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1.0 INTRODUCTION
VLF phase tracking finds application in:
e Long-range standard frequency distribution

e Longrange clock synchronization

Global radio navigation

Global monitoring of the Jower ionosphere and of solar activity

Prospecting for mineral deposits

Correct interpretation of VLF phase data requires thorough training of equipment oper-

ators and data analysts since the recorded data are strongly dependent on proper equip- .
ment performance and on the interaction of all parameters describing the status of the

lower ionosphere and of the ground along the path of signal propagation. Furthermore,

recorded data depend on path length and signal frequency.

It is the purpose of this report to review some additional facts on the subject and to
augment the information presented at the third PTTI Conference.(1) The present and
previous reports are based on our expericnce with a global VLF-tracking network
established in 1965 (Project INT-VLF). The reader is assumed to be familiar with the
concepts of VLF propagation and of VLF signal tracking, and is referred to the literature
for background information.(2, 3, 4)

The discussion will deal with equipment; representation of VLI waves; diurnal effects and
mode interference phenomena; antipodal interference; and solar flare, galactic X-ray, and
geomagnetic effects.

2.0 DISCUSSION

2.1 Equipment

Many equipment problems have been discussed previously.(1) The following figures illus-
trate the effects of noise and of changing control settings on the signal phase and amplitude




outputs of onc popular commercial VLE receiver. OfF course, these cffects may differ
from modecl to model, but it is useful to alert operators and analysts to the possible
existence of such phase and amplitude variations of instrumental origin.

Figure 1 shows the experimental setup for testing a receiver. The signal generator is
simply another receiver whose antenna input is disconnected and whose synthesizer output
provides the signal input for the receiver being tested. The blocks marked “*DB” represent
fixed or variable attenuators, “‘noisc” is a source of Gaussian noise, and the diode serves

as a clipping circuit (see insert in Figure 1) to convert the Gaussian noise to some
resemblance of impulsive noise of atmospheric origin.

Figure 2 depicts the influence of various S/N ratios on phase (¢) and amplitude (A) tracks
as the receiver time-constant switch (in the phasce control loop) is changed from TC = 5 to
50 and 150 seconds. (The left-hand number on top of each interval gives the signal level
in dB with respect to an arbitrary dB reference; the right-hand number gives the relative
noise level in dB). The amplitude recording is only slightly improved by a TC increase, but
the improvement in the phasc record is striking. For TC = 5 se¢ and §/N =-10/30, the
receiver lost track. At the moments marked by vertical arrows a phase step of 10 us was
introduced in the driving signal to check whether the receiver on test was still tracking the
signal. It was. This suggests a useful check- to test for correct tracking under conditions
of low signal strength or high noise levels as evidenced by large fluctuations of the signal-
strength meter; that is, to displace the phase of the reference signal by 10 us using the
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Figure 1. Block diagram of equipment set up to measure influence of §/N
and equipment controls on phase and amplitude recordings.
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Figure 2. Influence of servo time constant, TC, and amplitude integrator
on quality of phase and amplitude recordings.

slewing switch and to note if the initial phasc indication is rccovered. The amplitude
recording for TC = 50 seconds and §/N = -5/30 was considerably improved by adding an
integrator (A-INT) with a timc constant of ~ 50 seconds at the amplitude output of the
receiver. Note however that the fluctuations in this section arc meaningless.

Figure 3 demonstrates the improvement of ¢ and A tracking by utilizing the blanking con-
trol of the receiver when the atmospheric noise level is high (setup of Figure 1 with noise
input through the clipping diode). The blanking control is not effective with Gaussian
noisc.

In Figure 4 one can see that for a receiver TC = 5 scconds both the ¢ and A tracks are some-
what affected by the internal receiver noise if the signal level is reduced by 50 dB by means
of an external attenuator and the receiver (internal) gain is raised by 50 dB (+50).
However, internal noise would hardly be noticeable at TC = 50 seconds and larger,

The left-hand part of Figure 5 shows that the change of the TC switch causes some siall
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. phase steps (particularly between TC = 5 and 150 seconds), but no amplitude jumps. The
right-hand part reveals that changes of the electronic receiver gain are not detectable on the
phasc track, but that externally connected variable attenuators may be slightly reactive as
evidenced by the small phase step when 10 dB attentuation was added. (If external
variable attenuators are utilized for calibration, it is advisable to lecave ~3 dB always in
circuit in order to provide matching or clse calibration rcadings may be in error.)

