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ABSTRACT

When a CW skywave signal is received on a linearly polarized antenna,
polarization (Faraday) rotation produces a variation of received signal
strength with radio frequency The resulting dependence of received sig-
nal amplitude on radio frequency imposes a bandwidth limitation on pulsed
signals transmitted over ionospheric paths. A measure of this limitation,
termed '"coherent polarization bandwidth," is defined to correspond to the
bandwidth in which the plane of polarization rotates 90°,

Computer raytracing calculations were performed using a single
Chapman-layer ionospheric model to determine the one-hop coherent polar-
ization bandwidth as a function of geomagnetic azimuth and frequency. The
coherent bandwidth was found to decrease with increasing path length,
radio frequency, and geomagnetic azimuth, Assuming a critical frequency
of 9 MH» and a path length of 2000 km, the bandwidth increased from a
minimum of 140 kHz at 10.5 MHz and from a minimum of 70 kHz at 17.5 MHz
as the propagation direction varied from geomagnetic north to east.

The theoretical effects of polarization rotation with frequency, and
also of ionospheric dispersion or phase distortion, on the envelope shape
of sbkort-pulse signals (of from 0.5 to 50 us duration) were calculated by
computcer for the same path. A pronounced waveshape distortion due to the
effect of polarization rotation on the pulse envelope was observed when
the signal bandwidth appreciably exceeded the coherent polarization band-

width for the path,
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I. INTRODUCTION

The purpose of this study is to investigate polarization rotation
(frequently called Faraday rotation) as a function of frequency and to
determine its effect on HF communications. When a CW skywave signal is
received on a linearly polarized antenna, polarization rotation produces
a variation of signal strength with radio frequency. Polarization rota-
tion with frequency--as well as the more commonly observed polarization
rotation with time--is due to magnetoionic splitting of the radio wave
in which two components result: one ordinary and the other extraordinary,
both of roughly equal amplitude [Refs. 1, 2]. 1In the case of polarization
rotation with time, changes in the ionospheric electron density and slow
internal ionospheric moticns result in a variation of the phase path dif-
ference of the two circviarly polarized components with time. 1In the
polarization rotation with frequency case, however, the relative phase
between the extraordinary and ordinary components varies with frequency
80 as to produce a linearly polarized wave whose plane of polarization
rotates with frequency. Such a wave interacts with a linearly polarized
receiving antenna to produce signal amplitude variations with frequency,
The resulting amplitude-frequency characteristic can be detrimental to
the transmission of broadband and/or short-pulse signals over an iono-
spheric path,

In Section II, raytracing calculations are employed to determine the
rate of polarization rotation with frequency for one-hop communication &s
a function of both frequency and the angle the raypath makes with the
earth's magnetic field. These results are emploved in Section III to
determine the effect of polarization rotation with Zrequency on the
envelope shape of short-pulse signals reflected from the ionosphere.
Section IV is a discussion of a figuie of merit that a communications
designer might employ in considering the effect of polarization rotation
with frequency over a given communications link. Several techniques that
might be employed to remove the effects of polarization rotation are also

considered.
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II. POLARIZATION ROTATION RATE AS A FUNCTION OF FREQUENCY

Polarization rotation can be pPredicted by the use of the magneto-

lonic equations. The polarization tilt angle V in cycles is given by

1
“’=§(Po'*’x)

where Po and Px are the phase path lengths (in wavelengths) of the

ordinary and extraordinary waves, respectively.(a)

1 1
po-?\[“ods px_Xf“xds

where A 1is the free-space wavelength and Ko and L, are the indices
of refruction for the two magnetoionic components for longitudinal prop-

agation., The integral is taken over the raypath,

(-
Ho = 1y
X
where
fz lasma £
X = —L an Yy = -B¥ro
f2 f

For quasi-longitudinal Propagation, Y is replaced by YL, the longi-
tudinal component of vy, This is valid for Propagation angles of up to
more than 80° away from the direction of the magnetic field. At the

receiving antenna,

w
v = - 5; (“0 - “X) ds (1)

