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Abstract

Low-frequency (LF) time code timing technology holds significant importance in civilian
applications such as radio-controlled clocks. This study focuses on the design and imple-
mentation of a high-precision Binary Phase Code (BPC) LF time code signal generator. A
generator system was constructed, demonstrating good stability, superior resolution, and
flexible adjustment capabilities for both amplitude and phase. The system employs an
ARM + FPGA cooperative architecture: the ARM processor is responsible for parsing and
scheduling the time code data, while the FPGA implements carrier wave generation and
high-precision digital modulation. This digital processing is combined with analog cir-
cuitry to achieve digital-to-analog (D/A) signal conversion. Compared to traditional meth-
ods, carrier generation is achieved using Direct Digital Synthesis (DDS) technology. Digi-
tal modulation techniques enable the precise control of the modulation depth (adjustable
between 70% and 90%) and phase (with a resolution of 1 ns). A sliding window algorithm
was utilized for time difference calculation and compensation. Testing confirmed the stabil-
ity of key signal parameters, including integrity, carrier frequency and modulation depth.
These results validate the feasibility and superiority of the digital LF time code generation
technology proposed in this study, providing a valuable reference for the development of
next-generation timing equipment.

Keywords: BPC time code; low-frequency (LF) signal generation; direct digital synthesis
(DDS); sliding window algorithm

1. Introduction

Low-frequency (LF) time code signals are encoded signals transmitted within the low-
frequency range (30 kHz-300 kHz) that carry standard time, date, and related informa-
tion [1]. BPC LF time code timing technology offers several advantages. From the per-
spective of signal propagation characteristics, LF signals exhibit superior long-distance
transmission capabilities and strong penetration (covering scenarios such as indoor and
underground environments). This is due to the favorable reflection properties of LF band
electromagnetic waves by the Earth’s surface and the ionosphere. Consequently, LF sig-
nals overcome the line-of-sight (LOS) propagation limitations inherent to higher-frequency
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signals. An LF time code transmission station can cover a radius of 1000 to 3000 km, mak-
ing it highly suitable for wide-area timing requirements [1-3]. Regarding cost, common
LF time code system receiving terminals, such as radio-controlled clocks and dedicated
receiver modules, are inexpensive. This cost-effectiveness facilitates large-scale popular-
ization. Therefore, LF time code timing technology plays a significant role in civilian time-
keeping, power grid management, transportation systems, financial operations, and other
fields. It holds particular and irreplaceable importance in the domain of radio-controlled
timepieces. Table 1 shows a comparison between low-frequency time code timing technol-
ogy and other timing technologies.

Table 1. Comparison between low-frequency (LF) time code timing technology and other timing
technologies [4-9].

Parameter LF Time Code Timing Satellite Timing Network Timing
Coverage 1000-3000 km Global coverage Internet-dependent
Accuracy £0.1 ms (civilian use) +10 ns NTP: +1-50 ms
Signal Penetration High Low Requires internet coverage
Anti-Interference Strong Weak Depends on network stability
Receiver Power . . . .
Consumption Low (uW level) High (mW level) Varies with network equipment

High construction cost,
Cost Structure Low operation and High Low
maintenance cost
Navigation timing,
high-precision
communication timing,
military timing, etc.

Typical Applications = Radio-controlled clocks Radio-controlled clocks

Since the 1950s, with the continuous improvement in atomic clock accuracy and rapid
advancements in microelectronics technology, low-frequency time code timing technol-
ogy has garnered widespread international attention and application. Countries including
Germany, the United States, and Japan have successively established LF time code trans-
mission systems. The geographical distribution of global LF time code timing systems is
illustrated in Figure 1.
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Figure 1. Global geographical distribution of operational low-frequency (LF) time code
timing systems.

According to documented information, the encoding schemes and signal formats
adopted for low-frequency (LF) time code systems vary significantly across different na-
tions [10]. The technical parameters of globally major LF timing stations are comparatively
presented in Table 2.
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Table 2. Comparative analysis of technical parameters for major low-frequency (LF) time code tim-
ing stations.

Name WWYVB JJY40 JJY60 DCF77
Carrier Frequency 60 kHz 40 kHz 60 kHz 77.5 kHz
Transmission Power 102 kW 50 kW 50 kW 50 kW
Modulation Type PWM + PM (BPSK) PWM + AM PWM + AM AM + PM
Modulation Depth 7:1 10:1 10:1 15:1
Bifective Radiated 70 kW 10 kW 10 kW 30-35 kW
Power; EPR
Field Strength >100 pV/m (American) >100 wV/m (1000 km) >100 uwV/m (1000 km) >100 uwV/m (2000 km)

The frame lengths of low-frequency time code transmitting stations abroad are gen-
erally long. Most of them still use AM, with relatively long frame lengths (about 60 s),
and lack effective error correction methods. This article is based on the BPC encoding sys-
tem, compressing the frame length to 20 s, which is conducive to rapid clock adjustment,
and the BPC signal adopts the amplitude modulation technology of pulse width, making
reception and demodulation more convenient.

