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Abstract

:

A balise is a specialized device utilized for train communication and control. However, existing balises are composed of separate components, resulting in high production costs, low integration, and significant room for improvement in stability. We propose an integrated solution, to enhance the integration of balises, reducing the number of discrete components. Additionally, we propose a feedback-enabled energy extraction circuit with a limiter-based startup circuit, to enhance the stability of the balise system. The prototype was fabricated using 180 nm high voltage(HV) complementary metal oxide semiconductor(CMOS) technology. Once implemented in the balise, the number of discrete components in the system is reduced by 25%, and the system can start up within 20 ms and operate stably. The mean data rate (MDR) deviation of the balise is only 62 ppm, which is 69% lower than that specified in the test specification for the Eurobalise form–fit–function interface specification (FFFIS), and the maximum time interval error (MTIE) is less than 250 ns.
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1. Introduction


The BTS (balise transmission system) is widely used in the CTCS (Chinese train control system) and the CBTC (communication-based train control system), as shown in Figure 1a [1,2,3,4,5,6]. The system is composed of a BTM (balise transmission module), an antenna, an LEU (lineside electronic unit), a balise, cable, and the TCC (train control center). Figure 1b shows the structure block diagram of the BTS system. The BTM and antenna are onboard equipment. The balise (including an active balise and a passive balise), LEU, and TCC are ground equipment. The TCC will transmit a differential superposition signal to the balise through the LEU and the cable. The interface between the active balise and the LEU is called ‘C’. When the train passes, the passive balise is activated and then communicates with the BTM through the antenna.



As shown in Figure 2, the balise mainly consists of an interface circuit, an active balise, including an energy extraction circuit and a clock data recovery circuit, and a passive balise. The interface circuit separates the C signal sent by the LEU into C6 and C1 signals, and then the energy extraction circuit converts the C6 signal into a stable power supply, to power the clock data recovery circuit, which extracts the clock and the data signal in the C1 signal and gives it to the passive balise. When a train passes by, the BTM releases a signal through an antenna, to activate the passive balise and exchange information.



Many studies have focused on the onboard hardware BTM [7,8,9], but there has been very little research on ground systems, especially balises. Current railway balises are typically constructed at the board level and entail the extensive utilization of discrete components, which leads to relatively low stability. This paper presents an integrated active balise, and the prototype was implemented in 180 nm HV CMOS technology. After being applied to the balise system, the number of discrete components was reduced by 25%. The mean data rate (MDR) deviation of the balise was only 62 ppm, which was 69% lower than that specified in the test specification for the Eurobalise form–fit–function interface specification (FFFIS) [10,11], and the maximum time interval error (MTIE) [12,13,14] was less than 250 ns (1000-bit test).



The rest of this paper is organized as follows. Section 2 presents the materials and methods of this paper, including the design of the energy extraction circuit and the clock data recovery circuit. Section 3 shows the results of this work, primarily focusing on the test results of the circuits. Section 4 shows the discussion. Conclusions are given in Section 5.




2. Materials and Methods


In this section, we will introduce the integration solution for the active balise shown in Figure 2, which includes the design of the energy extraction circuit and the clock data recovery circuit. The energy extraction circuit, in particular, consists of the substrate-adaptive rectifier and the BGR–LDO feedback regulator.



2.1. Design of the Energy Extraction Circuit


The energy extraction circuit is responsible for converting the C6 signal, which is separated from the interface circuit, into a stable DC power supply. The diagram is depicted in Figure 3. Initially, the rectifier completes the AC–DC conversion of the C6 signal, followed by the use of a low dropout regulator (LDO) and a bandgap reference (BGR) circuit, to further stabilize the output.



The limiter and start-up circuit are designed to increase the reliability of the circuit. Due to the varying lengths of LEU cables, the range of the C6 signal experiences significant fluctuations. Consequently, after passing through the rectifier, the voltage range becomes relatively large. To ensure that instantaneous high voltages do not damage the subsequent stages of the circuit, and to enhance circuit reliability, the addition of a limiter is necessary. Similarly, during power-up, the circuit may not start immediately. Therefore, it is essential to add a system-level start-up circuit, to ensure the proper initialization of the circuit. This aspect will be explained in detail in Section 2.1.2.



