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Abstract

E-Czas Radio is a service for distributing official Polish time data using a long-wave AM broadcast transmitter
operating at 225 kHz. Although the system is still being developed, it already offers the possibility of
distributing time with accuracy exceeding the operator's initial declarations. However, an independent
assessment of the quality of time dissemination and the possible accuracy of end-user device synchronization
will be required to verify the system assumptions and estimate the system performance characteristics.
Therefore, a set of measuring receivers for detecting time messages and measuring the message time of arrival
has been built at the Gdansk University of Technology. This paper presents the proposed method for signal
processing and message time detection, along with the results of preliminary tests on the quality of time and
frequency sources used as references for the evaluation of e-Czas time data and the relative errors of message
detection times between different receivers.
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1. Introduction

Accurate and reliable time information is essential for the correct operation of many
technical systems. Telecommunications networks, power grids, banking processing systems
etc. must be synchronized, and the required reliability of time synchronization is increasing as
these systems becomes more important and more complex. Accurate device synchronization
and time measurements are essential parts of time-based positioning systems, which is why,
in addition to the basic positioning and navigation services, a time distribution service is
offered, for example, by all time-based global navigation satellite systems (GNSS), such as
Global Positioning System (GPS), Galileo and Beidou. In fact, GNSS-based time distribution
is often considered the easiest to use due to the almost global GNSS coverage and the high
availability of relatively inexpensive GNSS-disciplined clocks, both in form of a standalone
devices and modules for integration with other equipment. However, the most important
advantage of GNSS-based time synchronization is its accuracy, which can reach the
nanosecond level, high enough for most applications. Unfortunately, GNSS signal reception is
mainly limited to outdoor environments due to the low signal power at ground level and the
high attenuation of the GNSS frequencies by buildings and construction materials. Receiving
GNSS signals indoors using mobile devices usually requires some additional fixed
infrastructure in form of signal repeaters, which makes such solution more difficult to
implement. In addition, GNSS signals can be easily jammed, which can lead to the
unavailability of both position and time data [1, 2]. Such deliberate jamming and spoofing has
recently been observed across large parts of Eastern Europe and the Middle East [3], some
GNSS signal jamming incidents have also been reported in South Korea. Therefore, in some
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applications, other independent sources of time data may be required. Considering the high
attenuation of radio frequency (RF) signals in ultra-high frequency (UHF) band in buildings
and susceptibility to interferences caused by low signal power levels, time distribution
systems that utilize low frequency (LF) band can be an interesting alternative to GNSS-based
time synchronization. Time synchronization can also be achieved using network-based
solutions and the Network Time Protocol (NTP) [4] or Precision Time Protocol (PTP) [5]
protocols. The NTP protocol allows to achieve millisecond-level accuracy using global
networks [6], even mobile networks such as 4G / Long Term Evolution (LTE) [7], and tens of
microseconds in case of local networks, but its performance depends on the communication
network parameters such as bandwidth or variable latency [8]. In applications that require
high level of reliability, dedicated solutions for time dissemination are implemented. An
example of devices synchronization via power grid can be found in publication [9], together
with comparison of requirements regarding synchronization accuracy for different purposes.
Much higher accuracy of time synchronization between network-enabled devices should be
provided by PTP-based equipment [10], but sub-microsecond synchronization quality in PTP
requires dedicated network equipment (switches, routers) and stable communication link
parameters. Both of these network-based synchronization methods require a bidirectional
communication channel in the form of some kind of computer network, but in applications
where such communication is not available radio-based time dissemination services that use
low-frequency band may still be the best option.

The LF band is defined by the International Telecommunication Union as the frequency
range between 30 kHz and 300 kHz [11]. For example, DCF77 operates in this band, which is
the most widely known time data transmitter in Europe, located near Frankfurt in Germany.
The DCF77 uses 77.5 kHz carrier with combined amplitude shift keying (ASK) modulation
used to encode date, time and additional information by changing duration of carrier emission
with reduced power, and with additional phase shift keying (PSK) modulation for more
accurate detection of signal time of arrival and higher time synchronization accuracy [12].
This additional PSK modulation allows achieving a standard deviation of time
synchronization better than 20 microseconds [13]. A similar data frame structure, but
a different modulation scheme (PSK) is used by another European time transmitter ALS162
in Allouis, France [14]. The ALS162 is declared to provide time accuracy of no worse than
1 ms [15]. Both consumer-grade and industrial-grade receivers for time synchronization using
DCF77 and ALS162 are commercially available [16, 17]. The International Bureau of
Weights and Measures provides an annual report [18] with a brief description of other active
time signal transmitters and authorities responsible for their operation and maintenance.
However, most of them are located outside Europe.