China’s low-frequency time code transmission station was commissioned in 2007,
emitting BPC-format signals at 68.5 kHz with 100 kW transmitter power. Research ad-
vancements in BPC signal processing include Bai Yan et al.’s development of high-precision
receiver timing techniques. Their numerical approach utilizes spline interpolation and
least squares fitting to identify second-pulse reference markers, elevating BPC receiver
timing accuracy to the tens-of-microseconds range [11]. Luo Xinyu et al. incorporated
a weighted algorithm for BPC signal reception, proposing a detection method that inte-
grates signal average power and carrier power metrics [12]. This innovation effectively
resolves interference detection challenges in LF time code systems while enhancing ro-
bustness against high-power jamming sources. Further extending the theoretical frontier,
however, these studies mainly focus on enhancing accuracy at the receiving end, with few
studies conducted at the transmitting end. In this paper, the accuracy at the transmitting
end is improved by enhancing the control mode and introducing the sliding window algo-
rithm, which makes up for the deficiency of the transmitting end’s accuracy.

Feng Ping, Huang Luxi and others have studied the system and timing system of BPC
signals. These studies have focused on and investigated the coding method, carrier, modu-
lation method, signal evaluation and other aspects of BPC low-frequency time code timing
signals [13]. Based on these studies, this paper determines the optimal transmission and
modulation methods for BPC signals and then conducts complete hardware implemen-
tation based on digital means. This research can be used as a platform to conduct more
convenient experimental verification of the theory.

Current research indicates that the transmitter of BPC low-frequency time code sig-
nals significantly impacts the signal quality and timing precision of the entire LF timing
system. Deviations in key transmitter parameters—including carrier frequency, modula-
tion depth, and phase—become amplified during propagation via skywave and ground-
wave paths. This directly compromises receiver-side performance metrics, ultimately de-
grading overall signal integrity and timing accuracy. Consequently, a highly stable and
fine-resolution BPC LF signal generator is essential for transmission systems.

This paper presents an ARM-FPGA-based LF time code generator with adjustable
phase and amplitude. Laboratory testing demonstrates its exceptional stability in main-
taining carrier frequency, phase jitter, and modulation depth while successfully syn-
chronizing radio-controlled clocks under controlled conditions. The design employs Di-
rect Digital Synthesis (DDS) technology combined with phase-locked loops to generate
68.5 kHz carrier signals. Compared to legacy equipment relying on 68.5 kHz crystal os-
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cillators, this approach achieves superior frequency accuracy. Additionally, the output
signal’s adjustable amplitude and programmable phase provide greater adaptability and
operational flexibility across diverse scenarios, substantially enhancing practical utility.

2. Module Design for BPC Low-Frequency Time Code Signal Generator
2.1. Time Code Generation Module Design

The BPC low-frequency time code generator system accepts inputs of a standard time
source signal along with a precise 1PPS (Pulse Per Second) signal and frequency refer-
ence. It outputs a modulated BPC signal at 68.5 kHz. The generation process is illustrated

in Figure 2.
Analog BPC
Standard Ti Digital BPC low- low-frequency
Ti e BPC cod f i time code signal
1me' information coae Digital requency time (68 5 kHZ)
M} converted to » 1elta code signal »| D/A Conversion - >
. Modulation
BPC time code I | | /\/
(20-bit char type)
Figure 2. BPC low-frequency time code signal generation process.
The standard time source is typically an external atomic clock or another high-
precision time reference, generally provided in the Time of Day (TOD) message format.
The structure of a received TOD message is assumed to follow the specifications shown
in Table 3.
Table 3. TOD message and explanation.
TOD Message TOD 25 05 13 08 30 20 1 #
Definition Frame Last Two Digits Month Day Hour minute Second Check Digit  Frame Footer
Header of Year

To distinguish TOD time-encoded information from interference at the serial input
port, we require a processor chip with serial port functionality and multi-threading capa-
bility to construct the time code generation module and design peripheral analog circuits.
Consequently, we implemented the time code generation module using an ARM architec-
ture chip [14,15].

The STM32F107 chip, an ARM-based microcontroller from STMicroelectronics, fea-
tures six UART/USART serial ports capable of receiving external standard time informa-
tion and control commands via serial communication. With its wide operating temper-
ature range, excellent electromagnetic compatibility, and cost-effectiveness, this device
operates at 2.0 V to 3.6 V supply voltage and incorporates a 72 MHz Cortex-M3 core—
specifications fully adequate for BPC time code generation and control tasks.