2.1.1. Substrate-Adaptive Rectifier


Due to the relatively high internal resistance of the LEU itself, coupled with the resistance introduced by the long cable lines, the input impedance of the circuit must be very high, to achieve a higher input voltage for improving the output voltage. However, increasing the input impedance of the rectifier would require reducing the width-to-length ratio of the transistors, which, in turn, would decrease the output current. Therefore, there exists a trade-off between increasing the output voltage and increasing the output current. Enhancing the output power of the rectifier has always been a crucial aspect of power management systems.



In Figure 4a, the NMOS and PMOS gate cross rectifier eliminates the threshold voltage drop [15,16,17]. However, because the substrate voltage   V b   of the PMOS is always connected to the output voltage   V  o u t   , sometimes it is lower than the input voltage   V  i n +   , as shown in Figure 4b. This causes the substrate voltage of the PMOS to not always be at the highest voltage, resulting in substrate leakage current and a decrease in input impedance. This, in turn, causes the input voltage to be pulled down and reduces the output voltage and output power.



To enhance the output power, ref. [18] proposed a rectifier that reduced the losses caused by threshold voltage drops and increased the output voltage, using bootstrap voltage techniques. However, this circuit introduced capacitors and switches, which increased circuit complexity. In [19], the output power of the rectifier bridge was increased, by increasing the order of the energy harvesting circuit. However, this introduced inductors, which increased the circuit’s footprint.



We employed a substrate adaptive rectifier, as illustrated in Figure 5a. We designed a substrate adaptive circuit for the PMOS that allowed its substrate voltage   V b   to be chosen between   V  o u t    and   V  i n   . This ensured that the substrate voltage was always at the highest voltage, as shown in Figure 5b, thereby reducing the substrate leakage current of the PMOS, maintaining stable impedance matching, and improving the output power of the rectifier.



Under a load consisting of a 1 K Ω  resistor and a 10  μ F capacitor, we conducted simulations, to measure the output voltage and current of the rectifier and to determine its output power:


   P  o u t   =  V  o u t   ×  I  R L   .  



(1)







As shown in Figure 6, the simulation results of the rectifier’s output power demonstrated a 10.8% increase after the addition of the substrate adaptive circuit.




2.1.2. BGR–LDO Feedback Regulator


The role of the regulator is to further stabilize the voltage after it has been processed by the rectifier. It is the most critical component in the energy extraction circuit. Voltage regulators typically consist of a bandgap reference circuit and a low-dropout linear regulator. The bandgap reference circuit generates a temperature-independent and highly stable reference voltage, which is then supplied to the low-dropout linear regulator. Subsequently, the low-dropout linear regulator, through a negative feedback loop, outputs a stable DC voltage, providing power to the system.



Figure 7 illustrates a conventional regulator, in which   V  i n    provides power to both the BGR and the error amplifier (EA), followed by the BGR supplying a reference voltage to the LDO [20,21,22]. When a ripple  Δ   V  i n    occurs on   V  i n   , it will propagate through two paths to   V  o u t   . The first path is through the LDO comprising the EA and MP, while the second path is through the BGR, before being input into the LDO, to reach   V  o u t   . Therefore,  Δ   V  o u t    is


     Δ  V  o u t       = Δ  V  i n   × P S  R  L D O   + Δ  V  i n   × P S  R  B G R   ×  1 β          = Δ  V  i n   ×  ( P S  R  L D O   + P S  R  B G R   ×  1 β  )  ,     



(2)




where


     P S  R  L D O   =   Δ  V  o u t     Δ  V  i n     , P S  R  B G R   =   Δ  V  B G R     Δ  V  i n     , β =   R 2    R 1  +  R 2    .     