In addition to dedicated time dissemination transmitters, such as DCF77 and ALS162, time
data can also be found in the LF band in the signal of some Loran-C transmitters. Although
almost all American and European Loran transmitters ceased operation in 2010 and 2015
respectively, there are still a few transmitters active, including the transmitter at Anthorn, UK.
This transmitter operates in e-Loran mode with additional pulse position modulation for data
transmission and transmits time data as well as differential corrections for GNSS-based time
dissemination and positioning. E-Loran receivers for time synchronization are also
commercially available [19, 20], therefore Loran-based time dissemination is ready for use,
although in practice it is not very common.

The signal from the German DCF77 transmitter can be received in Poland, but the
increasing level of industrial interference in the LF band, observed in urban environments,
together with high variability of the LF radio signal propagation characteristics make it
difficult to use the DCF77 signal during daytime. Stable reception of the ALS162 or Loran
signal from Anthorn in Poland is even less possible. But at the end of 2023, the Polish Central
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Office of Measures (COM) announced the start of the transmission of Polish time data in the
“e-Czas Radio” (“e-Time Radio”) service using the AM broadcasting transmitter in Solec
Kujawski (Poland) on 225 kHz frequency [21]. This transmitter is a broadcast transmitter that
uses the standard double-sideband amplitude modulation (DSB AM) to transmit the audio
signal of the First Polish Radio Program. High transmitter power, up to 1.2 MW and a dual-
antenna array (330 m and 289 m) for directional radiation pattern, which compensates for the
non-central position of the transmitter facility in Poland, guarantees stable signal reception
throughout the country both during the day and at night [22]. Polish official time data is
transmitted using additional phase shift keying modulation, the parameters of which have
been selected to reduce the risk of mutual interferences between AM modulation sidebands
with the audio signal and PSK-modulated data packets. Although the time dissemination
service is called e-Czas Radio, the emission of time data is presented in technical literature as
“PCSK225” [23]. The signal structure and modulation parameters are briefly presented in
Section 2. The Central Office of Measures declares the possibility of achieving end user
device synchronization accuracy of no worse than 10 ms [23]. Although initial tests
performed in 2024 have shown that radio packets with time data are transmitted irregularly,
the LF transmitter has recently undergone a significant update and now allows for stable
reception of time data with millisecond accuracy. Therefore, the “e-Czas Radio” system is
ready for use, but no reliable data on its performance in time dissemination is yet available.

Even though the e-Czas service is relatively new, the first devices that utilize data
transmitted from Solec Kujawski for time synchronization are already developed and
available on the market [24]. However, before this new source of Polish official time can be
used by the government, administration, industry or academia, the actual quality of time
dissemination and the possible accuracy of end user devices synchronization must be
assessed. For this purpose, a set of time data receivers was designed and built at the Gdansk
University of Technology, which allows for measuring the time of arrival of phase-modulated
time data packets and estimating the absolute and relative accuracy of time dissemination.
The development and construction of the receiver network was performed within statutory
activities at the Gdansk University of Technology, and the author is in no way associated with
the Central Office of Measures. Therefore, the developed devices can be used for an
independent, objective assessment of the quality of time data transmission using long-wave
transmitter at 225 kHz.

The block diagram of the proposed receiver network for the evaluation of the e-Czas Radio
time dissemination service 1s shown in Fig. 1. Currently, a set of four receivers has been built
as the minimum number of devices enabling simultaneous, synchronous reception of the
225 kHz signal from Solec Kujawski in four locations:

— a stationary receiver in close proximity to the transmitter — reference measurements to
assess the effects of mixed AM DSB and phase modulation;

— two stationary receivers in urban and rural areas at a similar distance from the transmitter
— to evaluate the effects of man-made interferences;

— a receiver installed in different locations to evaluate time synchronization quality
depending on distance and terrain type.

The receivers are connected to the central database via an IP link, using e.g. cellular
network or fixed network. However, the design and implementation of the central database
and communication is straightforward, and the description of this part of the receiver network
would not bring any new knowledge to the field of measurement techniques. Therefore, this
article mainly focuses on the description of the e-Czas Radio signal structure, the design of
measuring receivers and the signal processing methods implemented in these receivers to
measure the e-Czas Radio packet time of arrival.
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The rest of the article is organized as follows: The structure of the e-Czas Radio signal is
briefly presented in Section 2, with a discussion of the unclear and yet undefined details of the
signal structure or reception method. The next section describes the developed receivers for
evaluation of the time dissemination service characteristics. A discussion of the possible
accuracy of the e-Czas signal parameters estimation is presented in Section 4. The last section
concludes the paper.
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Fig. 1. Block diagram of receiver network for e-Czas Radio time dissemination performance assessment.
2. Time signal structure

The description of the e-Czas Radio signal structure is based on the signal specification
[25] published on the project website and the official English translation of the specification
[26] together with the documentation of an exemplary receiver [27], which are available on
GitHub.

