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[1] High-frequency cross-modulation is employed to probe
the D region ionosphere during HF heating experiments
at the High-frequency Active Auroral Research Program
(HAARP) observatory. We have adapted Fejer’s well-known
cross-modulation probing method to determine the extent
of ionospheric conductivity modification in the D region
ionosphere with high (5 �sec) time resolution. We demon-
strate that the method can be used to analyze D region
conductivity changes produced by HF heating both during
the initial stages of heating and under steady state condi-
tions. The sequence of CW probe pulses used allow the
separation of cross-modulation effects that occur as the
probe pulse propagates upward and downward through the
heated region. We discuss how this probing technique can
be applied to benefit ELF/VLF wave generation experiments
and ionospheric irregularities experiments at higher alti-
tudes. We demonstrate that large phase changes equivalent
to Doppler shift velocities >60 km/s can be imposed on HF
waves propagating through the heated D region ionosphere.
Citation: Langston, J., and R. C. Moore (2013), High time
resolution observations of HF cross-modulation within the
D region ionosphere, Geophys. Res. Lett., 40, 1912–1916,
doi:10.1002/grl.50391.

1. Introduction
[2] Ionospheric cross-modulation experiments have been

used to probe the lossy lower ionosphere for over 50 years
[e.g., Fejer, 1955, 1970; Weisbrod et al., 1964; Senior
et al., 2010]. The cross-modulation effect was first observed
by Tellegen [1933], who established that the modulation of
one signal could be transferred to another signal propagat-
ing within the same patch of ionospheric plasma (i.e., the
Luxembourg Effect). Cross-modulation occurs because one
signal modifies the electron temperature of the collisional
D region ionosphere, in turn modifying the rate of absorp-
tion experienced by the second signal [e.g., Huxley and
Ratcliffe, 1949]. Measurements of the cross-modulated sig-
nal can be used to quantify the heater-modified characteris-
tics of the D region ionosphere, and the technique (pioneered
by Fejer [1955]) has been explored extensively [e.g., Fejer,
1970; Weisbrod et al., 1964; Senior et al., 2010]. The method
uses a sequence of short, high-power disturbing pulses and
short, low-power probing pulses, precisely timed so that the
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probe pulse reflects from the F region and is cross modu-
lated only as it propagates downward through the modified D
region, allowing the virtual interaction altitude to be directly
calculated.

[3] Although pulsed cross-modulation is a well-
established science, for a large class of HF heating
experiments, the ionosphere is heated for long periods of
time and does not recover to its ambient state between
heating pulses. Fejer’s method cannot be applied in such
cases because the probe pulse would experience cross-
modulation during both of its D region traverses. One such
class of prolonged-duration experiments is the generation
of extremely low frequency (ELF, 3–3000 Hz) and very
low frequency (VLF, 3–30 kHz) waves by modulated HF
heating [e.g., Getmantsev et al., 1974; Stubbe et al., 1982].
Observations of ELF/VLF waves generated in this manner
sensitively depend on the strength of the electrojet cur-
rents, the properties of the Earth-ionosphere waveguide,
and the modulation of D region conductivity by HF heating
[e.g., Stubbe et al., 1982; Rietveld et al., 1986; Gołkowski
et al., 2009]. In practice, it can be difficult to distinguish
the relative importance of these various effects for a given
transmission, particularly as a function of the ELF/VLF
frequency. The HF cross-modulation experiments described
herein can be used to provide an independent measure-
ment of the conductivity modulation during ELF/VLF
wave generation experiments because HF cross-modulation
does not depend on the electrojet field strength or on the
Earth-ionosphere waveguide.

[4] Another example is the generation of ionospheric
irregularities in the E and F region ionospheric lay-
ers. The generation of ionospheric irregularities typically
requires relatively long (more than several seconds) dura-
tion CW heating pulses. Many types of irregularities
exhibit HF power thresholds for excitation [e.g., Hysell
et al., 2011; Mahmoudian et al., 2013]. Proper analysis
of the power thresholds supplied in these works depends
on the level of ambient and heater-modified absorption
in the D region ionosphere. Accurate assessment of the
HF power thresholds for excitation of the irregularities
requires accurate assessment of D region absorption at the
HF employed.