(3)







By using Equations (2) and (3), we can obtain


     P S  R  s y s t e m | c o n v e n t i o n a l       =   Δ  V  o u t     Δ  V  i n            = P S  R  L D O   + P S  R  B G R   ×  1 β  .     



(4)







One way to improve the PSR of the system is to enhance the PSR of the LDO and the BGR. When it comes to the LDO, at low frequencies,


     P S  R  L D O   =  1  1 +  A  E A   × β   .     



(5)







The   A  E A    is the DC gain of the EA [23,24]. As the frequency rises to the main pole, the loop gain begins to decrease, and the PSR of the LDO begins to decrease. Until the frequency reaches the unit gain bandwidth, the PSR of the LDO is determined by the gain of MP:


     P S  R  L D O   =  g  m p   ×  (  r  D S   / /  R L  )  .     



(6)







Where   g  m p    is the transconductance of MP,   r  D S    is the drain-source resistance of MP, and   R L   is the load resistance of the circuit [25,26]. To enhance the PSR of the LDO at high frequencies, it is necessary to increase the unity gain bandwidth of the EA, as discussed in [27,28]. However, the bandwidth of the amplifier is directly proportional to transconductance:


     B W =  g m  × C .     



(7)







Increasing the bandwidth by raising the transconductance leads to higher power consumption. Regarding the BGR, the amplifier in the circuit largely determines the PSR and, due to its inherent characteristics, the PSR tends to decrease at high frequencies. Improving the PSR of the BGR can be achieved by enhancing the amplifier, but this would significantly increase the circuit complexity and power consumption, as discussed in [29,30].



Figure 8 depicts the designed BGR–LDO feedback regulator. In this structure, the input voltage   V  i n    only supplies power to the EA and MP, while the BGR is powered by the output of the LDO and then generates reference voltage for the LDO.



For the proposed regulator, once the circuit is operational, if the start-up circuit (ST) is turned off, there are two main paths from   V  i n    to   V  o u t   . The first path is from   V  i n    through the EA and MP to   V  o u t   , while the second path is from   V  o u t    through the BGR, then through the LDO for voltage regulation, before reaching   V  o u t   . As the power supply to the BGR is the voltage stabilized by the LDO, the output voltage of the BGR is more stable compared to the conventional structure. Consequently, the system’s output voltage is also more stable. When a ripple  Δ   V  i n    is present on   V  i n   , the resulting output ripple  Δ   V  o u t    is


     Δ  V  o u t   =     Δ  V  i n   × P S  R  L D O   + Δ  V  o u t   × P S  R  B G R   ×  1 β       =    Δ  V  i n   ×   P S  R  L D O     1 − P S  R  B G R   ×  1 β    .     



(8)







Thus, the PSR of the proposed regulator is


     P S  R  s y s t e m | p r o p o s e d       =   Δ  V  o u t     Δ  V  i n            =   P S  R  L D O     1 − P S  R  B G R   ×  1 β    .     



(9)







When the performance of the BGR is poor (that is, when the   P S  R  B G R     is poor, e.g., −30 dB, ≪ β ), then


     P S  R  s y s t e m | c o n v e n t i o n a l   ≈ P S  R  B G R   ×  1 β  ,     



(10)






     P S  R  s y s t e m | p r o p o s e d   ≈ P S  R  L D O   .     



(11)







Figure 9 shows the power supply rejection (PSR) of two structures. The PSR of the conventional structure is more affected by the BGR, while the PSR of the proposed structure is more related to the LDO. In other words, for the same LDO, the proposed structure can effectively alleviate the impact of the BGR on the PSR, reducing the design complexity and power consumption of the BGR. We carried out alternating current(AC) analysis on the two structures, to prove the feasibility of the proposed structure, as shown in Figure 10. The simulation results show that the BGR–LDO feedback structure improves the PSR of the conventional structure (30 dB) to 60 dB.



Moreover, as the BGR’s power supply is provided by the LDO, lowering the power supply voltage can reduce the system’s power consumption. However, such a structure also needs to consider potential issues.