A one-minute frame is divided into 20 time slots, counted from 0 to 19, each slot lasting
3 seconds. The time slot number 0 starts at the beginning of a new minute. Messages are sent
at a bit rate of 50 bps and consists of 96 bits, so their duration is 1.92 s, which is shorter than
the duration of one slot. The signal specification does not indicate the timeslot to be used for
time data transmission, but since the time message contains a timestamp field with 3-second
resolution, equal to time slot duration, time data messages can be transmitted in any time slot
within frame. In the current system implementation, packets with official time are transmitted
irregularly and number of slots in frame with time data varies from 1 to over 10, but it is
confirmed from observations that at least one time packet is transmitted in each minute. Other
slots can be used for transmission of other messages, not related to time dissemination, but
only the format of the time data message is covered by the specification [25] and [26].

Messages sent in e-Czas Radio system consists of 96 bits, from which only 37 contains
official Polish time and supplementary data. The structure of the official time messages is
shown in Table 1 [26]. The third field with the fixed sequence “101” is used as a reference
point for the timestamp data encoded in the 30-bit field SO to S29: the start of “0” symbol in
this sequence is delayed by exactly 0.5 second from nominal packet transmission time,
indicated by the timestamp. Considering that “0” in the “101” sequence is preceded by 25
symbols, each with a duration of 20 ms, this means that the timestamp data refers to the start
of the entire message transmission, which is to be expected.

Although almost entire message is coded using Reed-Solomon (R-S) error correcting code,
the specification [26] does not disclose any parameters of the R-S code. It is somehow
surprising that the R-S code includes only 36 bits from bit SO to SKO, but not the SK1 bit.
Furthermore, also the 8-bits cyclic redundancy code (CRC) checksum parameters
(polynomial) are not presented in [26]. Some information about the R-S code parameters can
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be found in the documentation for the reference receiver [27]. It has been experimentally
shown that actual messages received from Solec Kujawski are encoded using a polynomial
“19” which is equal to D* + D + 1, and the initial root is equal to 9. All recorded time data
packets had the CRC field that matches the polynomial x® + x? + x + 1, known as CRC-8
CCITT, with the initial state of the shift register equal to all “0”.

Table 1. Structure of messages with time data.

Field .length Field Description
[bits] name(s)
16 - Preamble: fixed synchronization pattern (0x5555, MSB first)
8 - Fixed start of frame delimiter, message ID (0x60, MSB first)
3 - Fixed sequence “101” that indicate reference point for time synchronization
30 SO to S29 Timestamp expressed in three-second periods counted from Jan. 1, 2000
2 TZ0, TZ1 Local time shift, 00=no shift, 10=+1 hour, 01=+2 hours, 11=+3 hours
1 LS Bit indicating announcement of introduction of a leap second
1 LSS Bit indicating leap second sign
1 TZC Bit indicating upcoming summer/winter time change
State of LF transmitter in Solec Kujawski, 00=normal operation, 10=planned
2 SKO0, SK1 shutdown for one day, O1=planned shutdown for a week, 11=planned shutdown
for more than a week
24 RS ECC Reed-Solomon error correction bits
8 CRC-8 Checksum

According to the specification, time messages are scrambled before transmission by
calculating the modulo-2 sum with the fixed sequence 0x0a47554d2b, but the purpose of this
scrambling is not defined. It has been observed that even with this scrambling, long streams
of “zeros” and “ones” are possible in scrambled messages, therefore this scrambling does not
guarantee a large (or constant) number of phase transitions in the radio packets, which could
potentially improve the quality of time of arrival measurements.

A sample time message from Solec Kujawski, recorded using one of the receivers
presented in the next section is shown in Fig. 2. This graph presents the instantaneous carrier
phase as a function of time, with respect to the unmodulated carrier phase observed before the
message transmission began. It may be a little surprising that carrier phase modulation is
unipolar with negative phase shift only, as such phase bias may theoretically alter functioning
of some synchronous receivers with carrier recovery, but vast majority of AM broadcast
receivers use envelope AM detectors that are not susceptible to carrier phase modulation.
Thus, such phase modulation has no effect on the main emission of double-sided AM
modulation and reception of the public radio broadcast service.

The published e-Czas Radio signal specification [26] lacks some important information,
crucial for the correct design and implementation of time distribution receiver. The first
missing data are the carrier phase modulation parameters. Some details about the carrier
modulation are only included in documentation of exemplary receiver [27]: the carrier phase
shift is negative: —36° +3.6° with a linear phase transition between opposite symbols and the
plot in Fig. 2 confirms these parameters. But the phase change ratio is not defined, instead
there is a disclaimer that the modulation parameters may be changed in the future. During
correspondence, the Central Office of Measures stated that the time of linear phase transition
between symbols is currently set to 19 ms, but the author was informed that the modulation
parameters are not fixed and can be changed in future to tune the system for best performance.