where « 1is the wave frequency and c¢ is the speed of light in free
Space. For a given instant of time, Eq. (1) indicates that the incoming
polarization angle is a function of frequency and raypath alignment with
the magnetic field.
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Calculations were performed tc determine the rate of change (with
frequency) 1n polarization angle as a function of frequency and geomagnetic
azimuth. A digital computer raytracing program developed by Croft [Ref. 4]
was employed using the quasi-longitudinal approximation. The prograr input
consists of ionospheric electron density vs height, takeoff elevation angle
and azimuth of transmitted rays, transmitted frequency, and transmitter
latitude. The output consists of total polarization rotation for the
ground range at which each ray hits the earth. Elevation angles for each
frequency are chosen so that the transmitted rays land in the neighborhood
of a fixed ground range; the Faraday rotation at that ground range can then
be determined by interpolation. By performing the calculations for many
frequencies, polarization rotation as a function of frequency for one-hop
communication is found. In addition to the polarization rotation informa-
tion, the computer also calculates the no-field group and phase time delays
incurred by each ray.

The number of polarization rotations executed by a one-hop signal as
it travels from the transmitter into the ionosphere and reflects back to
a receiver on the ground was determined as a function of frequency for rays
transmitted at an azimuth of 45° east of magnetic north, and as a function
of azimuth for 10.5 and 17.5 MHz. All calculations were made assuming
transmitter location at a latitude of 38° and a receiver location at
2000-km ground range from the transmitter. The concentric, single-layer
Chapman ionosphere that was employed is shown in Fig. 1 together with the
corresponding 2000-km, computer-generated oblique ionogram [Ref. 5]. The
vertical critical frequency was 9 MHz, giving a path maximum usable fre-
quency of about 21,5 MHz. A dipole approximution to the earth's magnetic
field aligred with geographic coordinates was employed.

Polarization rotation vs frequency for the 45° azimuth case is pre-
sented in Fig. 2, with the corresponding polarization rotation rate. Polar-
ization rotation rates as a function of azimuth for 10.5 and 17.5 MHz are
given in Fig. 3. The results are symmetric nbout the geomagnetic meridian.
Figure 4 shows the corresponding phase time delay (l/c f V) ds) vs fre-
quency for the no-field case. The results indicate that the frequency rate

of polarization angle increases with increasing frequency and with the

3 SEL-67-026



300+
E 200
-
p <
O L
v}
I
0ol
0 i T | b i iiiil b FERET] M AN | b bk
10? i0? ot io® o
ELECTRON DENSITY (electrons /em3)
a. Electron density profile
2000km
]
2
P
S
8
w
2
-
3 1 -HOP )
£
(L]
-
6 TU I T R B T T T . N
6 8 10 2 14 16 20 24 20 32 40

FREQUENCY (MHZ)

b, Corresponding 2000-km, computer-generated oblique ionogram

FIG. 1. IONOSPHERIC MODEL,

4 SEL-67-026



3

UPPER RAY

AZM 4S5° E OF N
LAT 38° N
2000 km PATH

5 8 8 38

POLARIZATION ROTATION (TURNS)

3

L 8 [{+) 12 I4 16 e 20
FREQUENCY {MHz)

27
0 UPPER RAYG\O
26
b AZM 45° E OF N \
LAT 38* N
2000 km PATH

LOWER RAY

POLARIZATION ROTATION RATE (TURNS/MHz)

c 1 1 1 A A Il 1

6 8 10 12 14 16 18 20
FREQUENCY (MHz)

a.

b.

Polarization rotation

Polarization rotation rate

FIG. 2. POLARIZATION ROTATION AND POLARIZATION ROTATION RATE, AS A

FUNCTION OF FREQUENCY.

longitudinal componen* of the earth's magnetic field along the raypath.