[5] This paper presents a method to quantify High-
frequency Active Auroral Research Program (HAARP)-
modified D region absorption during long-duration CW and
modulated HF heating experiments with high time reso-
lution. We present HF cross-modulation observations that
highlight well-established D region nonlinearities, includ-
ing HF self-absorption effects, which produce different rates
of absorption during the initial heating stages than during
steady state conditions [e.g., Huxley and Ratcliffe, 1949] and
conductivity saturation effects, which manifest as significant
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deviations from power-law dependence at high HF power
levels [e.g., Moore et al., 2006]. We also present new
observations that demonstrate HAARP HF heating can pro-
duce rapid and significant HF signal phase changes, and
we interpret these observations in terms of an equivalent
Doppler shift velocity with HF radar application.

2. Description of the Experiment
[6] On 15 November 2012, the 3.6 MW HAARP

HF transmitter located near Gakona, Alaska (62.39ıN,
145.2ıW) performed dual-beam HF cross-modulation
experiments. The 12� 15 element HAARP transmitter array
was split evenly in the east-west direction to create two
sub-arrays. The east array broadcast the modifying beam at
3.25 MHz (X-mode) with 78 dBW effective radiated power
(ERP) while the west array broadcast the probe pulses at
4.5 MHz (X-mode) with 74 dBW ERP (at 10% power).
During these transmissions, the HAARP digisonde indicated
virtual reflection altitudes of 225–250 km for the 4.5 MHz
(X-mode) probing pulses.

[7] In order to allow the separation of the cross-
modulation effects that occur as the probe wave prop-
agates upward and downward through the D region
ionosphere, each of the beams followed a detailed sched-
ule. Every 20 ms, the modifying beam was off for 6 ms,
broadcast a short portion of a modulated waveform at
full power, and then was off again for the remainder of
the 20 ms period. The duration of the modulated wave-
form started at 20 �s and increased in 5 �s steps each
20 ms period (to a 5015 �s duration during the last
20 ms period).

[8] Similarly, the probing beam operated on a tight 20 ms
schedule. Every 20 ms, the probing beam broadcast three
10 �s pulses at 10% power. The first pulse was always
broadcast at the beginning of the 20 ms period (0 delay).
The second pulse was broadcast with a 3 ms delay, and
this delay increased by 5 �s every 20 ms period (ending
with a 7.995 ms delay during the final 20 ms period). The
third pulse was broadcast with a 6 ms delay, and this delay
increased by 5 �s every 20 ms period (ending with an
10.995 ms delay during the final 20 ms period). Figure 1
shows a cartoon diagram of the transmission sequence for
three different 20 ms periods.

[9] Using this transmission format, the upward and down-
ward propagating cross-modulation can be separated. As
depicted schematically in Figure 1, the first pulse acts as
an ambient reference pulse that does not experience cross-
modulation effects. The second pulse is initially not mod-
ulated (top panel), but as the second pulse delay increases,
it is modulated as it propagates downward through the
ionosphere (middle panel) and later as it propagates both
upward and downward through the D region ionosphere
(bottom panel). In all panels, the third pulse is modu-
lated only as it propagates upward through the D region
ionosphere, and it is broadcast together with the end of
the modulated portion of the modifying HF beam. With
this transmission sequence in mind, we can take the sig-
nal measurements of our probe pulses to be expressed
as follows:

P1 = A1ej�1 P2 = A2ej�2 P3 = A3ej�3 (1)
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Figure 1. Bounce diagram of the three-pulse cross-
modulation sequence at three different times. (top) Early (P2
unmodulated). (middle) Mid-sequence (P2 modulated as it
propagates downward). (bottom) Late (P2 modulated as it
propagates upward and downward).

where the subscript indicates the pulse number. The ampli-
tude and phase of the upward and downward propagating
cross-modulation may then be expressed as

Mup(t) =
P3(t)
P1

, Mdown(t) =

(
P2(t)
P1

t < Tm
P2(t)
P3(t) t � Tm

(2)

where t is the time delay at which the respective pulse
was transmitted and Tm is the start time of the modu-
lated beam transmission (i.e., 6 ms). In this manner the
upward and downward propagating cross-modulation effects
(particularly for t � Tm) can be isolated.

[10] This schedule was designed for six different mod-
ulation waveforms: 2.5 kHz sinusoidal AM (full power),
2.5 kHz sinusoidal AM (10% power), 2.5 kHz square wave
AM (full power), 2.5 kHz square wave AM (10% power),
10.0 kHz sinusoidal AM (full power), and CW (full power).
In order to produce consistent observations among the var-
ious waveforms, we interleaved the modulation waveforms
(and their corresponding probing pulses) every 20 ms period.