J. Sadtowski: RECEIVER NETWORK FOR ASSESSING THE ACCURACY OF TIME DISTRIBUTION IN E-CZAS RADIO SERVICE

5 \ T T T T

T i AT

)

5]

L. q0k i

P

D 151 4

=

a ool |

| -

8 sl )l

_

& sof \_J 4
351 L.J LJ U U J U | |
_40 | 1 | 1 | 1 1

-1000 -500 0 500 1000 1500 2000 2500 3000

t [ms]

Fig. 2. Carrier phase modulation of the LF transmitter at 225 kHz — time data.

The second important missing information is the description of the reference method of
measuring the signal time of arrival, which should be used in order to get the highest accuracy
of time synchronization. Implementation of other detection method, which was not considered
by the system designer, especially when the exact shape of the transmitted messages is not yet
precisely defined, can cause both systematic and random errors and significantly affect the
results of the evaluation of the e-Czas Radio system performance. Therefore, the structure of
the measuring receivers, described in Section 3, was designed taking into account the
experience gained in the construction of receivers for time-based positioning systems, with
particular emphasis on the possibility of easy updating the signal time of arrival detection
method, which is performed in the software.

3. Measuring receivers for time signal parameters evaluation

Although the e-Czas Radio service is advertised as a solution which allows to get time
synchronization no worse than 10 ms, one can expect a much better accuracy, at least by an
order of magnitude, especially in good propagation conditions. Therefore, the receivers for
evaluating the system parameters must be able to demodulate the carrier phase from the LF
signal at 225 kHz in the presence of AM modulation sidebands, detect the beginning of the
data messages, and measure the time of arrival of the signal with respect to an external, high-
quality time reference, with a resolution and accuracy much better than 1 ms. Taking into
account the arguments presented in Section 1, a GNSS-disciplined oscillator, capable of
providing both a highly stable 10 MHz clock for driving the receiver and 1 pulse per second
(PPS) pulses for precise time synchronization, was selected as the source of the time and
frequency reference.

The relatively low frequency of the signal from the transmitter in Solec Kujawski allows
the use of a direct sampling receiver structure without the need for any analog frequency
conversion. The direct sampling receiver has some advantages, that can be important in
implementation of the receiver for assessing the quality of time data, such as very limited
distortion of the signal phase characteristics due to analog filtering limited only to wideband
anti-aliasing filter before analog to digital converter (ADC), with almost linear phase
characteristics in the passband. All other signal processing is done in the digital domain,
which ensures stable and predictable delays, and in case of finite impulse response (FIR)
digital filters: also perfectly linear phase characteristics. Therefore, direct sampling LF
receivers were needed, which allows synchronization of the signal sampling with external
time reference. Despite the large selection of software-defined radio (SDR) devices, only
a few of them cover the low-frequency band. For example, the Ettus Research USRP N200
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[28] equipped with LFRX daughterboard [29] works in the frequency range from 0 to
30 MHz, but the LFRX board contains only buffers with unity gain, connected directly to the
inputs of ADC converter. Therefore, this SDR platform offers very poor sensitivity, about —
45 dBm, and because it only performs ADC operation, all further data processing (frequency
conversion, filtering, phase estimation) must be performed on a PC computer. In fact, the
N200 with LFRX daughterboard was used to create the first prototype of the software-based
e-Czas radio signal receiver, but the need for external filters and preamplifiers, as well as the
high requirements for the computing power of the PC, made this solution unfavourable and
that is why USRP-based e-Czas receiver is not presented here. Another SDR receiver, called
KiwiSDR [30], has all the required RF filters and preamplifiers already built in, but since it
was designed to work as remotely controlled receiver for radio amateurs, implementing
e-Czas PL reception using this device would require the preparation of new firmware and
FPGA code, and it is also uncertain how good time synchronization would be achieved using
the built-in GPS receiver. However, considering the advantages and disadvantages of the
various SDR devices available on the market, the e-Czas Radio signal receivers were
designed similarly to the KiwiSDR receivers. The main component of the receivers is the
Zynq chip, which consists of FPGA and ARM processor, allowing the use of fast and highly
predictable digital signal processing in the FPGA together with the flexibility of software-
based signal processing in ARM processor running Petalinux. The block diagram of the
receivers is presented in Fig. 3.

AMD ZYNQ,
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|ARM | AXlDualport| |
FPGA memory
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Fig. 3. Block diagram of e-Czas Radio signal receivers.