The phase time delay varies almost linearly at 5.7 ps/MHz for 10.5 MHz

and at 7 us/MHz for 17.5 MH=z.
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FIG. 3. POLARIZATION ROTATION RATE AS A FUNCTION OF AZIMUTH,
Azimuth indicates receiver location relative to transmitter.
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III. THE EFFECT OF POLARIZATION ROTATION WITH FREQUENCY ON SHORT
PULSES TRANSMITTED OVER AN IONOSPHERIC PATH

In order to evaluate the effect of the amplitude-frequency variation
of signal strength due to the rotation of polarization with frequency,
computations were performed to determine the received envelope of short-
pulse signals after one-hop ionospheric passage. The ionospheric model
employed in the calculations included phase time delay vs frequency
(Fig. 4) and the amplitude vs frequency due to polarization rotation
(Fig. 3) if the signal was received on a linearly polarized antenna. The
results were obtained with a digital computer which evaluated the follow-
ing Fourier integral, transforming from the frequency domain to the time

domain:

Output (t) =j input (f) exp(j2at{t - 7(£))] A(f) df

The argument of the integral, input(f)-mthe transform of the input
pulse--is multiplied by an exponential phase factor T(£) which shifts
each of the component frequencies by the appropriate time delay. This

is further multiplied by an amplitude factor A(f) to describe the effects
of polarization rotation vs frequency. (See note on p. 20.)

Two cases of amplitude-frequency distortion are considered. The
first assumes that the center frequency of the transmitted pulse coincides
with a cross-polarized frequency; the second assumes that the center fre-
quency coincides with a parallel-polarized frequency. The former produces
an amplitude null at the center frequency and, in general, produces more
distortion than the latter. Both possibllities are equally likely at an
instant of time as the amplitude at the center frequency varies--with
time--according to polarization rotation with time. The two cases are
illustrated in Fig. 5.

Gaussian-shaped RF pulse envelopes of 0.5, 1.5, 5, and 50 us duration
(3 db width) were considered (Figs. 6-12). Figures 6, 7, 9, and 10 show
these envelope s.iapes before and after ionospheric phase and amplitude
distortion for a center frequency of 17.5 MHz and for azimuths of 17°
and 90°, Data for 0.5-us pulses with a c.nter frequency of 10.5 MHz are
given in Fig. 11,
8 SEL-67-026
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b, Parallel-polarized center frequency
FIG. 5. EFFECTS OF POLARIZATION ROTATION WITH TIME AND FREQUENCY.

The time scale indicated for the output pulses in Figs. 6-7 and 9-12
does not include ionospheric transit time. The pulses are symmetric with
respect to the ordinate axis because the phase time vs frequency charac-
teristic employed in the calculations is linear.

It is important to note that the pulse shapes in Figs. 6-7 and 9-12
represent RF pulse envelopes. Figure 8a shows the received RF pulse, and

Fig. 8b shows the diode-detected envelope shape, corresponding to Fig. 7d.
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A zero crossing of any pulse envelope indicates a 180° Phase shift in
the RF carrier signal,

The 50-us pulse incurs negligible distortion from the phase and
amplitude characteristics; the S-us pulse is only slightly distorted by
the phase vs frequency characteristics, but is noticeably further dis-
torted by the amplitude-frequency characteristic, Significant distortion
and Epreading to about twice the original duration are introduced by
phase distortion for the 1,5-us pulse. Either case of polarization
rotation with frequency renders the pulse shape almost unrecognizable
and results in a fourfold pulse-duration increase.

The results for the 0.5-us pulse follow the trend of more severe
distortion for larger signal bandwidths. In this situation, the primary
effect of the polarization rotation on the already time-spread pulse
(20 to 1 spread) is to severely distort the pulse and also to produce the
appearance of more than ona pulse.

Calculations were also performed to determine the distortion incurred
by a 0.5-us pulse due to polarization rotation over a path with no phase
distortion. The results, presented in Fig. 12, indicate that it is
especially important to consider the effects of polarization rotation
with frequency over low-phase-distortion paths. The noticeable "split
pulse" results from a splitting of the pulse's spectrum by the amplitude-~

frequency characteristic.