Firstly, there is the issue of system startup. When the input voltage is first connected, the BGR has no output voltage, preventing the LDO from starting. To address this problem, a fast start-up circuit (ST) is added, to provide an initial power supply voltage for the BGR. Figure 11 depicts the starting circuit of this design. When the circuit is turned on,   V  i n    increases, and the voltage at other points is 0. Each transistor is in the off state, and the voltage   V X   is pulled up. When   V X   exceeds the   V  T H    of the three transistors,   V Y   is pulled up, and then MN is turned on, and   V  o u t    is connected to   V  i n   . Then, the BGR starts to provide a reference voltage to the LDO, and the entire system enters normal operating mode.



Next is the issue of system stability. Figure 12 illustrates the two loops in the system. The loop TBGR (S) generated from   V  r e f    to   V  o u t    is unique to the proposed structure. In this structure, the BGR is supplied by the stable output voltage of the LDO, resulting in a more stable output voltage of the BGR. Additionally, the reference voltage of the LDO is supplied by the BGR, creating a positive feedback loop that further stabilizes   V  o u t   . However, a large interference in the circuit or a significant change in the LDO output load can also cause   V  o u t    to deteriorate, due to the positive feedback loop. Fortunately, the system also features another feedback path, TLDO (S), which is the inherent negative feedback loop responsible for ensuring the LDO’s functionality. The system will remain stable as long as the negative feedback loop gain in the system exceeds the positive feedback loop gain.



According to Figure 12,


      T  B G R   = − P S  R  B G R   ×  T  L D O   ×  1 β  .     



(12)







To ensure the system’s stability, it needs to be met:


     P S  R  B G R   <  1 β  .     



(13)







Even if the   P S  R  B G R     is very poor (−30 dB), it can easily meet the above equation, so the system can easily achieve stability.





2.2. Design of the Clock Data Recovery Circuit


The role of the clock data recovery circuit is to preprocess the data, extract the clock signal, and then provide it to the system. The data preprocessing steps involve differential-to-single-ended conversion and level shifting. Clock extraction consists of edge detection and frequency multiplication. Correct data and accurate clocks are crucial for the overall stability of the system. Therefore, enhancing the reliability of the clock data recovery circuit is of the utmost importance.



Figure 13 shows the block diagram of the clock data recovery circuit. The differential signal C1 is fed into the comparator and level shift circuit, which outputs single-ended data to the passive balise. The level shift circuit reduces the voltage level, thereby decreasing the power consumption of the subsequent circuit. When designing the level shift circuit, it is important to adjust the width-to-length ratio of PMOS and NMOS to 6x and 1x, respectively, which can improve the speed of shifting.



The data are encoded using the differential bi-phase-level(DBPL) code [10], and its coding rules are depicted in Figure 14. Each bit is represented by two states. The first state indicates a phase change, transitioning from +1 to 0, denoted as ‘A’, and from 0 to +1, denoted as ‘B’. The second state is used to compare the current symbol to the previous symbol, with equality represented as ‘1’ and inequality represented as ‘0’. We can utilize the edge extraction circuit and the monostable trigger to extract the clock information. By adjusting the transient state of the monostable trigger through changes in the size of R and C, we can convert the data code, which has a mean rate of 564.48 Kbit/s, into a clock with a mean rate of 564.48 KHz. This clock serves as the reference frequency for the phase-locked loop (PLL), which ultimately generates the required system clock output.





3. Results


In this section, we will present the integration result of the active balise as well as the test results of the designed circuits. This includes the output voltage of the substrate-adaptive rectifier, the output voltage of the BGR–LDO feedback regulator, and the output clock of the clock data recovery circuit. Furthermore, we replaced the designed active balise into the balise system and conducted system testing. The test results are also presented.



3.1. The Integration Result


Figure 15a shows the balise built with discrete components, with the active balise highlighted in the blue box. Based on the integration approach described in Section 2, the integrated active balise designed in this study is shown in Figure 15b. By integrating all the components within the blue box in Figure 15a into a single chip, the use of discrete components was reduced by 25%.