The loop antennas were chosen for receiving 225 kHz LF signals. The antennas consists of
3 turns of wire on 30 cm diameter inside copper shielding tube and they are not tuned to
resonance to provide the flattest possible phase response near the frequency of the signal with
time data. The signals from the antennas are filtered using 5" order LC low-pass filters with
a cut-off frequency of 250 kHz. The signals are then amplified in a two-stage wideband
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amplifier with fixed gain and in a variable gain amplifier (VGA). All these amplifiers are
used to provide a signal level suitable for the analog-to-digital converter, but since the phase
demodulation is not vulnerable to signal amplitude change over a wide range, automatic gain
control is not needed. Thus, the VGA is used only to manually set the overall path gain during
receiver installation to ensure correct operation, and the VGA gain is then kept constant
during receiver operation.

After amplification, the signals are sampled and converted to the digital domain using
LTC1470 ADC, clocked at 1 MHz sampling rate. Next, the real-valued digital signal is
downconverted from 225 kHz to a complex baseband signal using a 225 kHz complex
harmonic signal generated by a digital direct synthesis (DDS) block implemented in the
FPGA. The signal carrier frequency and the sampling frequency have a rational ratio of 9/40,
therefore generating the local oscillator signal using DDS does not introduce any frequency
rounding errors. The next step in digital signal processing, before phase detection, is to
remove the AM sidebands, which should occupy the spectrum between 100 Hz and 4.5 kHz.
This can be done using low-pass filters with a cut-off frequency of 40 Hz, as shown in the
simplified block diagram in Fig. 4a. The cut-off frequency was selected manually as the
lowest value that does not reduce value of carrier phase peak-to-peak deviation during
reception of packet preamble, selected for time of arrival measurements. However, with such
a low cut-off frequency, high requirements on the filter transition band and relatively high
sampling rate of 1 MHz, the required finite impulse response filter length is about 20000.
Such a long impulse response causes high demands on computational resources and the
output signal, with bandwidth limited to 40 Hz, is unnecessarily oversampled. Therefore,
digital signal filtering is divided into three stages, shown in the block diagram in Fig. 4b. The
first filter is a low-pass FIR filter with a cut-off frequency of 50 kHz, which processes signal
samples with a sampling rate 1 MHz. Then the signal is decimated by a factor of 5 to obtain
a lower sampling rate equal 200 kHz. The second FIR filter has cut-off frequency of about
4 kHz, and the signal from the output of this filter is decimated again, this time by a factor of
10. Finally, the signal with sampling rate of 20 kHz is filtered by a third FIR filter with the
final cut-off frequency of 40 Hz. Although this signal processing chain may seem
complicated, it allows for a significant reduction in the total number of signal multiplications,
firstly because the sum of the impulse response lengths of all three implemented FIR filters
(101+5014+3001) is lower than the required filter length in case of single-step filtration, and
secondly because many operations are now performed using the lower sampling rates
of' 200 kHz and 20 kHz.

a)
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225 kHz _\e - —
atan) ase | o racke
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Clock Local oscillator g FIR LPF 40 Hz
1 MHz 225kHz |20
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Fig. 4. General concept (a) and real implementation (b) of digital signal processing in LF receiver.
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The phase detection of the low-pass filtered baseband equivalent of the 225 kHz carrier
signal is performed using a four-quadrant arctangent function, and after phase unwrapping,
time data packets can be detected. However, unlike signal downconversion, decimation and
filtering, which should remain unchanged even if the e-Czas Radio system operator
introduces some changes to the signal modulation parameters, the method of packet detection
and time measurement can be highly dependent on modulation details that have not yet been
defined in the published system specification. Therefore, all signal processing steps after final
low-pass filtering are performed in software, which is why the receiver block diagram shows
a buffer between the FPGA part and the ARM processor just after the last FIR low-pass filter.
The stream of complex baseband signal samples from the FPGA is divided into blocks of
1000 samples (50 ms) and mapped to the ARM virtual memory space for further software-
based processing.

All signal processing blocks in the FPGA are driven by clocks derived from an external
10 MHz clock from the Trimble “Mini-T GG” GNSS disciplined oscillator. This GNSS
receiver also provides a 1 PPS signal which, together with the GPS date and time, decoded
from messages sent over the RS232 interface, allows to attach a timestamp to all signal
samples with a resolution of 50 ps. The sample timestamp resolution is defined by the
sampling rate of the last decimation stage in the FPGA, but the accuracy of the signal
sampling and the timestamp is defined by the quality of the GNSS receiver. Trimble declares
that the standard deviation of error of the 1 PPS pulses with respect to the GPS system time is
about 15 ns (1o6), which is over three orders of magnitude better than the final sampling period
and about five orders of magnitude better than the expected accuracy of time dissemination in
the e-Czas system.