-200 -1I00 0 100 20 -2657 o
TIME {us) TIME {ue)

a. Input b. Output, phase
distortion only

FIG. 6. ENVELOPE SHAPE OF IONOSPHERICALLY PROPAGATED

50-us, 17.5-MHz PULSES BEFORE AND AFTER IONOSPHERIC
PASSAGE.
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a. Input
20
TINE (us)
] b. Output, phase distortion only
-
5—-5—151/ =2
[ TIME (us)

[ c¢. Output, phase distortion and parailel-
polarized polarization distortion
F (17° azimuth)

-30 -2 -0 0 20 X
TIME {us)

e

d. Output, phase distortion and cross-

polarized polarization distortion
(17° azimuth)

- FIG. 7. ENVELOPE SHAPE OF IONOSPHERICALLY PROPAGATED 5-us, 17.5-MHz

PULSES BEFORE AND AFTER IONOSPHERIC PASSAGE.
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a. Pulse envelope shape with
RF carrier

b. Diode-detected pulse

3 20 10 O 0 20 30
TIME (us)

F1G. 8. RF PULSE WITH DIODE-DETECTED OUTPUT.
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a. Input

'I-

b. Output, phase distortion only

r‘“’—"'r\_/. - A4 1\.‘_,/; r O

TINE (al

c., Output, phase distortion and parallel-polarized polarization
distortion (17° azimuth)

e Y A A " i M i i i i i P . W i
a— = \'t/"- -3 l [ | L] \l/ ¥ ety
TIE (p3)

d. Output, phase distortion and cross-polarized polarization
distortion (17° azimuth)
FIG. 9. ENVELOFE SHAPE OF IONOSPHERICALLY PROPAGATED 1.5-us, 17.5-MHz
PULSES BEFORE AND AFTER IONOSPHERIC PASSAGE.
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a. Input

b. Output, phase distortion

TIME ()

c. Output, phase distortion
and parallel-polarized
polarization distortion
(17° azimuth)

TIME (u0)
o d. Output, phése distortion
and cross-polarized
agieA DA A\ A\ TAN . NN polarization distortion
-8 -1 L2 Ve 8 - e Vv a2
#-u C2VeoNe A/ Y l T 4 :‘::no( 27 . (170 azimuth)
pe)
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% M- 0 -8 8\ 2 YYD oﬂ“n(j.i' W o. (90° l.zimuth)

f. Output, phase distortion
and cross-polarized
polarization distortion

TIME (p0) (90° azimuth)

FIG. 10. ENVELOPE SHAPE OF IONOSPHERICALLY PROPAGATED 0.5-us, 17.5-MHz
PULSES BEFORE AND AFTER IONOSPHERIC PASSAGE.
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FIG. 11. ENVELOPE SHAPE OF IONOSPHERICALLY PROPAGATED
0.5-us, 10.5-MHz PULSES AFTER IONOSPHERIC PASSAGE.
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b. Cross-polarized polarization distortion (17° azimuth)
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FIG. 12, SHAPE OF IONOSPHERICALLY PROPAGATED 0.5-us PULSES OVER
NO-PHASE-DISTOKTION PATHS.
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IV. DISCUSSION

The results presented in Section III raise the question of how wide
a bandwidth can be transmitted over a given ionospheric communications
path before waveform distortion due to polarization rotation with fre-
quency becomes critical. Although a complete answer to this question is
a function of the type of signal employed and the waveform reproduction
desired, a figure of merit is here defined. The effects of polarization
rotation appear when the incoming polarization varies more than 90° over
the signal bandwidth., This is the minimum bandwidth at which a communi-
cations link designer might begin to corsider the effects of the polar-
ization rotation with frequency. This bandwidth may be called the coherent
polarization bandwidth. Coherent bandwidths as a function of frequency
and azimuth are presented in Fig. 13 for the 2000-km cne-hop path con-
sidered in Section II.