[11] HF observations were performed at Oasis (OA,
62.35ıN, 145.1ıW, 3 km from HAARP). The HF receiv-
ing system consists of two orthogonal 90 ft folded dipoles
located approximately 12 ft above the ground. The receiver
is sensitive to electric fields with frequencies between 1.0
and 10.0 MHz, and data acquisition was performed con-
tinuously at 25 MHz with 14-bit resolution. Accurate tim-
ing is provided by GPS. Probe pulse measurements were
performed in post processing. The signals from the two
antennas were complex-summed (taking one antenna to be
real valued and the other antenna to be imaginary valued)
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Figure 2. (left) Cross-modulation magnitude (dB) and (right) cross-modulation phase (degrees) for (top) upward
propagation and (bottom) downward propagation for each modulation waveform.

in order to identify the X-mode component. The resulting
signal was mixed down at 4.5 MHz and filtered using a zero-
phase 10 kHz low-pass filter. The amplitude of the iono-
spherically reflected probe pulse is determined by detecting
the maximum amplitude of the electric field shortly fol-
lowing the transmission. The phase of the ionospherically
reflected probe pulse is taken to be the phase measured at the
same time as the maximum amplitude.

3. Experimental Observations and Analysis
[12] Figure 2 shows experimental observations of Mup and

Mdown as a function of time for the four modulation wave-
forms employed. The traces closely align with expectations
from a physical standpoint. The CW heating traces decrease
rapidly (nearly exponentially) as a function of time, and they
act as lower bounds for the modulation induced by AM heat-
ing. At steady state, the CW heating trace exhibits a 4–5
dB increase in absorption for both upward and downward
propagating cross-modulation, while the phase exhibits a
28–30ı decrease. As expected, the square wave and sinu-
soidal heating traces also exhibit rapid initial decreases,
although they oscillate at the ELF/VLF frequency about an
average value. The square wave heating traces closely fol-
low the CW heating traces during the first heating cycle—the
transmissions are the same during this time period—and the
shape of the oscillation is almost triangular due to the heat-
ing and cooling rates. The 2.5 kHz square wave AM heating
produces slightly larger (�0.5 dB, �5ı) oscillations than
sinusoidal AM heating, roughly consistent with ELF/VLF
wave generation observations. The oscillations produced by
10 kHz sinusoidal AM heating are roughly 1.6 dB smaller
than those produced by 2.5 kHz heating, and the 10 kHz
cross-modulation is bounded on both sides by the 2.5 kHz
cross-modulation. All of these observations are generally
consistent with D region HF heating models that account for
the full time evolution of the conductivity modulation [e.g.,
James, 1985].

[13] In all cases, the downward propagating cross-
modulation calculation nearly seamlessly transitions at the
6 ms mark, demonstrating the approximate validity of the

new technique separating upward and downward propagat-
ing cross-modulation effects. The success of the technique is
in part due to the validity of the approximation that the third
pulse consists only of upward propagating cross-modulation.
We evaluate this approximation here. Assuming the max-
imum altitude for D region interactions is �100 km, the
225–250 km virtual reflection altitudes indicate that the third
probe pulse will have an 0.83–1.00 ms delay between D
region traverses. Examining the CW trace in close detail,
an e-folding heating time scale of �90 �s can be derived
using the magnitude and �50 �s can be derived using the
phase. These values are on the same order of magnitude
as the D region heating timescales derived by Barr and
Stubbe [1991b], who also estimated corresponding cooling
time scales to be on the order of 0.1 ms, which is 8–10 times

HF Power Comparison
Oasis: 0045 UT, 15 November 2012
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Figure 3. Cross-modulation magnitude (dB) at 10% (red)
and 100% (blue) HF power for (top) square wave AM and
(bottom) sinusoidal AM. The pink traces are the 10% HF
power traces multiplied by a factor of 10, for reference.
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smaller than the third pulse propagation delay between D
region traverses. Even with somewhat larger cooling time
scales, it would be reasonable to assume that the third pulse
consists only of upward propagating cross-modulation.