Somc receiver modcls have synthesizer modules with an A/B switch with A for a local
oscillator frequency of (g + Fiy ). and B for (Fg,, - Fy ). This switch serves to increase
discrimination against undesirable signals at the mirror frequency of the desired incoming
signal, but the operator should be awarc that changing between positions A and B may
causc sizable phase and amplitude changes on the recording (Figure 6), In this connection
it should be mentioned that the proper selection of the A/B switch position for interference
reduction may be necessary cven if the receiver has a 20 dB front-end RF filter and the
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Figure 3. Effectiveness of blanking control to improve quality of phase and am-
plitude recordings in the presence of strong atmospheric noise.
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Figure 4. Effect of internal receiver noise
on phase and amplitude recordings.

tuncd loop antenna provides a further rejection of ~ 15 dB. For example, a Haiku-10.2
kHz receiver at Brisbane, with an IF = 1 kHz and the switch in position B (synthesizer

signal at 10,2 - 1.0 = 9.2 kHz), was found to track the powerful NDT-17.4 kHz transmis-
sion with the second harmonic of the 9.2 kHz synthesizer signal (9.2 X 2=18.4=17.4+

[ kHz). Changing to switch position A eliminated the problem. A similar problem could
arise with F ;5= 10.2 kHz, switch position A, and NSS (21.4 kHz) or NPM (23.4 kHz)
when these transmitters are commissioned again (11.2 X 2= 22.4= 21,4+ 1 = 23.4- 1 kl12).

Figure 7 depicts an experimental sctup to demonstrate (Figure 8) that the coherent output
from 4 receiver locked to a stable VLF signal and driven by a modestly-priced crystal fre-
quency standard (c.g. internal crystal oscillator of a commercial clectronic counter) can
provide a 100-kHz standard reference signal of excellent accuracy to drive cither a clock
of microsecond precision or another VLF tracking receiver., The scope serves for a conven-
ient adjustment of the crystal frequency to the atomically controlled frequency of a
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Figure 5. Phase jumps caused by changes of TC control, gain, and external attenuator
settings (EXCH. ATT meuns external attenuator was replaced).
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Figure 6. Phase and amplitude changes introduced by changing local reference
signal from (Fq+IF) to (F¢IF). Fis signal frequency.
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Figure 7. Block diagram for testing the usefulness of improving the accuracy of a low-cost-crystal
signal by locking a VLF receiver to an atomically stabilized VLF transmission.

tracked VLF signal. The top part of Figure 8 gives the phase (lower smooth plot) and
amplitude (uppermost plot) of NLK-Deal reccived by receiver B when driven by the 100-
kHz cesium standard reference. (Time progresses to the left.) The steeply sloping lines
represent the NLK-Deal phase output of the crystal-driven receiver A (crystal frequency is
~ 5X 107 above UTC) and the middle plot is the receiver-A amplitude. It is evident that
the large crystal offset does not affect the amplitude record. In the center part of Figure &,
receiver B was driven by the coherent (with NLK signal) 100-ktlz output ot receiver A,
Since the coherent output of receiver A reproduces the diurnal shift of the NLK phase, the
phasc output of receiver B (100 us full-scale at top und 10 us full-scale at bottom) is now

