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Summary

In addition to the amplitude modulation by second markers the
carrier of DCF77 is phase modulated using a pseudb-random
phase-shift keying (PRPSK). The PRPSK is accomplished accord-
ing to a pseudo-random binary sequence of maximal length with
29‘states. Therefore the mean value of the carrier phase is
not influenced. At the receiver side the arrival time of the
PR cycles can be determined by cross correlation. Time com-
parisons with reference to UTC(PTB) demonstrate the capabili-
ty of the cross correlation method combined with PRPSK also
in the LF band. This technique makes better use of the fre-
quency spectrum available and results in a more precise LF
time distribution. The arrival times of Ehe.pseudo—random
cycles received 273 km from the transmitter fluctuate during
day time (except in winter) within a standard deviation of

less than half a period (< 6.5 us) of the carrier.
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1. Introduction

Due to a great number of harmful interferences, atmospheric
disturbances and man-made noise, amplitude-modulated time sig-
nals in the LF band can often be recorded only with narrow
bandwidth. Narrow-band reception has, however, the consequence
that the accuracy with which the arrival times of the ampli-
tude-modulated time signals are ascertained decreases with

the degree of filtering. When the arrival times of the ampli-
tude~modulated time signals received are to be determined

with as low an uncertainty as possible, it is therefore
necessary to use a broad band. Broad-band reception results,
however; in a high liability to interferences. This can in
part be compensated'for by suitable demodulation techniques,
averaging methods and other methods of noise suppression. All
conventional reception and averaging techniques for amplitude-
modulated time signals have, however, the disadvantage that
any phase—syﬁchronous harmful interference which falls within

- the effective bandwidth results in spurious modulation which

superposes the time 51gnals and cannot be separated from them.
A technique with which this disadvantage is .avoided because it
allows various signal components in the same frequency range
to be separated and which also excels by a high immunity from
disturbance is the cross correlation /1/. The advantages which
are known from the theory of the correlation technique can,
however, be made full use of only when pseudo-random noise
(PRN) signals are used /2/. In contrast to the conventional
secoﬂd markers, the duration of correlatlon is shorter for

PRN signals, which means a higher resolutlon in time. For

this reason, in the following, a correlation method adapted

to the transmitter DCF77, combined with PRN signals is des-
cribed which optimally utilizes the bandwidth available.



2. Cross correlator configuration for time transmission

Fig. 1 shows the principle of a correlator configuration for
time transfer. Essential elements of this configuration are
the delay network and the multplier with subsequent integra-

tor.

‘ l Disturbing signal z(t)

Time signal generator] x(t) | Transmission path x(t-‘[’o)+z(t)
(Transmitter) withdelay To
i
Searchingsignalgene-| y(t)| Delay network | Muiti- | Inte-
rator (Receiver) T plier grator
S 2T
TS R(T)

Fig. 1: Simplified cross correlator block diagram:
Arrival time determination of the received time
signal (TS) by means of the cross correlation

function R{(T).

Mathematically, the measuring operation which is carried out

by the cross correlator can be described by the following

equation:
- ; *T
R(T) = lim—=— [ [x(t = 1) + z(t)] <+ y (£ - 1) dat (1)
T+ 2T =T

When the averaging is expressed by a bar instead of the time

integral, eq. (1) may be written as:

R{(t) = x{(t - TO) c y(t - 1) + z(t) - y(t - 1) | (2)
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Eqdations (1) and (2) describe the principle of the Ccross
correlator: On the transmission path, the time signal x(t)
emitted by the time signal transmitter,ié superposed by a
harmful interference z(t). Furtheron, it undergoes a deléy )
Ty before it arrives at the receiver end at an input of the
multiplier. To the second input of the multiplier, via a
delay network, the search signal y(t) is supplied which is
generated in the receiver ang has the same properties as
x(t).

In the subsequent averaging of the product signal over a
sufficiently long integration time, the second term in eq. (2)
disappears when y(t) and z(t) are incoherent for al} values
of 1 and are statistically independent. At jts output the
correlator thus provides a correlation function R(T) which

is dependent only on x(t) and y(t) and free from superposed
interferences. When the time displacement 1 due to the delay
network is equal to the delay To ©n the transmission path,
R(1) becomes a maximum and the search signal y(t) tracked by
the‘delay line represents the time information which is emit-
ted by the traﬁsmitter and largely free from_interferences.

Pseudo-random noise signals have proved to be particularly
suitable for the correlation technique. Such signals have a
triangular correlation function with a correlation time of the
duration of 2 chips. As will be shown in the following, this
correlation function allows to easily obtain a confrol signal
with correct sign in order to adjust the delay network with

the aid of a control circuit to the maximum of R (7).