The time encoding generation module based on ARM design has two Usart serial
ports. One Usart serial port can receive standard TOD time information from an external
time source or an upper computer, update the local time (Localtime), and convert Local-
time into 20 char-type BPCs according to the BPC encoding format. Another Usart serial
port sends different information to the outside (for details, see the relevant content in Sec-
tion 2.1). In addition, the ARM chip also has a set of 8-bit address/data multiplexing lines
and three control lines to communicate with the signal generation module. Table 4 presents
the updated LocalTime information based on the data shown in Table 3 [13,16].
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Table 4. Updated LocalTime information.

Name Definition Value
Status Time Status 0
Year Year 2025
Month Month 5
Day Day 13
Hour Hour 8
Minute Minute 30
Second Second 20
Dayofweek Day of Week 2
Dayofyear Day of Year 133
Secondofday Second of Day 30,620

2.2. Signal Generation Module Design

The generated BPCs are transmitted to the signal generation module, where they are
digitally synthesized with a 68.5 kHz carrier signal to produce the digital-format BPC time
code. A complete BPC signal frame has a duration of 20 s. As shown in Figure 3, the
beginning time segment T of each integer second contains a negative pulse signal with an
amplitude lower than that of the nominal carrier signal. The negative pulse amplitude is
adjustable, typically set to 10-30% of the standard carrier amplitude. The pulse duration
varies between 100 ms, 200 ms, 300 ms, and 400 ms intervals. The waveform schematic of
the low-frequency time code signal is illustrated in Figure 3.

Nggative pulbe (different widlths
epresentidifferent digits
|

|
75%

modulation
ratio

Y

Carrier signal
(68.5 kHz)

Figure 3. BPC low-frequency time code signal waveform diagram.

The duration of the negative pulse at the beginning of each integer second corre-
sponds to its represented meanings as seen in Table 5.

Table 5. The duration of negative pulses and their corresponding meanings.

The Duration of the Negative Pulse at

the Beginning of Each Integer Second (7) The Meaning it Represents

01s 0
02s 1
03s 2
04s 3
1s Frame begins

Next, I will derive the time-domain and frequency-domain expressions of a frame of a
BPC low-frequency time code signal and draw its spectrogram. By doing so, the frequency-
domain measurement result images in Section 4.2 can be directly compared with this image
to verify the correctness of this design.
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If T =1, it indicates the current second is the frame start second. The baseband signal
within a complete 1 s BPC signal can be expressed as follows:

1+t
5) M

s = kge(t— =)+ g1t -

where k is the modulation index (the ratio of negative pulse amplitude to nominal signal
amplitude), and g (t) represents a rectangular function with width 7 and amplitude k:

k |t| <3
ge(t) = 2 2)
0 |t|>3
When 7 takes the value 1y, the signal for that second can be expressed as follows:
T 1+
st = kgn(t—5) +g1-q (t = —5) 3)

Performing Fourier transform on Equation (3) yields its frequency-domain represen-
tation as follows:

. T — 14T
(%ﬁ)e*]%w +(1- Tl)Sa(iw(l o) Ye ! Flw

st (w) =kr1Sa 4)
Here, the definition of the function sa () is as follows: Sa(x) = $0.x,
However, in practical scenarios, perfect rising/falling edges do not exist. Assuming
actual edges exhibit smooth slopes with duration A, the negative pulse within each second
transforms into a trapezoidal signal with high-level edges of duration T + A, as illustrated

in Figure 4.

Ideal
waveform

Actual
waveform

Figure 4. Comparison diagram of ideal signal and actual signal.

Next, we will make a slight modification to Formula (3) to represent the actual situa-
tion where the signal edge is a steep slope shape:

1— 13k 0<t<A
k A<t<T
St = 5
’ Lkt —1)+k T<t<A+T ©)
1 A+T<t<1
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The Fourier transform of Formula (5) now becomes the following;:

P 1+T+A
2

Je!

4 A T 1-7t—-A
n 2 sin ¥ it 1-—7— A)Sa(%

J— 1 w
A2 M2 2 ©)

s(w) =

When 7 takes the value 11, s(w) equals sy, (w). A 20 s BPC baseband signal frame
can be regarded as a linear combination of 20 baseband signals with different a values and
time-shifted by 0 to 20 s in the time domain. Therefore, the complete frame signal can be
expressed as

19
§=) su(t—a) @)
a=0

After modulating a cosine carrier signal of 68.5 kHz into Equation (7), the frequency-
domain representation is as follows:

1[0 9
S(w) = 5 Z t«f](“’*“’f))”sr1 (w—wp) + Z 671(“’“’0)”571 (w ~+ wp) (8)
a=0 a=0

MATLAB (version 23.2.0.2365128, R2023b) simulations of the BPC low-frequency time
code generation process (based on Table 3) are shown in Figures 5 and 6.