a horizontaf line with only very small (~ = 0.2 us) fluctuations, Of course, the large crystal
offset requires a certain phase error in the receiver in order to generate a large enough
control signal to keep the rceeiver locked to the VLF signal. That error is larger {or longer
TC values of receiver A, consequently a change of the TC of receiver A changes the offset
error as shown by the phase steps at the left of the figure. For TC = 150 seconds, receiver
A lost track (T'C values from right to left were: 50 seconds, 15 seconds [step -1.6 us], 5
seconds [additional step of 0.6 us], 50 seconds [ back to original phase], and 150 scconds
{loss of lock]). The bottom part of Figure 8 demonstrates that receiver A can provide a
suitable coherent signal (provided TC, = 5 seconds) even for a crystal offset of ~24 X 1078
(see steep lines on right-hand side, cach cquivalent to a 100 gs time accumulation in ~ 7
minutes). This means, that a VLF recciver driven by almost any crystal standard and
locked to the VLF signal of a transmitter (preferably nearby for a small diurnal shift, ¢.g.
NSS-Deal) can maintaii: synchronization ot a clock to better than 5 us. To avoid large
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Table 1
Important TM Modes at Given Signal Frequencies and Dis-
tances from Transmitter for an Exponential Isotropic Iono-
sphere and Infinite Ground Conductivity,

DISTANCE (Mm)

(SR SV e e

M bk

2 (-d

e i S T O I O I I UL N RS )
| e e T S Sppp— g

8
1
1
1
I
1
]
1
I
I

— D bd B B o—m o= =
P P Bd B e — o= = =
td D bA|— —m = e — ] en
1 R = = s — | e
_ = === = =D
e e e =D
o e e e s = e )
e AT
el I i N
_ = e = = = e e

—
ot
98]

T O T A T Y ey

Pl b

_— b e

Pt — —

—_——

[

= D — =

b o= — b I = —
[ R I NI

B = = A= = = -
b = e

B 2= D P = s e
3 =

bd P 2= — o e
[ S ]
P —

R b= po e e —m — —
o =

) A= pd e = m =

I D b = e e e

| T O T O T Y
o ora]—= = e o = —




clock errors when the transmitter goes temporarily off the air, it is advisable to avoid large .
offsets and to adjust the crystal frequency (as often as once per day) against the cohcrent
output of receiver A.

For problems encountered with antennas, cables, battery standby supplies, connectors on
recciver modules, recorders, environmental conditions for atomic frequency standards,
station keeping, and transmiiter interference, the reader is referrcd to previous publications

(1, 5).

2.2 Wave Propagation (1, 2, 3, 4)

For distances less than 1 Mm it is convenient to represent the observed EM field by the
following components: (6)

(a) Groundwave: not influenced by ionospherce;
(b) Ordinary skywave: vertically polarized, influenced by ionosphere; and

(¢) Extraordinary skywave: horizontally polarized, influenced by ionosphere, and
originating from the ordinary wave upon reflection in the ionosphere in presence
ol the geomagnetic field.

A whip or a long-wire antenna picks up all three components; a loop directed towards the

transmitter picks up the first two components; a loop oriented precisely perpendicular to

the signal path picks up primarily the last component. A separation between ground and

ordinary skywave is possible by means of a whip/loop arrangecment.(6) Short-path sky- .
waves at nighttime are usually strongly disturbed in phase and amplitude due to their

deeper (as compared to long-path signals) penetration into the ionosphere. The presence

of the extraordinary wave causes an elliptical polarization of the skywave, reduces the

depth of the “loop null,” and can introduce a sizable error in direction finding by means

of “loop nulling.”

For distances greater than ~ | Mm it is advantageous to describe the EM field by modes.
Each mode of order, n, is characterized by 3 parameters: excitation function Q, in dB,
attenuation rate o, in dB/Mm, and phase velocity V in units of C (velocity of light).

Mode parameters for an isotropic (no geomagnetic ficld) exponential ionosphere (described
by a reference height h, km, and a gradient km-!) and a ground of infinite conductivity
(good approximation for sca water) have been published. (7, 8) Computer programs for a
more sophisticated anisotropic ionosphere (because of geomagnetic field) and a ground of
specificd conductivity are available. (9)

Table 1 [based on Reference 8, isotropic model}, shows which modes should be consid-
ered at a given signal frequency and distance. For example, 213 means that the n =2
mode predominates over the next important n = 1 mode, and a still-weaker n = 3 mode.
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Figure 8. Demonstration of feasibility of generating precise local reference signals by phase-locking
a VLF receiver, driven by a low-cost-crystal signal, to a stabilized VLF transmission.