3. AM-compatible, pseudo-random phase-shift keying of the

DCF77 carrier

For DCF77, the modulation with a phase noise is made as
pseudo-random phase-shift keying of the carrier accérding to

a binary random sequence. In order to affect the use of DCF77
as a standard frequency transmitter to as small an extent as
possible, é small phase swing A@ = 10° is used. At a period du-
ration of 12.9 us, this corresponds to changes in the phase

time of + 0.4 us.

For the production of the pseudo-random sequence, a nine-stage
shift register is used which is feedbacked according to Fig. 2
and clocked with a clock frequency fT’= 645.83 Hz. This clock
frequency is as close as possible to the upper frequency limit
at which the transmitting antenna is still in a position té
follow the phase-shift keyings. It is a subharmonic of the
carrier frequency and can easily be derived from it by fre-

quency division (77500:120).

Enable/Clear
[« 2

Clgck ]

f 1 2 3| a| s 6 7| 8 9
Fsv//

N

Fig. 2: Nine-stage feedback shift register FSR for generation
of the pseudo noise sequence PNS. Flipflop FF forces
the FSR out of the "all zero state". Sequence inver-

sion keying (SIK) for data modulation.
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With the specified number of stages n = 9 and the duration for
1 chip of TT = l/fT = 1.55 ms the following vaiues result for
the length N and the duration TK of one noise cycle: N = 29 =
512, TK = N - TT =~ 793 ms.

Because of the signal structure of DCF77, the pseudo-random
generator is not operated continuously. An enable/clear pulse
serves to start it 0.2 s after the beginning of each second
marker and to stop it after completion of one complete noise
cycle, about 7 ms before the beginning of the next second
marker. This method ensures that the falling edge defined as
beginning of the second remains undisturbed and the noise
Cycles fall within the range of the 100 % amplitude also in
the case of extended 0.2 s second markers. As in each noise
cycle the states zero and one occur equally frequently (256
times each), the mean value P of the carrier phase subjec-
ted to pseudo-random Phase-shift keying between ¢, *t A¢ and

Pm Agp also remains unchanged.

The flipflop FF ensures that the pseudo-random generator can
start from the state zero. At the beginning of the cycle, FF
is set to one so that at the first clock pulsé after the re-
lease, a one is read into the first register stage. As soon

as this one has traversed the first stage, FF is set back to

the state zero.

The feedbacked shift register is followed by an exclusive OR
gate with which binary data can be added by modulo 2 adding to
the pseudo-random Sequence generated /3/. In the case of the
data state zero, the pPseudo-random sequence PNS traverses this
data adder SIK without a change, whereas in the data state
one, it takes the inverted form §ﬁ§. With each noise cycle,
one bit is transmitted, the binary information transmitted
with SIK (sequence inversion keying) being the same as the
conventional one which is emitted by pulse duration modula-
tion of the AM-second markers /4/. In the case of SIK, only

the minute marker identification is different; Instead of
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omitting the 59th second marker, 10 inverted PNS sequences
are transmitted in the seconds 0 to 9.

1s -

jls——200ms 512 =793ms

e (—

Fig. 3: Amplitude and phase of the DCF77 carrier during one

} second.
To illustrate the relations described, in Fig. 3 the amplitude
response and the phase response are plotted over the duration
of a second for the data state zero. To the state "low" at the
output of the data adder the phase Pm + Agp, and to the state
"high" the phase O = Ap, were assigned. In the steering signal
the phase shift keyings and the amplitude changes at the be-
ginning and at the end of the time markers take place in
positive zero crossings of the carrier at the defined times.
This ensures that the carrier, the amplitude-modulated time
signals and the noise cycles are aiways phase-locked. At the
receiving end, these sudden changes are not, however, recog-
nizable, as phase and amplitude build up only with great
time constants.
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4. Frequency spectrum of the DCF77 signal

In the frequency domain the spectral density envelope of the
DCF77 signal follows a (sinx) /x distribution with minima at
multiples of the clock frequency fT. The envelope is filled
with 'spectral lines whose frequency distance is fT/N.YThe
amplitudes of the line components are dependent on sinlAg while
the carrier amplitude is a function of cosA¢ /5/. Figure 4
shows the measured frequency spectrum of the DCF77 PN code.
Due to the resolution bandwidth of the spectrum analyser the
spectral lines degenerate to a continuous spectral density

envelope.

755 765 775 785 kHz 795

Fig. 4: Spectrum of the DCF77 signal measured with 100 Hz
resolution bandwidth at the transmitter‘station:
a Spectrum of the generated steering signal
b Spectrum of the radiated signal

¢ Carrier without modulatibn



5. DCF77-phase noise reception, tracking and data readout

Fig. 5 shows the basic circuit of the receiving arrangement
for the evaluation of the carrier noise developed at the PTB.
The voltage-controlled quartz oscillator 1 provides the output
frequency 6.2 MHz which allows the carrier frequency 77.5 kHz
and the decadic frequencies 10 Hz and 1 Hz to be obtained by
integer frequency division. After frequency division by 80 in
the divider 2, the oscillator signal converted to 77.5 kHz is
supplied to the phase detector 3 where it is compared with the

DCF77 signal received. The received signal is supplied to the

detector 3 via the band pass 5 (Af = 4 fT) and the amplifier 4.

