
the time of a day. There are reports on JJY re-
ception from as far away as the U.S. West 
Coast, Europe and New Zealand.

In general, the synthetic waves of ground 
waves propagating along the ground and sky 
waves refl ected at the bottom of the ionospher-
ic region are received in the LF band. Although 
ionospheric variation due to solar and geomag-
netic activity less affects LF propagation in 
comparison to MF and HF band radio waves, 
severe solar and geomagnetic activities [3] and 
fl uctuations in the lower atmosphere [4] some-
times disturb LF propagation. Electric fi eld 
strength of LF radio wave under quiet condi-
tions is calculated according to International 
Telecommunication Union Radiocommunica-
tion Sector (ITU-R) Recommendation P. 684-5 
“Prediction of fi eld strength at frequency below 
150 kHz” [5]. However, the waveguide mode 
method for calculations is recommended for 

1 Introduction

National Institute of Information and Com-
munications Technology (NICT) transmits 40 
kHz and 60 kHz LF standard frequency waves 
(JJY) from Ohtakadoya-yama in Fukushima 
Prefecture and Hagane-yama on the Saga-Fu-
kuoka Prefecture boarder respectively [1] [2]. 
Due to their advantage of long range propaga-
tion, easiness to penetrate building walls and 
stability, LF band waves have been increasing-
ly used for operations related to standard fre-
quency and time signals (SFTS) in recent years 
and there has been a tendency to promote con-
struction of new transmitting stations around 
the world. Consequently, there has been the 
threat of interference by sharing or neighboring 
frequencies. It is reported that overseas travel-
ers have experienced their clocks switching be-
tween Japan time and US time depending on 

2-9 Prediction Method and Proof Measurement of 
LF Standard Frequency Waves

TSUCHIYA Shigeru, IMAMURA Kuniyasu, ITO Hiroyuki, MAENO Hideo, 

KUBOTA Minoru, and NOZAKI Kenro

Numerical method to predict low frequency fi eld strength was developed based on the world-
wide measurement of LF standard frequency waves, and was accepted to revise the correspond-
ing description in the recommendation of the International Telecommunication Union Radiocom-
munication Sector (ITU-R). Revised recommendation is suitable to predict the LF fi eld strength up 
to 16,000 km by means of wave hop method. The measured range variation, diurnal variation, 
and interference between ground wave and sky waves are fairly agreed with the prediction. The 
wave hop method is shown to be applicable down to 40 kHz, whereas waveguide method is rec-
ommended below 60 kHz in the recommendation. A new sensitive and highly discriminative re-
ceiving system is under development for the long distance propagation including higher-order 
ionospheric refl ection modes and many kinds of noise.
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Wave hop method

103TSUCHIYA Shigeru et al.



charts and tables in the wave hop method chap-
ter of the latest recommendation.

The on-board observations succeeded in 
measuring the transition of the JJY 60 kHz 
standard radio wave to the WWVB 60 kHz 
United States standard radio wave as the ship 
approaching to the United States [11][12]. How-
ever, as it turned out that atmospheric noise and 
city noise dominated over long distances, an 
alternative receiving system with a lock-in am-
plifi er for highly sensitive and highly selective 
signal detection is under development substi-
tuting for the conventional measurement sys-
tem with a commercial receiver. 

In this paper, we will fi rst provide an out-
line of the LF fi eld strength prediction method 
adopted in the ITU-R recommendation. Then, 
we will discuss the measurement system and 
show the short range results measured around 
Japan and the long range results measured by 
the on-board system. Finally, we will show the 
lock-in amplifi er type highly sensitive receiv-
ing system currently being developed by learn-
ing from the previous experiences, and discuss 
the trend of improving the prediction method.

2 The LF fi eld strength calculation 
method

The current ITU-R recommendation [5] in-
cludes both the wave hop method and the 
waveguide mode method and it recommends 
the waveguide mode method for the frequency 
lower than 60 kHz and the wave hop method 
for higher frequency. In the waveguide mode 
method possible modes of radio wave propa-
gate between the earth and the ionosphere anal-
ogous to a waveguide of microwave without a 
wall. Although it is suitable to predict for a low 
frequency standing less than several wave-
lengths between the earth and the ionosphere, it 
cannot calculate in vicinity of the transmitting 
point. In the wave hop method the fi eld strength 
of the received signal is the synthesis of many 
rays refl ected between the ground and the iono-
sphere. The wave hop method is intuitively un-
derstandable but the radio wave spread into the 
space is not considered. The fi eld strength pre-

frequencies less than 60 kHz and the wave hop 
method is recommended for frequencies of 60 
kHz or more in the Recommendation.