Baseband signal (20-second complete time-domain signal)

I [ I [

| | | | |

0 2 4 6 8 10 12 14 16 18 20
Time (s)

© o o
x o o =
I I I I

Amplitude

o
XY
I

o
I

Figure 5. Time-domain signal simulation schematic of BPC LF time code signal.

Bilateral spectrum near carrier frequency (68.5 kHz £10 Hz)
I I I I I

04

035 — =

03— =

025 — —

()
°
2
Z 02 -
€
<
0.15 — -
01+ —
0.05 — -
o A A A A A LAJL,/\JLAJLJL'V u VLJL\-AJL\\.JL-«J A A A A A
6.849 6.8492 6.8494 6.8496 6.8498 6.85 6.8502 6.8504 6.8506 6.8508 6.851
Frequency (Hz) x10*

Figure 6. BPC LF time code signal spectrum near carrier frequency (68.5 KHz).

It can be observed that the baseband signal spectrum is concentrated in the low-
frequency range. The aperiodic pulse train results in a continuous (non-harmonic) spec-
tral distribution. Furthermore, due to the combination of varying duty cycles in the time-
domain signal, complex sideband structures are generated around the center frequency.
From a phase perspective, continuous phase variation occurs near the carrier frequency,
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while phase jumps may appear at frequency points corresponding to pulse edges. Through
the analysis and simulation of the BPC low-frequency time code generation process, we can
understand its time-domain, frequency-domain, and phase characteristics. This facilitates
the further optimization of the signal generator design and simplifies signal evaluation
and monitoring.

To convert the BPC time code in the format of Equation (6) into the modulated signal
of Equation (8), a signal generation module must be designed. This module performs fre-
quency synthesis and high-precision timing functions, requiring communication with the
time code generation module via RAM bus to receive BPCs while simultaneously acquir-
ing external standard 10 MHz frequency and 1PPS signals through serial interfaces [16].
Considering that this design can be transformed into a BPC signal receiver and tested in
modules without changing the hardware, the SoC chip is not considered for the design for
the time being.

The module employs DDS (Direct Digital Synthesis) and PLL (Phase-Locked Loop)
technologies to synthesize required frequencies such as 68.5 MHz and 68.5 kHz. Addi-
tionally, it synchronizes and calibrates local time based on the external 1PPS signal. These
processes involve extensive digital computations, necessitating hardware implementation
on an FPGA chip. The SPARTAN-6 XC6SLX9 chip from Xilinx, a cost-effective and low-
power FPGA, features 102 user I/O pins and 576 Kb of RAM, making it fully capable of
supporting the aforementioned computational tasks.

2.3. Design of Peripheral Analog Circuit Module

To power the system and enable signal D/A conversion, the peripheral analog circuit
must meet the following power requirements for the core chips. Table 6 shows the power
supply requirements of the chips.

Table 6. Chip power supply requirements.

Chip Type STM32F107 SPARTAN-6XC6SLX9
Voltage requirement 20V-~-36V 1.2 V~3.3 V (10 Voltage)

The system employs an external power supply of £12 V and 5 V, along with voltage
regulators LM317AEMP, AMS1117-3.3, and AMS1117-1.2. Two LM317AEMP regulators
step down+12 Vto+6 Vand —12 V to —6 V, respectively. The AMS1117-3.3 and AMS1117-
1.2 regulators convert 5 V to 3.3 V and 1.2 V, powering the ARM and FPGA chips while
driving LED indicators.

The DAC module is responsible for converting the 12-bit digital BPC low-frequency
time code signal into an analog output with adjustable amplitude. The AD5445 chip is a
high-bandwidth and high-precision multiplicative digital-to-analog converter. It features
12-bit resolution, fully matching the requirements of BPC signal generation. Meanwhile, its
high bandwidth and fast parallel interface meet the transmission needs of high-frequency
waveform generation. In terms of cost, itis also relatively low compared to other chips. For
this reason, the AD5445 chip is selected, working in conjunction with external operational
amplifiers to achieve the D/A conversion function [17].

The overall system block diagram of the BPC low-frequency time code signal gener-
ator is shown in Figure 7, and the physical implementation of the module on the PCB is
presented in Figure 8.
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ptandard TOD time 1PPS 10MHz
message
A 4 v ) 4
BPC signal generation module Synciggrslized
Time code generation module |€—» DDS frequency synthesis, phase- >
locked loop,
Phase shifting, synchronization
Peripheral circuits
BPC Low-
Frequency Time
Code Signal Output
\
Figure 7. BPC low-frequency time code signal generator system block diagram.
Time Code
Generation
Signal Module
Generation
Module
Time message
input
BPC Signal
output
Power Supply

Figure 8. PCB schematic diagram of BPC low-frequency time code signal generator.