If a VLF signal consists of two important modes with almost equal amplitudes and

phase values differing by 180°, even small ionospheric changes will cause large phase
fluctuations as illustrated by the phasor diagram of Figure 9. If phasor B swings further

in a CCW direction with respect to phasor A, the phase deviation A¢ will again diminish.
The plots of Figure 9 give the necessary minimum A/B ratios (in dB) for a given signal
frequency in order to keep phase fluctuations due to mode interference below 1, 2, or 5 us.

Figure 10 gives for each VLF signal frequency the minimum distance one has to be away
from the transmitter in order to keep phase {luctuations, A¢, (as defined in Figure 9) below
1, 2, or 5 us [based on Reference 8;h =90 km, 8 = 0.5 km™ for night; and h = 70 km,

g =0.3 km'! forday].

The existence of th%eomagnetm field gives rlse to nonreciprocity of propagation losscs
(with reference to NS, propagation Josses in EW direction are larger and losses in WE
direction are smaller) (3), to some variations of phase velocities as the azimuth of the path
with respect to the geomagnetic field changes (10); and to the generation of TE modes and
coupling between TM and TE modes. (2, 3, 9).

Low ground conductivities, as encountered in Greenland and Antarctica and somewhat less
in the permafrost regions of Canada and Siberia, increase propagation losses for low
jonospheric reference heights (undisturbed day, and especially during solar proton
precipitations) and also affect phasc velocities. (11, 12) Signal losscs are also strongly
increased at times when the signal path is close and nearly parallel to the solar terminator.
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Figure 9. Maximum permissible strength B of an interfering VLF mode to keep phase anomalies
due to mode interference below specified A¢ values at a given frequency.
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2.3 Mode Interference

Values of diurnal shifts (nighttime phase is retarded with respect to daytime values) for
various signal paths used in the INT-VLF Project have been quoted elsewhere.(13) Phase
steps, amplitude minima and sometimes cycle slips, regularly observed during the morning
hours for signal frequencies above ~ 16 kHz have been explained by Crombic (14) in terms
of mode interference. Similar interference ¢ffects during the evening hours have been
observed predominantly on low-latitude EW paths. (1) (15) Examples of irregular diurnal
shifts observed on transcquatorial paths (15) [believed to be caused by enhanced modc
conversion when the terminator passes over the region where the signal crosses the
geomagnetic equator (16)] may be seen in Figures 11 and 12.

The strong enhancement by mode interference of ionospheric effects on VLF phase and
amplitude recordings is illustrated by the 13.6 kHz N. Dakota-Deal plots in the lower part
of Figure 13 (if there were no mode interference one would expect the 10,2 kHz anomalies
to be bigger than those observed at 13.6 kHz because, duc to dispersion, single-modec signals
are the more disturbed the lower the frequency).

The upper part of Figure 13 shows the differcnt phase and amplitude behaviors when a
signal propagating over a short distance (Forestport-Deal) is reccived by a loop | to the
path (groundwave plus ordinary sky-wave) and a loop 1 to the path (extraordinary wave).

2.4 Antipodal Interference

A typical example of a diurnal phase pattern obtained in the presence of antipodal signal
interference (15) is shown in Figure 14. When the shorter EW path is fully sunlit,
propagation losses are higher than thosc on the longer but nighttime WE path. Therefore,
an extra hump appears during daytime along the short path.

The previously mentioned nonreciprocity of propagation losses due to the geomagnetic
field extends the region of antipodal interference, in an easterly direction, from the true
geographic antipode of the transmitter. Thus, signals from VLF transmitters in the U.S.A.
are received at many locations in the western Pacific both along the short and long path.
The geomagnetically induced nonreciprocity is so powerful that cven a 14.2 kHz signal
from Forestport, N.Y., was observed (15) near Guam to arrive predominantly over the
long path from the west despitc a path ratio of 28/12 Mm.