In 2004, NICT surveyed the fi eld strength 
all around Japan from Hokkaido to Okinawa in 
order to investigate the propagation condition 
and the reception quality of JJY40 and 60 
kHz [6][7]. For analysis of the measured data, 
the short-range LF fi eld strength prediction 
method developed to cover the transmission 
range of two hops or within approximately 
4,000 km was used, which showed a good cor-
respondence to the measured data in terms of 
the range and the diurnal variations. It was also 
shown that the measured MID (Maximum In-
terference Dip) [8], which was caused by the in-
terference of ground and sky waves, was con-
sistent with the prediction when the refl ection 
altitude was 69.4 km.

In the short-range LF fi eld strength predic-
tion method, we adopted the parabolic layer 
model for the ionospheric D region that refl ects 
sky waves and the path length of the sky waves 
was calculated based on the model. Further-
more, the absorption is controlled by the solar 
zenith angle in the revised ITU-R Recommen-
dation, then the fi eld strength is predicted at 
any time of a day in any season of a year [9][10]. 
Previous predictions of sky wave fi eld strength 
less than 150 kHz requiring much time and ef-
fort using charts and tables were only capable 
under restricted conditions such as night-time 
and daytime in summer and winter. As a result 
of this Recommendation revision, predictions 
have become possible at any time of the day by 
setting the parameters on a PC.

As the next step, an algorithm capable of 
calculating up to 10 hops and 16,000 km was 
developed and verifi cation measurement was 
performed using an on-board receiving system 
focusing on LF long range propagation property 
between Japan and the United States and Japan 
and Antarctica from 2007 until 2009 [11] [12]. 
These results were then used to perform next 
revision of the ITU-R recommendation [5] [13]. 
The PC based numerical calculation method up 
to 2 hops and 10 hops in order is compiled after 
the section of former calculation method using 
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tion point and then the ionospheric refl ection 
coeffi cients RcK, L are derived. The propagation 
path length of each hop  is calculated when 
the ground distance and refl ection altitude Rh is 
determined. Rh is determined by the electron 
density distribution at the bottom of the iono-
spheric region. Parabolic distribution model of 
D-layer we introduced for calculating the re-
fl ection altitude will be explained in 2.1. Fig-
ure 1 shows a schematic diagram of the propa-
gation and the parameters will be discussed 
below.

2.1 Refl ection altitude model
Assuming a parabolic electron density dis-

tribution in the ionospheric D/E region, the 
maximum plasma frequency is calculated us-
ing the ITU-R Rec. P. 1239 [16]. Then, on the 
condition that the lowest plasma frequency fb is 
10 kHz, when the minimum semi-layer thick-
ness ymin, maximum semi-layer thickness ymax 
and the maximum altitude hmax for the E layer is 
10 km, 30 km, and 100 km respectively, the 
minimum refl ection altitude at night is 90 km 
(hmax − ymin) and 70 km (hmax − ymax) during the 
day.

For example, h-f (frequency to refl ection 
altitude) profi les at a certain point are shown in 
Fig. 2. In the fi gure, identical profi les are as-
sumed between 12:00 am and 3:00 am LT.

The refl ection altitude Rh is calculated as 
follows.

diction method that we developed synthesizes 
ground waves and sky waves up to ten refl ec-
tions using the wave hop method.