3. Algorithm Design for BPC Low-Frequency Time Code Generator
3.1. BPC Signal Generation Algorithm Design

The signal generation algorithm is mainly divided into two parts: the ARM chip algo-
rithm and the FPGA algorithm. The ARM chip is developed on the Keil puVision5 platform
using C and C++ programming languages. The software flowchart is shown in Figure 9.
The software part of the ARM chip is primarily divided into three threaded operations, or-
dered by priority from highest to lowest: the interruption triggered by TOD standard time
data from USART1 serial port, the interruption triggered by the IRQ second signal, and the



Electronics 2025, 14, 3128 10 of 21

interruption triggered by the status IRQ second signal. After being powered on, the pro-
gram automatically performs initialization. Once initialization is complete, the program
enters the main loop and begins detecting the three interrupt signals.

Invali
d

Petect FP GA
Irq second Initialization X status Irq second
signal
Vali
d
Send the x-th bit signal ) Invalid cvr+0
of BPC time code to e ocna Detect cvr flag
FPGA (x = Localtime portdata
seconds % 20)
Valid
Update Day Of
Read the 10MHz Extract time data, Week, update BPC
and 1PPS signal update Localtime, time code
status from FPGA set cvr flag to 1 according to
Localtime
Calculate average Adiust *
delay using le];ps o Update Localtime
sliding window eap second (+1s) and
algorithm and detect Teap Ef)i(;?tcilrl?i broe;ldcastlon 2
write to FPGA channels
T No leap second T
§ second
i Delay Is Localtime
E data econd 0, 20, or 402 Set cvrflagto 0 |
r— _i _____ 1 BPC Time |YES *
RAMBUS 4 Read the 10MHz
icati . coce d 1PPS signal
giEamunication | ; Update BPC 6 >
——————— : [PeieiE ime tatus from FPGA
r sl i sta
| FPGA | feeeee code according to and broad cast on
.= | Localtime 2 channels

Figure 9. Algorithm flowchart of time code generation module.

When valid USART1 serial data is detected, the program extracts the time information
and updates all fields of the system’s local time, Localtime, except for the day of the week.
It then sets the cvr flag to 1. The purpose of the cvr flag is to distinguish between internal
and external time sources and prevent duplicate updates of Localtime. The program then
checks for leap seconds and adjusts Localtime accordingly. Finally, the program updates
the BPC time code array composed of 20 char-type variables based on Localtime. Note that
the BPC time code is only updated when the Localtime second value is 0, 20, or 40, because
the BPC low-frequency time code signal has a frame duration of 20 s and only starts at the
Oth, 20th, or 40th second of each minute.

When the program detects the IRQ second signal, it initiates RAM bus communica-
tion with the FPGA via address mapping. First, it sends the x-th BPC time code, where
x denotes the Localtime second value modulo 20. This ensures that when the BPC time
code is continuously and cyclically transmitted, the normal timing of Localtime remains
unaffected. The program then reads the delay measurement between the local and exter-
nal 1PPS signals from the FPGA, calculates the average rate of change cntMean of adja-
cent measurements using a sliding window algorithm, and writes the compensated delay
value to the FPGA. Additionally, this section includes a fault detection feature. By setting
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a watchdog counter for the communication interface, the program will issue a fault alarm
signal if communication fails for a certain period [18-20].

When the program detects the status IRQ second signal, it checks the value of the
cvr flag. If cvr = 0, it indicates that the external time has not yet updated Localtime, and
the program will automatically update Localtime (typically by adding 1 s) before setting
the cvr flag to 0. Furthermore, this section reads the difference between the 10 MHz clock
and the 1PPS signal from the FPGA and broadcasts it externally (to the host computer or
display) via a dual-channel interface [11].

The FPGA chip algorithm part is developed on the ISE14.7 platform using the Ver-
ilog language. The main modules are shown in Figure 10 and divided into four parts:
1PPS signal processing, clock signal processing, BPC signal generation, and the RAM bus
communication module. The system uses an external standard 10 MHz clock as the main
clock and an onboard 25 MHz crystal oscillator as the backup clock. The onboard 25 MHz
crystal oscillator is synchronized and multiplied to generate a local 100 MHz clock source.
This local clock source provides clock services for two Verilog modules: second signal syn-
chronization monitoring and RAM bus communication. It also serves as a backup when
the external 10 MHz signal fails, ensuring normal system operation. After the external
10 MHz differential clock signal is input, it is synthesized into a 68.5 MHz clock through
DDS and then divided into different frequencies such as 100 MHz and 68.5 kHz through
a PLL phase-locked loop, providing clock services for other Verilog modules [21].