The specification [26] does not describe any reference method for estimating the signal
time of arrival. However, given the general description of the message format and the
observed phase plots from currently transmitted messages, a simple method for measuring the
message time has been proposed, which is based on the synchronization sequence from the
packet preamble. The preamble consists of 16 bits which form a sequence of alternating bits
“0” and “1” (Table 1). Figure 2 shows that this sequence form a highly repeatable waveform
with almost triangle-like shape. Given the available details of the signal structure, the ideal
carrier phase diagram should look as shown in Fig. 5a: the change from bit “0” to “1” and
vice versa consists of a linear phase change that takes 19 ms, followed by a stable phase value
during the last 1 ms in 20 ms long symbol. The system specification does not define whether
the symbol start time is counted from the beginning of the linear phase change, as it is
presented in Fig. 5a, or from the time when phase value crosses threshold of half the value
between carrier phase corresponding to “0” and “1” (—19° relative to the unmodulated carrier
phase). When designing the receiver software, the author assumed that the phase change starts
at the beginning of the symbol duration time, but if the latter possibility is true, there will be
a constant time error of 9.5 ms, which will be easy to detect and compensate.

Multiple signal filtering steps at the transmitter side as well as in analog and digital filters
at the receivers remove all sharp transition between different parts of symbols and create
distinct maxima and minima in the instantaneous carrier phase plots as shown in Fig. 5b. By
using FIR digital filters with a symmetric impulse response shape, local maxima and minima
should occur exactly in the middle of a symbol time period with a theoretically constant
carrier phase, which should be 19.5 ms after the start of the nominal symbol duration time.
Therefore, a simple algorithm for estimating the message time of arrival is proposed, which is
based on detecting the occurrence of local phase maxima/minima (carrier phase value peak
detection) near the end of bits number 2 to 15 in the message preamble sequence. When ¢, is
the detection time of the maximum/minimum phase at the end of bit n for n = 2 ... 15, the
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message start time T is calculated by averaging the detection results compensated by the
duration of the previous symbols:

T =05 +—=%15,(t, — 20 - n) [ms] (1)

It has been tested in practice that even without external interferences, noise generated by
preamplifiers and quantization noise in ADC is sufficient to create conditions for quantization
dither, which allows for sub-sample time measurement resolution. The message time
detection method can also be based on cross-correlation of received preamble and locally
generated signal template with fractional delay for sub-sample resolution, however, it has
been checked that correlation-based detection is more demanding in terms of computational
resources but does not allow for a statistically significant improvement in the accuracy of time
estimation comparing to peak detection. In contrast, the threshold crossing method may be
less accurate due to its possible vulnerability to nominal phase deviation value that may be
changed in the future and for this reason it is not recommended.

a)

19 ms phase slope 11 ms
-

Bit ,, 1"

Fig. 5. Carrier phase theoretical shape a) and model used for detection of message time b).

After successfully detecting the message and measuring the time of arrival, the received
packet is demodulated and decoded according to the encoding rules described in Section 2.
When the CRC-8 checksum value is correct, the decoded message and the results of
measurement of signal time of arrival are sent to central database. Optionally, samples of the
recorded signals can also be sent for further evaluation of the time data signal quality.

By splitting the digital signal processing between a hardware implementation in the FPGA
part of the Zynq XC7Z020 “System on Chip” (Artix-7 structure, 85k logic cells) and
a software implementation using the dual-core ARM processor in the Zynq chip, a high
degree of flexibility is achieved in the design and implementation of message time of arrival
detection. The message detection, decoding, parameter measurement and communication with
the central database use only a little over 7% of the processor’s computational capability,
including the overhead caused by the Linux system. All receivers were built using
commercially available “Zedboard” development boards connected to custom boards with
analog filters, preamplifiers, ADC converters and input/output interfaces for communication
and clocking the Zynq with GNSS clock. Currently, the set of four receivers is completed
together with a simple database on a central server for storing and processing data. All
receivers communicate with the server using IP link. The development boards are equipped
with a 1 Gb Ethernet interface that can be connected to almost any type of IP network
available at the measurement site, the prototypes are also equipped with a 3G/4G cellular
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router. Transmission of measurement results generates less than 1 MB of traffic per day, the
additional transmission of signal samples increases the traffic to about 250 MB per day.

4. Tests

Before the receivers are installed in the planned signal recording locations, it was
necessary to test their correct operation, especially in terms of signal detection time
measurements.