When the radio waves, transmitted with 
vertical polarization, propagate preserving po-
larization at each refl ection point, effective 
fi eld strength E (mV/m) at the loop antenna on 
the ground can be expressed by the synthesized 
fi eld strength of sky waves up to ten refl ections 
(EsK) and ground waves (Eg) as follows:

 （1）

The received fi eld strength is calculated by 
vector sum as the sky waves and ground waves 
include phase terms due to propagation dis-
tance. Eg corresponding to subjective propaga-
tion distance is calculated through the interpo-
lation taken from the numerous charts provided 
in ITU-R Rec. P.368-7 [14]. Relative permittiv-
ity ε and electric conductivity σ are selected 
from sea water (ε: 70, σ: 5 S/m), land (ε: 22, σ: 
0.003 S/m) and dry earth (ε: 7, σ: 0.0003 S/m) 
as the earth condition, and frequency is inter-
polated from 40, 50, 75, 100, 150, 200, 300, 
400 and, 500 kHz. Sky wave fi eld strength EsK 
for the K-times refl ections is denoted by:

 （2）

where j is the imaginary unit and k is the wave 
number of radio waves, and the suffi x K and L 
refer to number of hops and number of refl ec-
tion points each. The refl ection points are sim-
ply set at equally divided distances of the 
ground without considering gradient of the 
ground or the slanted ionosphere. Pt (kW) is 
the effective radiation power and ΨK denotes 
the elevation angle of K hop waves. The earth 
refl ection coeffi cient RgK is calculated for the 
vertical polarized effective refl ection coeffi -
cient of conductive ground [15]. Here, relative 
permittivity and electric conductivity of the 
ground are provided as parameters. The solar 
zenith angle x and the ionospheric incident an-
gle i are calculated at each ionospheric refl ec-

Schematic diagram of wave hop methodFig.1
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2.3 Antenna factors Ftk, Frk

Transmitting antenna factor Ftk and receiv-
ing antenna factor Frk are evaluated by inter-
polation for elevation angles and frequencies 
from the antenna factor curves provided in 
the reference [5] on three ground conditions in 
Table 1. Negative elevation angles bring about 
diffracted waves and, diffraction losses are in-
cluded in these antenna factor curves.

2.4 Ionospheric refl ection coeffi cient 
RcK, L 

The ionospheric refl ection coeffi cients 
RcK, L at each refl ection point are expressed as a 
function of f cos(i) for minimum (SSN: 0 – 25), 
medium (SSN: 25 – 75) and maximum (SSN: 
75 – 150)  solar activities shown in Fig. 4(a) 
to (c). The arbitrary propagation conditions are 
evaluated by the interpolation from these three 
fi gures. Here, f is the frequency and i is the in-
cidence angle into the ionosphere.

3 LF SFTS fi eld strength 
measurement

The standard radio wave fi eld strength at 40 
kHz and 60 kHz was measured across the coun-
try and compared with the predicted values us-

 （3）

where

 （4）

and ymm is calculated from

 （5）

Where, f k0 (foE at the solar zenith angle 0), 
fmax (the maximum value of foE at that point) 
and foE (at the local time) can be calculated 
from the Chapter 4: foE prediction in the refer-
ence｠[16].

2.2 Focusing factor Fck

With the spherical earth and spherical ion-
osphere models, the focusing effect occurs at 
the ionospheric refl ection and defocusing ef-
fect at the ground refl ection. Assuming that 
they cancel out each other for convenience, 
focusing factor Fck at ionospheric refl ection is 
counted once. Although there were individual 
curves for daytime and nighttime in the previ-
ous ITU-R recommendation, averaged curves 
now enable to be calculated 24 hours per day. 
Averaged focusing factor is shown in Fig. 3 
providing frequencies as parameters.

Ionospheric refl ection altitude modelFig.2

Focusing factor (based on the reference [5])Fig.3

Ground 
condition

Relative 
permittivity, ε Conductivity, σ (S/m)

Sea 80 5
Land 15 0.002
Dry ground 15 0.0005

Geodetic constantsTable 1
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ing the numerical fi eld strength prediction 
method. 60 kHz SFTS is also transmitted in the 
United States. The main specifi cations for the 
SFTS stations are shown in Table 2.

Up to several hundred kms, ground wave is 
superior in LF propagation, but ionosphere re-
fl ected sky waves gradually prevail as the prop-
agation range increases. In Japan, two times 
refl ections are suffi cient to be considered and 
the two times refl ection model was used for do-
mestic measurements discussed below.

3.1 Domestic ground based fi eld 
strength measurement

Ground based measurement was conducted 
from January to February 2004. Using a loop 
antenna and a fi eld strength meter, fi xed-point 
measurements were performed to measure di-
urnal variation at selected points every 100 km 
from the transmitting stations and mobile mea-
surements were performed to measure range 
variation using moving vehicles. The measure-
ment points are shown in Fig. 5.