Delay

External information
1PPS and status

information

BPC time code, External 10MHz

calculated delay
information and
status information

Phase shifting/synchronization,
metastability elimination

RAMBUS DDS direct Internal
communication synthesis of 25MHz

Control module 68.5MHz Crystal

information

PPS interval measure

oscillator

100MHz clock

. L signal |
—» BPC time code

phase-locked loop

Dynamic delay compensate v

» | Quaternary pulse

Local 1PPS
synthesis »

1PPS quality
monitoring

7| signal generation
v DC format

Pulse width BPC 011tpq§
selection

v 68.5KHz

—> modulation

contro V ¢

1 Amplitude and

Abnormal phase control Clock stability
information, alarm * detection

indication

ROM generates
AC encoding Abnormal

information, alarm
indication

AC format
~-~ BPC output

Figure 10. Software architecture diagram of BPC signal generation module.
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The 1PPS processing module receives the external standard 1PPS signal and also gen-
erates a local 1PPS signal based on the 100 MHz clock. After delay compensation with the
external clock and metastability elimination, the local clock signal provides synchronous
control signals for BPC signal generation and Localtime, ensuring the accuracy of local
time and the synchronization of BPC signal generation [22,23].

The structure of the RAM bus communication module is illustrated in Figure 11. It
adopts an address/data multiplexing mode to achieve bidirectional communication be-
tween the ARM and FPGA. The BPC time code generation module produces multiple neg-
ative pulse signals with varying pulse widths, selecting the corresponding output based
on data received from the ARM. At this stage, the generated BPC signal is in DC format. By
superimposing a 68.5 kHz carrier wave, the AC-format BPC signal is generated for output.
During modulation, the ARM can send control signals to adjust the amplitude and phase
of the BPC signal, with an amplitude resolution of 0.1 V and a phase resolution of 1 ns.
Figure 11 shows the communication module structure of RAMBUS.

Address/Data

multiplexed bus Clock and reset

signals

AAA

<

Data information

«& .
< >

Address Latch )

ARM Enable signal R RAMBUS Read signal Other parts

Write Enable >

signal q o

Read Enable Write signal

signal o -

Figure 11. RAMBUS communication module structure.

3.2. Other Algorithm Designs
3.2.1. Time Delay Calibration Algorithm Design

Since the internal 1PPS signal is generated using a counter, it exhibits significant er-
rors without external calibration. Therefore, it is necessary to measure the time difference
between the internal 1PPS and the external standard source and perform negative feed-
back adjustment compensation through calculation to ensure the accuracy of the internal
1PPS. This is shown in Figure 12.

The time difference calculation employs a sliding window algorithm with a window
size of 5. The window stores 1PPS time difference measurements read from the FPGA
as x [0] to x [4]. By traversing adjacent time difference values within the window, the dif-
ferential x [i + 1] — x [i] is computed and summed to obtain the total differential sum. Di-
viding this sum by the window length minus 1 yields the average time difference change
rate, cntMean, which is used to predict the next time difference. Finally, the current mea-
sured value PpsDelayMeasure is added to the mean cntMean to derive the corrected time
difference PpsDelayMeasureTmp, which is sent back to the FPGA.

This sliding window algorithm draws inspiration from the flow control mechanism
of the TCP sliding window protocol [24]. By calculating the mean of multiple data points
within the window, it smooths out instantaneous measurement errors, enhancing the sta-
bility of time difference measurements. It achieves high-precision time difference mea-
surement and dynamic correction, making it suitable for hardware timing control systems
with stringent real-time requirements. Figure 13 shows the effect of time delay calibration.
Figure 14 shows the comparison of time delay variation before and after using sliding win-
dow algorithm.
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Figure 12. Time delay calibration algorithm flowchart.

3.2.2. DDS Algorithm Design

The design of the traditional BPC low-frequency time code signal generator is based
on analog signals. In this paper, when synthesizing the 68.5 kHz signal, the method based
on the on-board crystal oscillator was adopted. The 68.5 kHz frequency was synthesized
through PLL, but the frequency switching speed was relatively slow and the frequency res-
olution was low. Therefore, this design adopts Direct Digital Synthesis (DDS) to generate
a frequency of 68.5 MHz and then divides it to 68.5 kHz through PLL. The main process is
as Figure 15.
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Figure 15. DDS process flow diagram.

Compared with the traditional methods, its main advantages are shown in Table 7.
The function of the phase accumulator is to accumulate the frequency tuning word
(FTW) under clock drive, where

Phase, .1 = Phase, + FTWmod2N 9)

where N denotes the bit width of the phase accumulator, typically set to 32 bits.

The truncated phase value (taking the first M bits) is input to the waveform lookup
table (LUT), which retrieves and outputs the stored waveform samples (generally sinu-
soidal). The relationship between the DDS input clock frequency (f_clk) and output fre-
quency (f_out) is given by the following:
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FTW x 1k
fout = ——x— Je (10)

The frequency resolution is as follows:

af =1 (a1

Table 7. A comparison of the advantages of the two methods.