The designed active balise was implemented using the 180 nm HV CMOS process. The total area occupied by these circuits was 1.22 mm × 1.02 mm.



The environment of the test and the photo of the test printed circuit board (PCB) are shown in Figure 16. A signal generator generated the input signal. An oscilloscope was used to observe the waveforms at the output points of the energy extraction circuit, while a spectrum analyzer was used to analyze the output of the clock recovery circuit.




3.2. Energy Extraction Circuit


Using an oscilloscope, we displayed the   V  i n    and   V  o u t    of the substrate-adaptive rectifier, as shown in Figure 17a. The input signal was generated by a signal generator and was a sinusoidal waveform with a peak-to-peak value of 20 V. According to the results, it can be observed that the output voltage of the rectifier remained stable at 9.76 V.



We also displayed the   V  i n    and   V  o u t    of the BGR–LDO feedback structure. When   V  i n    reached about 5 V,   V  o u t    started to rise and eventually stabilized at 3.36 V. Figure 17b shows the oscilloscope display, indicating that the startup circuit was functioning properly and that the stability of the structure was excellent. The initial rise in Vout could potentially be attributed to leakage current.




3.3. Clock Recovery Circuit


According to Section 2.2, the output of the clock recovery circuit should be a 1.128 MHz clock. We used a spectrum analyzer to show the spectrum and phase noise of the output signal from the clock recovery circuit. Figure 18a displays the spectrum of the output clock, indicating that the output clock remained stable at 1.128 MHz. We further tested the quality of the output clock through phase noise analysis, as shown in Figure 18b. We analyzed the phase noise at two points, 1 KHz and 10 KHz offset from the 1.128 MHz output clock, respectively. The results indicated that the phase noise of the output clock was less than −80 dbc/Hz.




3.4. Balise System


The designed energy extraction and data clock recovery circuit chip were integrated into the balise system, as depicted in Figure 19 of the overall PCB. Furthermore, the testing principles by the Eurobalise 085 test specifications are also illustrated in the diagram. The LEU supplied power to the energy extraction circuit through the interface circuit and provided data to the data clock recovery circuit. The energy extraction circuit powered the system, while the clock recovery circuit provided the clock for the balise. After undergoing circuit processing, the data were transmitted to the receiver via an antenna. We used the receiver to test the balise’s mean data rate and maximum time interval error.



3.4.1. Mean Data Rate


The mean data rate test assesses the output data rate of the balise, which is characterized as [10]:


      V ¯  =  n  T  ( b i  t n  )  − T  ( b i  t 0  )    ,     



(14)




where   T ( b i  t n  )   and   T ( b i  t 0  )   represent the moments of the n-th bit and 0-bit transitions, respectively, measured in seconds. To ensure accuracy, we conducted a test with 750 bits, and the results are displayed in Figure 20a. The mean data rate deviation was 62 ppm (relative to the center frequency), which significantly exceeded the 200 ppm frequency deviation specified in the European balise test specification.




3.4.2. Maximum Time Interval Error


The maximum time interval error is a commonly used metric to describe a balise’s signal drift [11]. It is defined in international standards as the maximum peak-to-peak time error variation of a given timing signal concerning an ideal timing signal within a particular period. MTIE can be estimated from the formula


     M T I E  ( n  τ 0  )  =   m a x   1 ≤ k ≤ N − n    (   m a x   k ≤ i ≤ k + n    x i  −   m i n   k ≤ i ≤ k + n    x i  )  ,     



(15)




where   x i   is a sequence of N samples of time error function   x ( t )   taken with sampling interval   τ 0  ,  τ  =   n  τ 0    is an observation interval, and n can change from 1 to   N − 1  , depending on the considered values of the observation intervals. We measured the data MTIE of the balise, as shown in Figure 20b. The results show that the maximum time interval was less than 250 ns, which was far beyond the maximum MTIE1 specified in the European balise test specification.