The detailed results of the measurement are 
in the references [6][7][9][12]. Measured range 
variation, diurnal variation, and MID [8] in the 
fi eld strength well agreed with the predicted 
values incorporating up to two refl ections. Ex-
amples of the predicted and measured range 
variations of the fi eld strength are shown in 
Fig. 6.

The 40 kHz and 60 kHz JJY effective radi-
ating powers are decided from the fi eld strength 
measured at the 100 km and 200 km from the 
transmission station and were 12.5 kW and 25 

Ionospheric refl ection coeffi cientsFig.4
Ionospheric refl ection coeffi cients of (a) the 
minimum (SSN: 0 – 25), (b) the medium (SSN: 
25 – 75), and (c) the maximum solar activity 
period (SSN: 75 – 150) taking the solar zenith 
angle as parameters. f (kHz) and i of the hori-
zontal axis denotes frequencies and ionospheric 
incidence angles respectively. Ionospheric re-
fl ection coeffi cients for cos(x) = −0.5, −0.35, 
−0.21, 0.0, 0.2, 0.375, 0.55, 0.707, 0.85, 1.0 are 
plotted from top to bottom (based on the refer-
ence [5]).

Station JJY JJY WWVB

Location Ootakadoya-yama
Fukushima Pref. JAPAN

Hagane-yama
 Saga/Fukuoka Pref. JAPAN

Fort Collins
Colorado, U.S.A.

Latitude 37°22'21”N 33°27'56”N 40°40'N
Longitude 140°50'56”E 130°10'32”E 105°03'W

Antenna facility Umbrella top loading antenna Umbrella top loading antenna Top-loaded monopole
Antenna height 250 m 200 m 122 m(2×4)

Eff. Rad. P. 12.5 kW 25 kW 70 kW
Carrier frequency 40 kHz 60 kHz 60 kHz

Modulation A1B A1B A1B
Frequency accuracy ±1×10−12 ±1×10−12 ±1×10−12

Specifi cations for transmitting stations of LF standard radio wavesTable 2
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out that the measured fi eld strength exceeded 
50 dBμV/m throughout the country to assure 
that commercial radio controlled clocks and 
watches automatically set the time.

3.2 Mobile measurements by means of 
ships

3.2.1 Measurement system
A system for automatically measuring fi eld 

strength and phase for 24 hours per day was 
developed and installed on oceangoing 
ships [11]. Since the bearing to the transmitting 
station changes as the ship cruises, the on-
board antenna should be azimuthally omnidi-
rectional. We developed a tri-axis crossed loop 
antenna and attached it to a handrail near the 
laboratory on the ship. Azimuthal deviation of 
the receiving loop antenna was within ± 0.3 dB 
in all directions. A block diagram of the mea-
surement system is shown in Fig. 7.

The fi eld strength meter samples one hun-
dred data every 0.1 seconds for antenna X, Y, 
and Z axes in order at each 40 kHz and 60 kHz, 
and conducts calibration for each frequency us-
ing a reference oscillator. It takes about three 
minutes to repeat the sequence above. The 
bandwidth of the fi eld strength meter was 200 
Hz and its sensitivity was approximately 30 
dBμV/m. The square root of the square sum of 
the upper decile value of one hundred data for 
each axis was recorded as quasi peak (QP) fi eld 
strength.

This system was installed on the Antarctic 

kW respectively. In this paper, these values are 
used for JJY transmitted power.

Although the wave hop method is recom-
mended to be applied for frequency higher than 
60 kHz in the ITU-R Rec. P. 684, our measure-
ment proved that it was applicable for 40 kHz 
with a suffi cient accuracy. In addition, it turned 

Domestic fi eld strength measurement 
points

Fig.5

Fixed measurement points (●), moving mea-
surement course (bold line), and JJY stations 
(▲)

Range variation of JJY 40 kHz fi eld strength 
in daytime

Fig.6

(●) denote measured values, and the bold and 
thin lines denote the predicted values of 
ground waves and of the synthesized fi eld 
strength up to 2 refl ections respectively (based 
on the reference [12])

