but also vary with time of year and location. Also, it
was assumed in the generation of the profiles used in Fig.7
that there was little auroral activity. Further, the SuperDARN
transmitting frequency is chosen to provide the widest range
of ionospheric scatter so that the more extreme values forX

may not often occur.

5 Discussion

5.1 Relative mode power distribution of SuperDARN

The plots of relative X-mode power as a function of propaga-
tion direction in Figs.3 to 5 illustrate the X-mode-only band.
The middle of the band occurs in the direction where both
propagation direction and the wave polarization electric field
are perpendicular to the field lines. This behaviour is evident
in Figs.3, 4, and5 which present the relative power delivered
to the X-mode as a function of propagation direction for the
Saskatoon, Rankin Inlet and Prince George radars, respec-
tively. The reason that the X-mode-only band is centered on
geomagnetic north relates to the geometry of the radar bore-
sight with respect to the background magnetic field. North-
ward propagation of the waves places them nearly perpen-
dicular to the field lines. Recall that in this regime, the two
modes have orthogonal linear polarization states. The O-
mode polarization is oriented along the component of the
magnetic field in the polarization plane, while the X-mode
is oriented perpendicular to this component. Since the ini-
tial polarization of SuperDARN is linear and oriented hor-
izontal to the surface of the Earth (or perpendicular to the

nearly vertical magnetic field lines), it is basically an X-mode
wave when leaving the antenna array. Therefore, it is not
unexpected that the X-mode would dominate the transmit-
ted signal in this region. Conversely, above the transmitter
and slightly southward, the wave propagates nearly along the
magnetic field lines. In this regime, the two modes propagate
as orthogonal circular polarization states. The summation
of two circular waves of opposite sense will only produce
the initial linear wave if they are of equal amplitude. There-
fore, for propagation directions that are not perpendicular to
the magnetic field lines, the two modes are of roughly equal
power.

The effect of frequency on the mode power distributions
was also noted (though not presented). An increase in trans-
mitter frequency caused the X-mode-only band to narrow
slightly. This was caused by the fact that, at higher frequen-
cies, the band of aspect angles over which the modes take on
nearly linear polarizations is much smaller.

It should also be noted that the index of refraction directly
affects the Doppler velocity that is measured by SuperDARN
(Gillies et al., 2009) and since the indices of refraction for the
O- and X-modes are different, identifying which mode par-
ticipates in coherent scatter is important. Since coherent scat-
ter occurs due to field aligned irregularities, the SuperDARN
wave must be perpendicular to the magnetic field lines to re-
ceive scatter. Therefore, scatter is received from elevation
angles typically below∼30◦. Inspection of Figs.3 through
5 indicates that it is primarily the X-mode which participates
in ionospheric scatter. The refractive index of the X-mode is
slightly lower than that of the O-mode, so it is important to
use the correct value for refractive index when modifications
are made to SuperDARN velocity estimates to account for
this effect.

5.2 Relative mode power detected by the RRI

Figure7 demonstrates the relative X-mode power that is ex-
pected to be received by the RRI on ePOP as a function of
latitude for various ionospheric conditions. For low values of
X (<0.1), the signal is expected to be observed over a large
latitudinal range and there is a clear region of X-mode-only
signal. This behaviour occurs because the computed waves
are not bent substantially by the ionosphere and even low el-
evation angle waves reach the satellite (as could be predicted
from Fig.6). For slightly higher values ofX, the signal is ob-
served over a large range of latitudes, but the X-mode-only
band is not apparent. In this range, the cutoff elevation an-
gle is higher than the X-mode-only band observed in Fig.3
so this band does not appear. Near the cutoff elevation an-
gle, however, the traced waves are bent substantially by the
ionosphere and this is the reason signal is predicted for a rel-
atively large range of latitudes. When the values forX are
even higher (>0.3) the signal is observed over a very short
latitudinal range. In these cases, the cutoff elevation angles
are quite large and the traced waves are not able to travel far
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north or south of the transmitter without being reflected back
to Earth before reaching ePOP satellite altitudes.

It is apparent from Fig.7 that the relative mode power re-
ceived at RRI will be highly dependent on both frequency
and electron density. As the transmitting frequency is known,
an analysis of the relative mode power pattern as a func-
tion of latitude with reference to Fig.7 will reveal the vari-
ations of the peak ionospheric electron density. If signal
is received only over a narrow range of latitudes and the
O- and X-modes are of equal power throughout the pass,
a highX value at the peak will be inferred. For example,
a peakX value of 0.3 or higher will correspond to a peak
Ne value above∼6×1011 m−3 if the transmitter frequency is
12.5 MHz. However, if signal is received for a wide range of
latitudes and there is a clear X-mode-only band present, then
the peakX value and thus the peak electron density will be
low. For example, a peakX value of less than 0.1 will only
occur when the peakNe value is below∼2×1011 m−3 for a
transmitter frequency of 12.5 MHz.

Another benefit of the measurement of mode power will
be the insight that it brings into the relative absorption of the
two modes. For example, in the calculations for Fig.7 it
was assumed that there was a quiet ionosphere and thus little
absorption of the signal in the D- and E-regions. However,
if the X-mode is received with considerably less power than
the O-mode at latitudes where the modelling indicated the
modes should have roughly equal power, a measure of the
amount of relative absorption that occurred can be obtained.

6 Conclusions

The polarization along the paths followed by SuperDARN
rays has been studied in preparation for the upcoming ePOP
satellite mission. The relative power of the two modes of
propagation as a function of propagation direction and fre-
quency has been calculated for each of the Canadian radars.
It has been determined that the horizontal linearly polarized
wave that is transmitted by the radars resembles the X-mode
for propagation north of a transmitter. Therefore, there is a
band of azimuths where the X-mode dominates the transmit-
ted signal. This band of “X-mode-only” signal is oriented
towards magnetic north and is at an elevation angle equal
to the dip angle of the magnetic field lines at the radar. The
width of this band narrows with increasing frequency. Mean-
while, above and south of the radars, the transmitted signal
is split roughly equally between the O- and X-modes. This is
because the modes are circularly polarized states of roughly
equal power resulting from the initial linear wave.

Ray tracing of a wave from the Saskatoon SuperDARN to
the ePOP RRI receiver was performed for various frequen-
cies and electron density profiles. The relative mode power
that will be received as a function of satellite latitude was
determined for various F-region peakX (ω2

p/ω
2) values. It

was found that, with an increase inX, the satellite observes

signal over a narrower latitude range above the transmitter.
Also, the X-mode-only band is only apparent for low peakX

values. These calculations of relative mode power as a func-
tion of both satellite latitude and electron density will help
characterize the ionospheric density profiles and provide a
measure of relative absorption of the two propagation modes
when the RRI receives signal from the SuperDARN ground
transmitters.

It has also been found that for the northward propagation
directions from SuperDARN which are most appropriate for
ionospheric scatter, the X-mode dominates the transmitted
signal. Since the index of refraction is an important fac-
tor for interpretation of the measured SuperDARN velocities
(Gillies et al., 2009), the fact that the X-mode dominates the
coherent scatter is an important result. Attempts to account
for refractive index to improve the SuperDARN line-of-sight
velocities must recognize that it is the refractive index for the
X-mode and not the O-mode which must be applied to the
measured velocities.
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