If there is a phase difference between the converted uvscilla-
tor signal and the received carrier signal, the phase detec-
tor 3 supplies a control voltage of corresponding size and
sign which readjusts the quartz oscillator 1 through a PI con-
trol system element 6 until there is phase coincidence at the
phase detector 3. This method allows a voltage to be obtained
at the phase detector which on average becomes approximately
zero. In the adjusted state it is superposed only by the rapid
fluctuations produced by the pseudo-random phase-shift keying.
The phase detector output signal thus represénts the noise se-
quence received which is required as reference signal for the

correlation control loop in the lower part of the circuit.

The phase detector 8 mixes the oscillator signal shifted

by 90° with the signal received. The mixed product is a vol-
tage which is proportional to the envelope of the carrier.
The signal shaper 9 following the phase detector, which
consists of a comparator, converts the envelope signal into
the pulse sequence Z which according to the coding of DCF77
consists of second pulses 0.1 s and 0.2 s long. These circuit
elements practically represent a synchronous demodulator for

the amplitude-modulated time signals.
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Fig. 5: Block diagram of a delay-lock tracking receiver with
data readout.

The lower part of the block diagram represents a delay-lock
loop with data readout. The pseudo-noise generator 15 produces
three random sequences displaced in time. The two sequences
pE(t - TT/2) and Pg (t + TT/Z) displaced by Tp are multiplied
in the multipliers 11, 16 by the sequence pS(t) coming from
the transmitter. For averaging, the product signals are sub-
sequently supplied to the integrators 12, 17. The subtrac-
tion 18 of the integrator output voltages finally provides a
correction signal to drive the phase shifter 10. If the loop
is closed, the sequence pE(t) is brought to coincidence with
the received sequence ps(t) and the multiplication in 21 and

integrating in 22 of both sequences Yyield a maximum (corre-



lation) or a minimum (anticorrelation) depending on whether a
data zero or a data one is being transmitted. At the end of
each noise cycle, the modulation detector detects whether cor-
relation or anticorrelation is concerned and outputs the cor-
responding binary data. Furthermore, in the summation stage 18,
it changes the incoming integrator output polarity so that re-
gardless of whether a data zero or a data one is being trans-
mitted, the control voltage will always be of the proper po-
larity for tracking. The clock frequency for the PN genera-
tor 15 is derived from the divider 13 (divided by 100) and

the divider 14 (divided by 812 = 96).

bivider 19 and binary counter 20 provide the 1 Hz pulses F and
P (cf. Fig. 6). These pulses enable and clear the PN generator,
and before the beginning of each cycle, they erase the inte-

grators. Furthermore, they cause the data readout at the end of

each cycle.
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Fig. 6: Timing diagram of the individual pulses Z, F, P and
the pseudo random noise sequences generated and re-

ceived in the delay-lock receiver of Fig. 5.
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6. Measurement results

Investigations and measurements carried out at the PTB using
the PRPSK method have confirmed that both the binary data can
be reliably recognized and the arrival times of the noise sig-
nals can be determined with a small uncertainty. The super-
iority of the pseudo-random noise signals chiefly appeared on
days with strong atmospheric disturbances due to lightning
discharges. Fig. 7 gives some measurement values. They show
the time differences UTC(PTB) - UTC(DCF77) + K measured daily
at 11.00 h and 23.00 h over abQut 200 days in Braunschweig
(situated at a distance of 273 km from the transmitter) .
UTC(DCF77) designates the rising edge of the pulse F defined
in Fig. 6 and K means a delay constant. It can be seen that
due to the influence of the sky wave, the fluctuations oc¥
curing in the night are greater than those occurring in ‘the
day-time. It can further be seen that the scatter increases
during the day when from about mid-October, the sky-wave share
increases. The following table gives some typical standard de-
viations for various day-times and seasons at a distance of

about 300 km from the transmitter;

Typical standard deviation

of an individual of an individual of a daily mean
value from the value from the value from the

daily mean value nightly mean value | monthly mean

(10000 s values) (1000 min values) value
summer 2 us 14 us ' 4 us
winter 9 us 22 us 10 us
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7. Conclusions

The cross correlation technique combined with pPseudo-random
phase-shift keying of the carrier can successfully be used
also in the LF band. This technique makes better use of the
frequency spectrum available and results in a more precise LF
time distribution and increased reliability. Under usual re-
ceiving conditions, thé arrival times of the transmitted
pseudo-random noise cycles can be obtained with a smaller
uncertainty than is possible with the‘common AM second mar-

kers.
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