Traditional Methods Methods in This Article
The implementation method of Directly based on the on-board .
frequency signals 68.5 kHz crystal oscillator Using DDS technology
Leap second Cannot be adjusted Adjustable
The leadlng edg? of the output >3 ns Sns
signal jitter
. . . It can be adjusted within the range
Output signal amplitude Cannot be adjusted of 5 o 20 volts
. . . It can be adjusted within the range
Output signal modulation depth Cannot be adjusted of 70% 0 90%

In FPGA, the DDS IP core can be invoked to flexibly generate high-precision fre-
quency signals, offering advantages such as simplified design, high frequency resolution,
and minimal frequency deviation compared to traditional architectures. For generating
digital-format carrier signals, this design incorporates amplitude control parameters and
a delay module [25,26]. The amplitude control parameters digitally regulate the 12-bit out-
put signal, supplemented by an analog adjustment method using variable resistors in the
D/A module to achieve precise signal amplitude control. The delay module receives phase
modulation parameters from the ARM, enabling the accurate phase control of the output
signal. Figure 16 shows BPC low-frequency time code signals with different amplitudes
and modulation ratios synthesized using DDS.

(b)

Figure 16. DDS modulated waveform effect: (a) 10 V, 25% modulation depth; (b) 5 V, 10% modula-
tion depth.
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Generator

4. Testing BPC Low-Frequency Time Code Signal Generator
4.1. Test Methods and Test Indicators

Since the BPC low-frequency time code signal generator was designed with its po-
tential use as a receiver in mind, its hardware design allows for bidirectional signal flow.
Without modifying the hardware, the device can be converted into a BPC low-frequency
time code signal receiver for signal transmission and reception testing by making software
adjustments and integrating a demodulation module. Figure 17 shows a schematic dia-
gram of the test system structure. The generator is externally connected to the standard
time source, standard 1PPS signal, and standard 10 MHz clock signal source from the Na-
tional Time Service Center of the Chinese Academy of Sciences. The transmitting and
receiving antennas are placed approximately 3 m apart. The AC-to-DC module performs
envelope detection on the received AC-format BPC signal, converting it into a DC-format
BPC signal. The DC signal processing module then carries out time synchronization and
signal decoding, using the received 1PPS signal as a reference to calibrate the local 1PPS
signal. A counter converts the DC-format BPC signal into the corresponding BPC time
code. This part of the design is based on the generator's FPGA module and transmits the
data to the ARM chip via the RAM bus. The ARM chip translates the quaternary BPC
time code into time information and outputs it to the PC host software (SSCOM, v5.13.1).
Given the importance of BPC signals in the field of radio-controlled clocks, the generator’s
signal can be directly transmitted to commercial radio-controlled clocks to verify its actual
timekeeping performance [27,28].

N

Transmitting antenna Receiving antenna

A DC signal

AC/DC module P> .
BPC LF time processing

code signal DC BPC signal BPC time

¥ code )
BPC time code Time
to time information
information
module

" Electrical
power

2

Gomputer

Y

Figure 17. Test system structure diagram.

The signal quality evaluation of low-frequency time code timing signals primarily con-
sists of four levels of indicators, ranked by priority as follows: carrier frequency, negative
pulse duration validity, signal field strength, and modulation depth. These four evaluation
metrics reflect both the correctness and acceptability of the transmitted low-frequency time
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code timing signal. Since this study focuses only on the laboratory testing of the generator,
the field strength indicator is not considered for now. Table 8 shows the variation ranges

and evaluation criteria for each parameter. Here, o represents the standard deviation of
L2
im1 (xi — )

n data points x; within the sampling period, where o = n___ and k de-

n
notes a control parameter set to 3. Negative pulse duration validity refers to the duration
of the demodulated low-level signal, which must be one of the following values: 0.1s,0.2 s,
03s,0r0.4s.

Table 8. Signal quality evaluation parameter table [27,29].

Parameter Name

Valid Data Range Determination Criteria  Valid Data Range Determination Criteria

Signal Integrity BPC signal validity
Carrier Frequency Accuracy [68.5 kHz — ko, 68.5 kHz + ko] 36 Principle
Negative Pulse Duration Validity 0.15,025,03s,04s P
Modulation Depth Accuracy [75% — ko, 75% + ko]

4.2. Test Results and Analysis

The Shangqiu BPC low-frequency time code transmission station operates from
9:00 to 17:00 and 21:00 to 5:00. To avoid interference from Shangqiu’s signals and other
electromagnetic disturbances affecting this experiment, the tests were conducted from
5:30 to 8:30 on the early morning of 3 May 2025 Beijing time, evaluating the signal integrity,
carrier frequency, phase, and modulation depth of the generated signals.