4. Discussion


The test results indicate that our active balise integration solution is suitable for current balise systems. It offers advantages beyond improving integration, reducing the use of discrete components, and enhancing system stability. The test results for the substrate-adaptive rectifier and the BGR–LDO feedback regulator indicate that the balise’s energy efficiency and stability will be improved. That means that the number of balises on the same railway will be reduced, significantly reducing costs. Additionally, the energy extracted by the balise will be more stable. The clock data recovery circuit test results indicate that the balise’s system clock is more accurate. This, in turn, contributes to improving the system’s stability. In the end, we applied the integrated active balise to the system for system testing. The test results further demonstrate that this design effectively enhances the stability of the balise system.



Nevertheless, we believe that further optimization of the balise can be explored from other aspects. Firstly, there is room for integration of the interface circuitry. As shown in Figure 2, this work has integrated the active balise, but the interface circuitry remains built with discrete components. The interface circuitry primarily serves the purpose of signal separation of “C1” and “C6”, but the signal frequencies are low, and the filtering components used are quite large. Therefore, designing an on-chip filter capable of separating low-frequency signals becomes the next step in our work. Secondly, there is potential for integrating passive balises. Similarly, if passive balises are integrated, the number of discrete components will further decrease, resulting in a reduction in the overall system footprint and cost. Thirdly, there is a need for further improvement in system stability. Due to the rapid development of railways, especially the increasing operating speeds of high-speed trains, there is a growing demand for higher stability in railway balises. Therefore, improving the stability of railway balise systems will also become a research objective.




5. Conclusions


This paper proposes a highly integrated and stable railway balise. Our proposal integrates the rectifier, regulator, and clock data recovery circuit, to reduce the use of discrete components, and we designed a BGR–LDO feedback regulator with a limiter-based start-up circuit, to enhance the stability of the system. The test results of the system show that the MDR deviation of the balise was only 62 ppm, which was 69% lower than that specified in the test specification for Eurobalise FFFIS (which is 200 ppm), while the MTIE was less than 250 ns (1000-bit test). Our proposal is suitable for train communication and control, and it will contribute to advancing railway development.
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Figure 1. (a) balise transmission system and (b) block diagram. 
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Figure 2. Diagram of a balise. 
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Figure 3. Diagram of designed energy extraction circuit. 
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Figure 4. NMOS and PMOS gate cross rectifier: (a) schematic; (b) input/output voltage. 
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Figure 5. Substrate adaptive rectifier: (a) schematic; (b) input/output voltage. 
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Figure 6. Comparison of output power. 
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Figure 7. Conventional regulator. 
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Figure 8. Proposed BGR–LDO feedback regulator. 
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Figure 9. Comparison of the PSR of (a) conventional regulator and (b) proposed regulator. 






Figure 9. Comparison of the PSR of (a) conventional regulator and (b) proposed regulator.



[image: Electronics 12 04217 g009]







[image: Electronics 12 04217 g010] 





Figure 10. Simulation result of the PSR. 
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Figure 11. Limiter-based start-up circuit. 
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Figure 12. Feedback loop of the proposed BGR–LDO feedback regulator. 






Figure 12. Feedback loop of the proposed BGR–LDO feedback regulator.



[image: Electronics 12 04217 g012]







[image: Electronics 12 04217 g013] 





Figure 13. Clock data recovery circuit. 
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Figure 14. Coding rule of DBPL. 
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Figure 15. The integration result: (a) the active balise before being integrated; (b) the microscope photograph of the integrated active balise. 
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Figure 16. Test environment and the PCB. 
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Figure 17. The results of the energy extraction circuit: (a) input and output voltage of the substrate-adaptive rectifier. (b) Vin and Vout of the BGR–LDO feedback structure. 
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Figure 18. The results of the clock data recovery circuit: (a) spectrum of the output clock; (b) phase noise of the output clock. 
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Figure 19. PCB of balise system and test diagram. 
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Figure 20. The results of the balise system: (a) mean data rate of the output; (b) MTIE results. 
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