Two techniques that might be employed to eliminate the empl itude
effects of polarization rotation with both time and frequency are (1)
frequency diversity, and (2) the use of a circularly polarized antenna
(which receives only one magnetoionic component). Two other techniques
are useful in eliminating the effects produced by polarization rotation
with iime, but not with frequency; these are (3) poiarization diversity,
and (4) spaced-antenna diversity. Technique (3), ia which one output of
two orthogonal linearly polarized antennas is selected on the basis of
signal strength, will not eliminate the amplitude-frequency effects be-
cause the signal on each antenna will be distorted. Technique (4) may
not be practical except for very long, high-frequency paths, as indicated
by the following values of polarization rotation with ground range for a

2000-km path:

Azimuth 90° E of N Azimuth 17° E of N
(dg§/20 km) (qu/ZO ki)
10-11 MHz h 4 33
17-18 MHz 1 140
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V. CONCLUSIONS

It has been shown that where waveform preservation is important the
effect of polarization (Faraday) rotation with frequency is to impose a
bandwidth limitation on radio signals transmitted over a given skywave
path and received on linearly polarized antennas. A measure of this
limitation is here introduced as coherent polarization bandwidth, which
is defined as the signal bandwidth across which the incoming signal pc-
larization will vary 90%°--the threshold at which polarization effects
become apparent.

Computations were performed to determine the coherent polarization
bandwidth as a function of frequency and azimuth for a 2000-km Chapman-
layer path which had a maximum usable frequency of 21.5 MHz. The size
of the coherent bandwidth was found to decrease with frequency, path
length, and alignment of the propagation path with the longitudinal com-
ponent of the earth's magnetic field. Coherent bandwidths increased from
70 kHz at 17.5 MHz and from 140 kHz at 10,5 MHz, as the propagation direc-
tion varied from geomagnetic north to east. If pulse signal bandwidths
larger than the coherent bandwidth for the path are employed, envelope
distortion occurs.

It was found theoretically that pulses of 50-us duration transmitted
at any azimuth over the above-described ionospheric path would not be
affected by the amplitude vs frequency variations attributed to polariza-
tion rotation with frequency; 5-us pulses were affected as a function of
azimuth, the amount of the distortion being a function of the instanta-
neous alignment of the incoming polarization with respect to the receiving
antenna. The 0.5-us and 1.5-us pulses were very distorted in all cases

considered.
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NOTE: The integral on p. 8, which relates the input and output of an

(assumed) linear ionospheric transmission path, incorporates a i
single pair of amplitude and phase terms which taken together
represent a transfer function which is equivalent to the sum
of the transfer functions ccrresponding to the two magnetoionic
components, It can be shown that this equivalent description takes
into account the group path differences of the magnetojonic com-
ponents even when, in the case of very short pulses, the magneto-
ionic components arrive at the receiver separated in time (see
Fig. 12c, d). The group delay difference and amplitude effects
due to polarization (which are equivalent parameters) are contained
in the A(f) term.

Discussion of results of experimental measurements of polar-
ization rotation with frequency will appear in a future technical

report.
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correspond to the bandwidth in which the plane of polarization rotates 90°,

Computer raytracing calculations were performed using a single Chapman-layer
ionospheric model to determine the one~hop coherent polarization bandwidth as a
function of geomagnetic azimuth and frequency. The coherent bandwidth was found to
decrease with increasing path length, radio frequency, and geomagnetic azimuth.
Assuming a critical frequency of 9 MHz and a path length of 2000 km, the bandwidth
increased from a minimum of 140 kHz at 10.5 MHz and from a minimum of 70 kHz at 17.5
MHz as the propagation direction varied from geomagnetic north to east.

The theoretical effects of polarization rotation with frequency, and also of
ionospheric dispersion or phase distortion, on the envelope shape of short-pulse
signals (of from 0.5 to 50 us duration) were calculated by computer for the same
path. A pronounced waveshape distortion due to the effect of polarization rotation
on the pulse envelope was observed when the signal bandwidth appreciably exceeded
the coherent polarization bandvidth for the path.

DD .FNOOR:"651473 UNCLASSIFIED

Secunty Classification




Security ‘élnai!icnion

le. LINK A LINK B LINK ¢
KEY womDS
noLe | wr noLE [ wr ROLE | wr
HF COMMUNICATIONS
FARADAY ROTATION
POLARIZATION
S

Security Clussification