Block diagram of the on-board measur-
ment system with fi eld strength meter

Fig.7
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3.2.2 Measurements around the coast 
of Japan

Ground wave and synthesized sky waves 
up to two refl ections above Japan are the main 
components of fi eld strength. As there is no 
fading caused by ionospheric fl uctuations in 
sky waves there are no differences between the 
QP and MD (Median) in measured fi eld strength 
except sunrise and sunset. Figure 9 shows the 
records of the training cruise around the coast 
of Japan on the “Shirase” in 2007. The red line 
represents the QP, the blue line represents the 
prediction calculated up to two refl ections and 
the black line represents the great-circle dis-
tance from the transmitting station. From Sep-
tember 3 to 7 and September 10 and 11 JJY 40 
kHz was suspended for maintenance in the 
daytime. The measured fi eld strength of 40 kHz 
anchoring at Sendai and 60 kHz at Kure were 
higher than expected by several dB, which was 
supposedly due to man-made noise near urban 
areas. The measurement and predicted fi eld 
strength agree during the cruise (the declining 
portion of the black line) and other ports.
3.2.3 Long distance mobile 

measurements
After a round trip to Singapore leaving To-

kyo Oi Wharf on May 13, 2007, the “Argus” 
equipped with a measurement device made an-
other round trip from far out over Japan to the 
U.S. West Coast and arrived back in Oi Wharf 
on June 24. Figure 10 shows the fi eld strength 
during the trans-Pacifi c cruise to and from Ja-
pan along the greatcircle. The red line shows 
the measured fi eld strength, the blue line repre-
sents the prediction using the numerical fi eld 
strength prediction method and the green line 
represents the atmospheric noise level of every 
four hours. In addition, the black line shows the 
great-circle distance from the JJY station.

On the assumption that long distance prop-
agated radio signal fl uctuates according to the 
Rayleigh distribution, received signal level was 
converted to MD after subtracting 5.2 dB from 
the QP then a moving average of fi fteen sam-
ples (approximately 45 minutes) is presented 
as measurement. ITU-R Rec. P. 372 [17] in-
cludes twenty four global maps on atmospheric 

research expedition icebreaker “Shirase” and 
measurements were conducted in 2006 and 
2007 training cruises around Japan and during 
the round-trip for the 49th Japanese Antarctic 
Research Expedition starting in 2007. The sys-
tem was installed on container ship “Argus” of 
Nippon Yusen Co., Ltd. and measurements 
were conducted in South East Asia and North 
America cruise in 2007. The onboard measure-
ment cruise courses are shown in Fig. 8.

Routes of on-board mobile measurementFig.8
Red line: training cruise courses (2006, 2007) 
and Antarctica course by the “Shirase” (2007)
Blue line: South-East Asia and Trans Pacifi c 
Ocean courses by the “Argus” (2007)

Variation of fi eld strength during the train-
ing cruise of the “Shirase” (2007)

Fig.9

Upper case: 40 kHz
Lower case: 60 kHz
The red denotes quasi-peak (QP) values every 
3 minutes, the blue line is the predicted fi eld 
strength, and the black is the great-circle dis-
tance from the transmitting station.
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el in bandwidth b (Hz) and Fam is the noise 
fi gure for 4-hour-time block at the center fre-
quency f (kHz). Since the measurement on the 
Pacifi c route was conducted from spring to 
summer, the Fam was averaged for spring and 
summer every four hours and En was deter-
mined for the system bandwidth b = 200 (Hz).

The signal strength of LF standard waves is 
approximately the same level as a background 
noise beyond 4,000 km. Although the exis-
tence of signals can be confi rmed by hearing 
the call sign every hour, great effort and listen-
ing technique are required. Signal determina-
tion by autocorrelation coeffi cient method was 
introduced utilizing SFTS modulation in am-
plitude every second with long or short pulse 
width. The autocorrelation coeffi cients for a 
series of one hundred pulse trains which were 
being sampled approximately every 0.1 second 
were evaluated; they were determined as stan-
dard waves when one second periodicity was 
detected and otherwise decided as interference 
or noise.