4.1. Verification of GNSS disciplined clocks performance

The e-Czas signal receivers use Trimble “Mini-T GG” GNSS disciplined oscillators as
main source of both reference frequency, used for RF signal frequency conversion and ADC
clocking, as well as reference time, used for sampling synchronization and estimation of e-
Czas radio packet detection time. Therefore, parameters of these GNSS clocks directly
influences receiver performance. Trimble declares short-time standard deviation of the 1 PPS
pulses at the output of GNSS clock to be no worse than 15 ns (1o) [32]. However, as the
devices used to build the receivers are not new (in fact: they are no longer offered by
Trimble), they have been tested for correct operation by comparing the 1 PPS outputs from
two GNSS clocks with 1 PPS pulses generated by free running rubidium clock FS725 [31],
which is one of possible procedures for GNSS clock verification described in [33] and was
also used for GPS-based timing evaluation in [34]. The two tested GNSS receivers used
different antenna placement: at the roof top with clear sky view and at windowsill with only
half of the sky visible. Obtained results from several days of observation are summarized in
Table 2.

Table 2. Results of GNSS disciplined clocks performance verification.

GNSS clock antenna placement | Standard deviation of 1 PPS error | Maximal error of 1 PPS signal

Roof top (clear sky view) 14.5 ns 44 ns

Windowsill (half sky view) 20.8 ns 177 ns

The reference time accuracy of both tested GNSS disciplined clocks is fully comparable
with typical values for GPSDO presented in Appendix B of publication [33] and is more than
five orders of magnitude better than declared accuracy of e-Czas Radio service. However, the
GNSS-based receiver synchronization may be further improved e.g. by using high accuracy
GNSS services [35] or additional 5G link for clock offset data exchange [36]. Therefore,
synchronization of receiver operation using GNSS clocks does not compromise their ability to
precisely measure the e-Czas signal time of arrival and even installation of GNSS antenna
without clear sky view allows to achieve sufficient reference clock accuracy.

4.2. Evaluation of time data receiver performance

The e-Czas Radio service is relatively new and is not yet widely known, therefore none of
test equipment available on market directly support testing time dissemination receivers.
However, repetitive structure of e-Czas messages allows for easy generation of test signal
using R&S SMU200 vector signal generator with built-in baseband arbitrary waveform
generator. For the tests, baseband signal samples were generated, consistent with the
description of the e-Czas signal structure presented in Section 2, with a sampling resolution of
1 us. Stability of internal reference oscillator in SMU200 is much below required, therefore
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this generator was clocked using 10 MHz and 1 PPS signals from FS725 rubidium clock from
Stanford Research Systems. The declared accuracy of the FS725 is £5x107!! and the annual
aging is 5x1071° [32]. In the set-up presented in Fig. 6 the FS725 was driven by 1 PPS pulses
from GNSS receiver of the same type as is used in e-Czas signal receivers, which allows for
synchronization of the 1 PPS output pulses from FS725 with GPS time base and slow tuning
of 10 MHz clock with very long time constant of 18 hours. Therefore, FS725 acts as precise
clock source and filter that reduces short-term jitter in GNSS-derived 1 PPS pulses for
SMU200. The 1 PPS signal from FS725 is used to trigger repetition of e-Czas packet in
baseband arbitrary waveform generator every 3 seconds, giving correct signal time structure.

All tested receivers showed a systematic error in the measurement of the packet reception
time of about +13 ps regardless of the power level, with small differences (up to 2 ps)
between different receiver units. This error is most probably caused by the signal delay in the
low-pass filter before the amplifiers and in the ADC converter and can be compensated by an
appropriate constant correction. For comparison, simulations of the 5% order LC low-pass
filter implemented in receivers show a group delay of more than 5 us with a strong
dependence on the inductance/capacitance values of the components, which justifies the
observed variability of average time measurement error between devices due to variability of
the LC parameters.

1PPS

GNSS eCzas Radio | Results
antenna 1 ] GNSS1 10 MHz receiver PC
PSK modulated Signal
signal (225 kHz) samples
1PPS |
GNSS
nterma g [} GNSS2 1PPS 8 Fs725 [ 1ommz ] SMU200

Fig. 6. Test set-up for receiver performance measurements.

The spread of results, expressed as standard deviation o; of measured packet time of
arrival from 10-minutes long measurement series is presented in Fig. 7. It should be
emphasized that the test signals have been prepared taking into account the interpretation of
the nominal time of e-Czas packet emission presented in Section 3. Such a procedure involves
the risk of making the same mistake twice: when implementing the receivers and when
building a station for measuring their parameters. However, if the actual time of starting the
packet emission from Solec Kujawski is different from the assumptions made, the receivers
will return the results of the packet arrival time measurements with a systematic error, easy to
assess and compensate after starting the recording of real signals.