[14] Having demonstrated that the new method suc-
cessfully separates upward and downward propagating
cross-modulation effects, it is instructive to investigate
cross-modulation effects as a function of HF power. Figure 3
compares sinusoidal AM heating and square wave AM heat-
ing at peak HF power levels of 10% and 100%. It has been
suggested that at low HF power levels, the conductivity
modulation exhibits a power-law relationship with the HF
power: � / (PHF)n, with n near 1 [Barr and Stubbe, 1991a].
In this case, the amplitude of cross-modulation observed at
full power would be e10n times greater than at 10% power.
This is a multiplicative factor of 10n on decibel scale. For
this reason, in Figure 3, we provide a third trace that rep-
resents the 10% decibel-scale power traces magnified by a
factor of 10. As shown in Figure 3, the ratio of the 10%
power trace to the 100% power trace is not constant as a
function of time; during both square wave and sinusoidal
AM heating, the ratio decreases during periods within the
modulation cycle with higher HF power, consistent with the
saturation effect first observed by Moore et al. [2006] dur-
ing ELF/VLF wave generation experiments. Although only
the upward propagating cross-modulation amplitudes are
shown, each of the other components exhibits similar effects.

[15] Other types of conductivity modulation effects are
also readily apparent in this data set. For instance, signif-
icant HAARP-modified phase changes can occur rapidly
in time, as shown in Figure 2. The rapidly varying phase
is produced by HAARP modulating the real part of the
ionospheric refractive index. Although one could argue that
HAARP HF heating could be modulating the F region reflec-
tion height (thereby modulating the phase), the observed
propagation delays for the probe pulses do not support this
conclusion. For this data set, the rapid temporal variation in
phase is equivalent to several hundreds of Hertz variation
in frequency, even for the CW modulation waveform. It is
interesting to note that some HF radars use Doppler tech-
niques to determine the range and speed of targeted objects.
In this context, we can quantify the equivalent Doppler shifts
that can be imposed upon an ionospherically propagating
HF signal by HAARP HF heating. Due to the geometry
of our experiment (i.e., vertical incidence), we expect the
equivalent Doppler shifts we measure to be maximized: HF
signals propagating at oblique angles through the heated
region would experience different cross-modulation phas-
ing that could be destructive, resulting in smaller Doppler
shifts. Nevertheless, the equivalent observed Doppler shift
velocity is

v(t) =
–c�f (t)

f0 +�f (t)
with �f(t) =

1
2�

d (t)
dt

(3)

where  (t) is the cross-modulation phase, c is the speed of
light, and f0 is 4.5 MHz.

[16] Figure 4 presents the equivalent Doppler shift veloc-
ity imposed on the 4.5 MHz probing pulses by the four
modulation waveforms at full power. The Doppler shift
equivalent velocity varies between –40 and +69 km/s, with
details depending on the modulation waveform. For lower
power (10%) heating (not shown), this velocity varied
between –10.5 and +9.5 km/s. Based on these calculations,
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Figure 4. Effective Doppler shift velocity on the 4.5 MHz
probe signal due to ionospheric heating using four different
modulation waveforms at 100% power.

it is evident that significant Doppler shifts can be introduced
on HF signals by ionospheric modification, even by the CW
modulation waveform. As a result, it is possible that mea-
surements of emissions produced at higher altitudes by CW
heating could be affected by the rapidly varying conductiv-
ity of the D region, if they propagate downward through
the region within 250–500 �s. It is also of great interest
to note that naturally occurring ionospheric disturbances,
such as lightning-induced electron precipitation [e.g., Cotts
et al., 2011] and transient luminous events [e.g., Marshall
et al., 2006], are expected to produce much larger conduc-
tivity changes in the lower ionosphere than HF heating.
We suggest that it may be possible for natural ionospheric
disturbances to produce significant Doppler shifts on iono-
spherically propagating HF signals, interfering with HF
radar operations.

4. Summary and Discussion
[17] The observations presented in Figure 2 demonstrate

the successful implementation of three-pulse probing to
quantify and isolate upward and downward propagating
HF cross-modulation during long transmissions. We have
applied the technique to demonstrate that CW heating using
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the equally split HAARP array can produce 4–5 dB of
HAARP-modified absorption. This experiment could be
adjusted to quantify HAARP-modified absorption at higher
ERP levels. Furthermore, using Figure 3, we definitively
identified the ionospheric conductivity as the physical quan-
tity that exhibits characteristics consistent with a saturation
effect at high HF power levels. Lastly, we demonstrated
that HAARP can induce rapid and significant phase changes
equivalent to large Doppler shifts on ionospherically propa-
gating HF waves.
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