Although the 40 kHz measurement agreed 
with the prediction up to approximately 4,000 
km from the transmitting station on the pacifi c 
route from Japan to the U.S. West Coast, it 
came close to the atmospheric noise level 
which is the sensitivity limit beyond the said 
distance. The signal strength on June 5, 2007 

noise fi gure distribution below HF band for 
each season and local times. After reading out 
the noise factor Fam of the location of mea-
surement, the following equation determines 
noise level by compensating the receiver band-
width and the frequency.

 （6）

where En (dBμV/m) is median of the noise lev-

Field strength on the Pacifi c route (Up-
per: 40 kHz, Middle: 60 kHz-JJY, Lower: 
60 kHz-WWVB)

Fig.10

Red line: measured fi eld strength
Blue line: calculated fi eld strength
Green dots: atmospheric noise level (based 
on the reference [17])
(Cited from reference [12])

Autocorrelation coeffi cients of the 40 kHz 
reception signal strength

Fig.11

(a) Point A on the route (June 5)
(b) Point C on the route (June 7)
(Cited from reference [12])
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ting station on the Antarctic route for 40 kHz 
(top) and 60 kHz (bottom). The left half of each 
chart shows the outward route from Japan via 
Fremantle and the right half shows the return 
route to Japan via Sydney. Although the Ant-
arctic route did not run along with the great 
circle as the Pacifi c Ocean route, the passage of 
time was approximately proportional to the 
propagation distance.

The received signal level of 40 kHz in-
creased from around November 18, 2007 pass-
ing east of the Philippines to south and it re-
mained at a high level until Fremantle with the 
fast noisy fl uctuations. According to the auto-
correlation coeffi cient method, the periodicity 
of autocorrelation coeffi cients that resulted 
from time code of one second was clearly ap-
parent in the JJY 40 kHz reception strength au-
tocorrelation coeffi cient on November 17 

indicated at Point A in Fig. 8 was suffi ciently 
higher than the noise level, thus well matched 
the predicted value and the autocorrelation 
shows the periodicity of one second (Fig. 11 
(a)). Conversely, the signal strength on June 7, 
two days later, indicated at Point C in Fig. 8 
was affected by the background atmospheric 
noise and the autocorrelation in Fig. 11 (b) 
shows a negative value without periodicity.

While the fi eld strength of 40 kHz declined 
with the distance, the 60 kHz wave fi eld 
strength became increased again from the south 
of the Aleutian Islands. It should be attributed 
to the US standard wave WWVB transmitted 
with 60 kHz same as JJY. The 60 kHz measure-
ment and prediction of WWVB waves for the 
entire course are shown in the lower case of in 
Fig. 10. The autocorrelation coeffi cients on 
June 5, when the JJY 60 kHz and the WWVB 
60 kHz level approached almost the same level 
(point A in Fig. 8), showed uniform positive 
values without periodicity. Twelve hours later 
at point B in Fig. 8, the WWVB began to in-
crease and the periodicity reemerged one sec-
ond in the autocorrelation coeffi cients. From 
the above, it is clear that waves which became 
stronger as getting closer to the U.S. West 
Coast were the WWVB.

As shown in the center and bottom cases in 
Fig. 10, the measured and predicted fi eld 
strength for 60 kHz wave over the Pacifi c 
Ocean route matched extremely well.

The Antarctic expedition ship “Shirase” 
left Tokyo on November 14, 2007 and arrived 
in Fremantle, on the west coast of Australia, on 
November 28. She then left the port on Decem-
ber 3, headed fi rst south and then along the 
Antarctic coast for the Syowa Station. On the 
return route, the “Shirase” departed the Syowa 
Station on February 15, 2008 and arrived in To-
kyo on April 12 after stopping at Sydney from 
March 20 to March 26. The transmission dis-
tance exceeds 9,000 km and signal strength be-
came weak beyond Australia. However, JJY 
waves were detected and confi rmed for a few 
days. Figure 12 shows the received and pre-
dicted fi eld strength, atmospheric noise level, 
and the great circle distance from the transmit-

Comparison between the measurement 
and predicted values of fi eld strength on 
the Antarctic route

Fig.12

Upper: 40 kHz
Lower: 60 kHz
(Cited from reference [12])
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measurement. Signals were determined by the 
presence of one-second periodicity in the auto-
correlation coeffi cients on the Pacifi c and Ant-
arctic cruise. However, phase tracking, Ampli-
tude Probability Distribution (APD) plot, and 
neighboring spectrum analysis are preferable 
in order to determine signal levels among inter-
ferences. Using APD and spectrum analysis to 
discriminate SFTS from standard radio waves 
and noise/interference, Iwama et al. showed 
that noise/interference were sometimes stron-
ger than standard radio waves in Tokyo [18].