A pcculiar antipodal interference, controlled by the large ice masses of Greenland and
Antarctica, has been discussed elsewhere.(1) (15)

The effect of geomagnetic nonreciprocity on antipodal interference is enhanced if the EW
path is sunlit and passes over a region of low ground conductivity. If a signal over a sunlit
shorter EW path shows no signs of antipodal interfcrence (increased phase instability,
extra hump, anomalous shapc of an SID) it cannot possibly show antipodal interferencc
during nighttime along the shorter EW path. Therefore, it is unrealistic to ascribe the
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Figure 10. Minimum distances, at a given frequency, to keep mode interference
effects on phase below specified limits, Ap . (Isotropic ionosphere.)

unusual nighttime phase bchavior obtained on Haiku-Brishane (13, 15) to antipodal
interference because the short-path daytime signal reveals no cvidence of such interference.

2.5 Solar Flare Effects

Solar flarcs cause an increased flux of X-rays and/or precipitation of clectrons and/or
protons in the ionosphere, giving rise to phase advances and signal amplitude changes of
single-mode VLF signals.(1, 13) On short-distance signals (e.g. Forestport-13.6 kHz-Deal)
composed of at least two modes and on long-distance signals affected by antipodal inter-
ference (e.g. GBR-Brisbane), phase anomalies may be reversed (delay).(1)

Solar X-ray effects (SID’s) can only be observed on sunlit paths. They are detectable at all
latitudes but predominantly on paths with a low-average solar zenith angle. The phasc
anomalies increase with illuminated path length and decreasing frequency.

In general, signal amplitude increases during an X-ray flarc for signal frequencies above 16
kHz but signal decreases have been observed on GBR (16.0 kHz) and NAA (17.8 kHz) to
Beirut and Tananarive during strong flares. Examples additional to those in reference
(11) are shown in Figure 15. Note that GBR-Cordoba (Argentina) always experienced
signal enhancements, while the strong flarc on July 25, 1425 UT caused a signal decrease
on NAA-TAN.
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Figure 11. Examples of anomalies observed during sunrise and sunset where VLF signals
cross geomagnetic equator. C. Rivadavia and Cordoba are in Argentina,
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Figure 12. Another example of modal interference during sunrise
and set where GBR signal crosses geomagnetic equator.

SID’s usually last from 0.5 to 2 hours, in exceptional cases as long as 8 hours. Maximum
deviations may be reached within a few minutes but occasionally the rise-time is as long as
an hour, Maximum phase anomalies of 10 us/Mm at 10.2 kHz have been observed a few

times during 1968 and 1969.

Sometimes, the onset of a strong SID was so rapid that the receiver lost track at a TC = 50
seconds and slipped a cycle in phase. This became obvious after the ionosphere had re-
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Figure 13. Difference of phase and amplitude recordings when short-distance Forestport (NY) signal is

recorded with loops || and L to path (top). Influence of modal interference during nighttime on N. Dakota
(13.6 kHz) -Deal (NJ) transmissions (bottom).

covered and the recorded signal phase showed a delay (with respect to the phase value .
before STD onset) which required a correction of exactly one cycle.

VLF anomalies {rom electron precipitation are most frequently observed on signals
passing through thc auroral zone and subauroral regions.(13, 15) Electron effects are
more frequently observed at night as electron energies of only about 40 keV are needed to
penetratc to the nighttime reflection region (about 90 km) whercas energies of about 200
keV are needed to significantly influence the electron density in the daytime reflection
region.

Electron effects typically last from one to eight hours. Figure 16 depicts some examples
of electron-induced phase anomalics observed simultaneously on scveral signals tracked at
Decal. Note the strong anomaly on the mid-latitude signal Haiku-Deal. The amplitude
effects are difficult to predict. Both increases and decreases have been recorded.

Figure 17 shows a typical X-ray phase anomaly observed during daytime on NWC (22.3
kHz)-Tokyo, with a first onset at ~ 0520 UT and the dominant one at ~ 0620 UT. At

~ 0530, the signal Haiku-Deal advanced in phase. Since this path was totally in nighttime,
the Haiku-Decal anomaly cannot have been due to X-rays. Furthermore, proton precipi-
tation of such short duration is not very likely; thus electrons must be considered to be
the most probable source of this disturbance,

- ®
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Figure 15. Examples of solar X-ray effects on long-distance VLF signals.