The BPC low-frequency time code signal generator produced both AC and DC for-
mat BPC signals. Oscilloscope measurements of a complete frame of the BPC signal are
shown in Figure 18a,b. As mentioned in Section 2.2, since real-world signal generation
cannot achieve perfect rising/falling edges, the negative pulse edges inevitably exhibit a
steep slope-like structure. Figure 18c illustrates this slope characteristic.

A spectrum analysis of the BPC signal was performed using the oscilloscope’s FFT
function, with results consistent with Equations (6) and (9), and the simulation outcomes,
as shown in Figure 19.

This study analyzed the selected 3 h low-frequency time code signal by grouping it
into 5 min intervals, calculating the average values of carrier frequency and modulation
depth across 61 groups, and recording phase variations. The results are shown in Figure 20.
We simultaneously monitor the number of received time messages to verify the integrity
of the time code and the effectiveness of the negative pulse duration validity. The results
are shown in Tables 9 and 10.

Table 9. Time message monitoring results.

Sent Received Result
539 539 (100%) Valid

Regarding the abnormal fluctuations in carrier frequency and modulation depth ob-
served around 8:15-8:30, several hypotheses are proposed: 1. temperature rise due to
continuous system operation; 2. potential adjacent noise from laboratory LED drivers
(switching frequency: 50 kHz-1 MHz); and 3. noise induced by power line communica-
tion (50 kHz-150 kHz). Overall, the generated signals demonstrate integrity, with carrier
frequency, phase, and modulation depth all falling within valid ranges, indicating satisfac-
tory performance [12].



Electronics 2025, 14, 3128 18 of 21

Figure 18. One frame of BPC low-frequency time code signal: (a) AC-format BPC signal measured
diagram, (b) DC-format BPC signal measured diagram, (c) steep edge structure of negative pulse.

Figure 21 shows the results of adjusting a radio-controlled clock to a specific time
using time-source information sent from the host computer. The radio-controlled clock
was developed by the National Time Service Center of the Chinese Academy of Sci-
ences. The radio-controlled clock successfully received the BPC low-frequency time code
timing signal generated by the transmitter and was successfully calibrated. This con-
firms the practical applicability of the BPC low-frequency time code signal generator in
laboratory environments.

(b)

Figure 19. BPC signal spectrum analysis diagram: (a) AC-format BPC signal measured spectrum
diagram near 68.5 KHz; (b) DC-format BPC signal measured spectrum diagram near 0 Hz.
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Figure 20. Signal quality evaluation results: (a) carrier frequency result; (b) modulation depth result.
Table 10. Signal quality evaluation result.
Valid Data Range Determination Valid Data Range Determination
Parameter Name o . o . Result
Criteria Criteria
Signal Integrity - - Valid
Carrier Frequency accuracy [68.5 kHz-0.0669, 68.5 kHz-0.0669] 95.7% Valid
Negative Pulse Duration Validity - 100% Valid
Modulation Depth accuracy [75% — 0.0024%, 75% + 0.0024%] 95.7% Valid
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Figure 21. Test results of BPC LF time code signal reception by radio-controlled clock in laboratory
environment. (a) Time information sent by host computer. (b) Radio-controlled clock receiving
BPC LF time code signal and calibration results (“F4”: afternoon; “_F4-": morning; “H”: month;
“H”: day; “ii£": temperature).
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5. Conclusions

This study analyzed the generation process of BPC low-frequency time code timing
signals and implemented a BPC low-frequency time code timing signal generation system
based on the ARM-FPGA architecture from both hardware and software aspects. Com-
pared with the traditional BPC low-frequency time code timing system based on analog
circuits, this system is implemented in a digital way. It has independent modules, con-
venient maintenance and testing, adjustable indicators such as leap second, output signal
amplitude, output signal modulation depth, etc. Meanwhile, the sliding window delay
calibration method is used to increase the second signal delay to about 1 ns. The DDS
technology was adopted in frequency generation, resulting in a more stable and accurate
68.5 kHz signal.

The test results show that the system has good stability in terms of carrier frequency,
phase, modulation depth and other indicators and can successfully synchronize the radio
control clock, which proves the practical value of the system and lays a foundation for
subsequent field tests.

This research not only implemented the BPC low-frequency time code timing gener-
ator in hardware, providing a platform for subsequent signal system research, but also
reduced the delay at the transmitting end and optimized the overall effect of the low-
frequency time code signal timing system.

The experimental results reveal some problems existing in the system, such as being
vulnerable to electromagnetic interference from various environmental sources when the
transmission power is weak.

In addition, since the only LF BPC time code timing station in China is currently in nor-
mal operation, using it for testing will have a significant impact on the timing effect. There-
fore, we are temporarily unable to conduct large-scale tests on the generator. However, in
the future, we will improve the experimental methods and strive to conduct experiments
with higher transmission power under conditions that cause more severe electromagnetic
interference to the generator.
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