Taking into account the declared accuracy of end-user device synchronization of 10 ms,
results presented in Fig. 7 prove that the possible quality of time dissemination using the
e-Czas Radio service will not be limited by the sensitivity of the receivers. Sub-microsecond
precision of phase-modulated radio packets, achieved for signal level above —61 dB is
encouraging, especially compared with carrier period equal 4.4 ps. It should also be noted that
signal time of arrival is not estimated from carrier phase, as in phase-based positioning
systems, but from variation in phase caused by modulation. Therefore, resolution and
precision of both method of signal emission from LF transmitter in Solec Kujawski and
method of time measurement implemented in proposed receivers outperforms possible quality
of time dissemination, which in case of LF signal propagation in real environment will be
limited by variable propagation path characteristics and noise, both natural and man-made.
The study of these factors is the main goal of building the described network of receivers.
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Fig. 7. Standard deviation of e-Czas packet time measurements as a function of signal power level for test signal
generated using R&S SMU200.

The receiver sensitivity tests in laboratory showed that even at the lowest test signal level
of —105 dBm, at which time measurement quality was much below expectations, all radio
packets were demodulated without a single bit error, which allowed for correct decoding of
content of all packets even without using Reed-Solomon decoding (correct CRC checksum
without R-S error correction). Therefore, also quality of decoding the content of e-Czas
messages, including timestamp and auxiliary data such as transmitter status, is not limited by
the receiver sensitivity caused by internal noise. Based on tests of the actual signal reception
from Solec Kujawski, the author expects that the main source of possible message decoding
errors will be: industrial interferences and lighting discharges caused by storms near the
receiver location. Thus, no reception error receiver characteristics are presented as BER/PER
curves obtained for AWGN noise in laboratory would not correspond to the expected
conditions of real signal reception.

4.3. Real signal reception

Although the e-Czas Radio transmitter is operational and provides stable reception of time
messages with millisecond-level accuracy, it happens that the observed parameters of
emission are changed within small limits by the system operator. Therefore, an assessment of
the absolute time of signal reception should not be performed yet. However, some insight into
the possible accuracy of end-user device synchronization can be obtained from the analysis of
the dispersion of the e-Czas signal time of arrival during reception under stable conditions.
For this purpose, the measuring receiver was installed at the Gdansk University of
Technology with a loop antenna on the roof of the Faculty building, at a distance of approx.
150 km from the transmitter. During the test, the received signal power level was approx. —
65 dBm with about 4 dB changes caused by dynamic power control implemented in the
transmitter in Solec Kujawski. Figure 8 contains a histogram of the received time of arrival of
over 6600 packets received during 10-hour measurement campaign, presented with respect to
average time. The standard deviation of the results was 18.47 ps, and 99.57 % of the results
were within £55 ps range.

The observed asymmetric distribution of results in Fig. 8 is caused by the combined effect
of:

— radio wave propagation phenomena,

— residual modulation from AM DSB modulation sidelobes,
— interferences in the reception bandwidth,

— receiver noise.
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Fig. 8. Histogram of deviation of e-Czas Radio signal time of arrival measurements with respect to mean value.

It is not possible to separate these effects using a single receiving site, therefore a network
of several synchronized receivers is needed. For example, the estimation of the residual
modulation effect will be done by installing one receiver in close proximity to the transmitting
site, while man-made interferences can be significantly reduced by signal reception using
receiver placed in a rural area. The possible time variability of AM modulation justifies the
need for synchronous reception of the same e-Czas signal at different sites, as it allows for
data subtraction for relative measurements, which removes correlated effects from the
processed data. This feature was used to test receiver noise effect using two receivers installed
at the same location at the Gdansk University of Technology, which received signals not only
with correlated effect of AM modulation, but also with correlated interferences and
propagation effects. Fig. 9 shows the distribution of differences in the message time of arrival
measurements performed by both receivers.
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Fig. 9. Example histogram of the difference in packet detection time by two receivers installed in the same place.

The average difference between the results from the two receivers was below 0.2 ps with
a standard deviation of only 3.79 us. The histogram in Fig. 9 shows good agreement with the
Gaussian distribution, which confirms that the receivers made do not introduce any systematic
bias or excessive measurement errors that cannot be explained by the receiver internal noise.
The presented results demonstrate the possibility of obtaining consistent results from the e-
Czas receiver network under repeatable conditions with accuracy comparable to the quality of
time synchronization that can be achieved using the NTP protocol in local computer networks
[6, 37] or DCF77 radio signal [13].
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5. Conclusions

Despite the launch of the e-Czas Radio service, no measurement data has been published to
date that would allow for the verification of the quality of time distribution and the achievable
accuracy of synchronization of devices using the time signal transmitted by the LF transmitter
in Solec Kujawski. To fill this gap, a set of four receivers was built, forming a network of
receivers measuring the time of arrival of the e-Czas messages together with a central server
and database for data acquisition and processing. The network of receivers will be used for
independent evaluation of the e-Czas system performance. The results of measurements
performed using the proposed receivers may contribute to the wider use of this method of the
official Polish time dissemination.
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