An interesting case of phase oscillations closely correlated with micropulsations observed
by magnetometers is illustrated in Figurc 18. Since oscillations of the magnetic field per
se cannot affect VLF phasc to that degree, the magnetic oscillations must have been
accompanied by variations of the ionospheric electron density profiles. When looking at
such phase oscillations, onc might be tempted to suspect signal interference from another
transmitter. However, signal interference requires the presence of simultaneous amplitude
oscillations which are absent here. (15)

Solar proton precipitation affects the polar caps, (latitudes >~ 62° geomagnectic) only, and
may last from two to ten days.(1, 11) On November 28, 1968, ALDRA(10.2 kHz)-Deal
showed a phase advance of ~ 100 us. 1t usually takes a few hours to reach the maximum
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initiating flarc occurs in the eastern solar hemisphere. During simultaneous geomagnetic
storms, proton effects may be noticeable down to geomagnetic latitudes of ~ 50°.

of the anomaly, but in this event it took only ~ 45 min. The rise time is longer if the .

Due to the slower onsct of proton anomalies one often cannot be sure whether an observed
steady phase advance is caused by proton precipitation or a malfunction of the transmitter.,
It is easy to defermine the cause it one can observe two signals of different frequencies
emitted by the same transmitter (¢.g. Aldra 10.2 and 13.6 kHz). If the phase traces

remain exactly parallel to cach other during the phase advance, it is a malfunction of

the transmitter control oscillator. On the other hand, if it is a proton event, dispersion
causes a more rapid phase advance at the lower frequency.

During the first few hours of an anomaly observed on a high-latitude signal onc often
cannot be sure whether one observes a proton or ¢lectron event. If no recovery sets in
after five hours, if the phase tracks are relatively smooth, and if other signals which
propagate below ~ 62° geomagnctic latitude but ncar the fringes of the auroral zone show
no unusual anomalies, one may be fairly sure of protons, If the auroral zonc signals are

. also disturbed and the phase behavior of the polar cap signals is not smooth, it is likcly
that one observes the effects of clectron precipitation.

2.6 Stellar X-ray Effects

Stellar X-ray effects on VLF signals have been discussed in detail elsewhere, (17) Only the
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Figure 16. Examples of electron precipitation effects on VLF
signals passing through subauroral regions.
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Figure 17. Example of electron precipitation effects observed on nighttime Haiku-
Deal signal when daytime NWC-Tokyo showed an X-ray anomaly. It is not clear
whether the correlation is accidental.

strongest stellar X-ray sources can cause a detectable phase advance during nighttime and
then only provided the stellar zenith angle is very small, the night is long, and the signal
frequency preferably above 20 kHz. Stellar effects must reveal a sidereal shift (occur
earlier with advancing date). No detectable stellar X-ray cffects were found with OMEGA
navigation signals because their frequencies arc well below 20 kHz.

2.7 Solar Eclipse Effects

As a solar cclipse reduces illumination along some VLI signal paths, one might expect a
phase and amplitudc behavior similar to that at normal nighttimes: phase delay and
signal enhancement. This is illustrated by Figure 18.

3.0 CONCLUSIONS

VLF phase and amplitude tracking can be a powerful tool for frequency and time transfer,
radio navigation and ionospheric monitoring provided one uses the most reliable equip-
ment available on the market; entrusts the cquipment to thoroughly trained operators;

and has the data analyzed by people who arc familiar with all the pitfalls of this technology
and the complexity of ionospheric phenomena and multimode radio propagation.




T

60

ol 5 AUG 72

S _—

NLK - DEAL

-
L]

w
=
]

PHASE DELAY .S

I
-

- 1 1 1 | 1 1 J

03 02 U1

Figure 18. Example of a phase oscillation observed on NLK-Deal

during period when magnetometers recorded strong micropulsations.
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