Figure 13 shows the measurement for the 
“Argus” South East Asia outbound route from 
Tokyo to the coast of Thailand via Kao-Hsiung 
(Taiwan) and Shekou (Hong Kong) in 2007. 
The quasi-peak (QP) values and median (MD) 
values were determined using one hour data. 
Difference between QP and MD appeared be-
yond about 3,000 km showing that fading was 
coming up. In addition, increases in the recep-
tion level at each port suggest strong city noise. 
Receiver sensitivity of around 30 dBμV/m is 
insuffi cient to discriminate the SFTS for analy-
sis at noise increased low latitude.

The receiver sensitivity depends on its 
bandwidth and it is technically diffi cult to make 
the IF bandwidth considerably narrow. In order 
to clear the problem, a lock-in amplifi er was 

(course point D). Conversely, negative correla-
tion coeffi cient appeared with no periodicity on 
November 18 (course point E) due to noise. 
Furthermore, atmospheric noise predicted in 
the reference [17] increased close to signal lev-
el. Therefore, it is apparent that most of the re-
ception data until Fremantle from November 
18 was contaminated by atmospheric noise. 
However, signal periodicity was confi rmed for 
both 40 kHz and 60 kHz only on November 24. 
Furthermore, after leaving Fremantle, the 60 
kHz signal was last confi rmed on December 6 
at the distance of about 9,300 km from the 
transmitting station.

During the returning cruise, 60 kHz signal 
was recognized only from March 15 to March 
17 on the way from Antarctica to Sydney. The 
furthest distance point was 50 degrees south, 
9,600 km from transmitting station. Since then, 
signals could not be recognized due to the con-
tamination of city noise around Sydney and at-
mospheric noise around Papua New Guinea. 
JJY waves were received from April 2 after 
crossing the Equator.

As SFTS radio signals were interfered by 
tropical atmospheric noise throughout the en-
tire Antarctic route, constant measurement for 
40 kHz waves could be obtained particularly 
only up to approximately 2,000 km on the out-
bound route and approximately 4,000 km on 
the return route. However, 60 kHz signal was 
able to receive for approximately 8,000 km on 
both back and forth routes with the equivalent 
level of prediction. Also, strong man-made 
noise disturbed both 40 kHz and 60 kHz re-
ceiving while passing near large cities.

4 The development of highly 
sensitive receiving system

The above receiving system was designed 
based on fi eld strength measurements for do-
mestic in Japan. As a result, it is not sensitive 
enough to perform observations over long dis-
tances. In addition, separation of signals from 
fading, noise and interference, all of which are 
not a problem with manual observations in Ja-
pan, are essential requirements for automatic 

Measurement values of 40 kHz for the 
outbound route to South-East Asia

Fig.13

Red line: Quasi-peak (QP) values for 1 hour
Blue line: Median (MD) values for 1 hour
Green line: Atmospheric noise levels
Black line: Great-circle distance from the 
transmitting station
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employed to achieve equivalent narrow band-
width in reception by controlling the time con-
stant of lock-in amplifi er. Figure 14 shows a 
block diagram of the system. Each terminal of 
the X and Y axes of the antenna is connected to 
the 40 kHz and 60 kHz lock-in amplifi ers for 
the continuous data sampling. The 0.2 Hz 
bandwidth was equivalently achieved by set-
ting the lock-in amplifi er time constant to ten 
seconds.

Figure 15 shows the fi eld strength using the 
new and old receiving system when the “Shi-
rase” departed on the Antarctic cruise in 2009. 
She left Tokyo Harumi Wharf at 3 am Novem-
ber 10 (UT). However, JJY 60 kHz transmis-
sion was suspended from 11:30 to 14:30 on 
November 10 in order to avoid lightning dam-
age. Although both systems show almost the 
same variations, the lock-in amplifi er showed 
higher sensitivity than the fi eld strength meter 
by 15 to 20 dB as shown during the non-trans-
mission. As shown in the bottom case, the 
phase showed a moderate variation when sta-
tioned at Harumi Wharf. However, it rotated as 
the propagation distance varies when leaving 
the port. During the non-transmission, phase 
lock was released and the random records ap-
peared. This shows that the SFTS can be easily 
determined by means of phase variations.

5 Discussions

Measured and predicted fi eld strength for 
60 kHz wave matched extremely well through-
out the entire 8,000 km Pacifi c and Antarctic 
routes from Japan. Conversely, the measured 
fi eld strength for 40 kHz on approach to the 
U.S. West Coast was higher than the predicted 
values due to the atmospheric noise. Although 
consistent measurement over long distances for 
40 kHz could not be acquired on the Antarctic 
route due to the interference of atmospheric 
noise, the signals were sometimes received in 
some low interference areas showing good 
agreement with prediction. On the whole, the 
prediction method [5] could be suitable but a 
sensitive receiver is essential in order to con-
duct measurements up to 16,000 km. We ex-

Block diagram of the receiving system 
using lock-in amplifi er

Fig.14

JJY 60 kHz measurement on November 
11, 2009 when the “Shirase” departed

Fig.15

Upper: the black line stands for the distance 
from JJY transmitting station (right scale), 
the green line for the received data from the 
fi eld strength meter (Fig. 7), and the blue line 
for the received data from the lock-in ampli-
fi er (Fig. 14).
Lower: phase variations of JJY 60 kHz re-
ceived by the lock-in amplifi er.
JJY 60 kHz transmissions were shut down 
during the period boxed in red.
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The sunspot number (SSN) is customarily 
used for the parameter that affects the iono-
spheric activities. Ionization at the bottomside 
of the ionosphere is controlled by the soft X-
ray to ultra-violet radiation. The radiation of 
this wavelength is suitably represented by 
2,800 MHz solar radio emission (F10.7) rather 
than by SSN. The F10.7 is observed every day 
at Penticton Observatory in Canada and pub-
lished by NOAA. In addition, the F10.7 is also 
observed by NICT and these parameters can be 
automatically acquired through the network as 
a continual solar activity index while a three-
level SSN activity chart is utilized in current 
prediction method. Furthermore, modeling of 
the bottomside of the ionospheric region is also 
studied, therefore, it will be necessary to incor-
porate the results into the calculation algo-
rithms step by step together with verifi cations 
using worldwide measurements. The develop-
ment of the high sensitive receiver is just one 
step.
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pect that the lock-in amplifi er receiving system 
currently being developed will continuously 
receive signals beyond 10,000 km. Further-
more, we also expect highly accurate analysis 
by signal discrimination using phase tracking 
and APD analysis.

Since long range propagation of LF radio 
waves depends on many factors such as solar 
activity, seasons, time of a day, and transmit-
ting conditions, it is necessary to continue ex-
periments under various transmitting and 
ground conditions and to improve propagation 
theory. The measurements acquired so far are 
only worthy to verify one of the three solar ac-
tivities shown in Fig. 4. Therefore, it is neces-
sary to accumulate data for at least one solar 
cycle.

Although the prediction method in the ITU-
R recommendation has been greatly improved 
since the manual calculation age, repeated revi-
sions have caused the mixture of manual meth-
od, 2 hop numerical and 10 hop numerical. It is 
therefore necessary to arrange and rewrite the 
content. Since the existing calculation method 
was dragged on when the numerical method 
was introduced, the different values on ground 
conductivity were used for calculating ground 
waves, for antenna coeffi cients, and for ground 
refl ection factors of sky waves. A map of the 
relative ground conductivity is adopted in the 
ITU-R Rec. P. 832 [19]. It will be convenient to 
adopt these results for future recommendation 
to be consistent. If the map data is incorporated 
into an algorithm, relative permittivity and 
conductivity of each ground refl ecting point 
can be automatically input, while the represen-
tative values on the propagation path is input 
manually in the current specifi cations. Since 
PCs of the day have increased processing ca-
pacity and data recording volumes, there are no 
obstacles to include map data into fi les. The 
ground wave calculation software is published 
by the ITU-R and it is preferable to be adopted 
in our prediction method.
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