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Abstract

Increasing use of AIS has led to significant overload of the AIS channels. With the emerging high data volume, VDES is introduced to mitigate this problem. It can provide higher data rate (up to 32x) to meet future challenging requirement for data exchange and new application. In this paper, we present the design and development of a shipborne VDES communication system prototype, incorporating the AIS/ASM and VDE in a single module for proof-of-concept and test bedding in Singapore.
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1 Introduction
 VHF Data Exchange System (VDES) is a technological concept under development by the IALA e-NAV committee, and is widely discussed at International Telecommunication Union (ITU) and International Maritime Organization (IMO) today. It is a digital data exchange system envisaged to offer globally interoperable and enhanced maritime data communication, capable of ship-to-shore, shore-to-ship, ship-to-ship and global coverage via satellite for safe navigation [1] [2]. 
In this paper, we present the design and development of a ship-borne VDES mobile station prototype for proof of concept and test-bedding in Singapore. This is a collaboration effort between STEE-SatComS and I2R. Subsequently, the ship-borne VDES mobile station prototype will be commercialized into a product, with potential upgrade to support Satellite VDES.
Besides the inclusion of the ASM and VDE to enable higher data rate transmission, VDES will continue to support all functional and performance requirements of AIS as specified in the current standards [2]. Highest priority will be given to AIS’s position reporting and safety related information in the VDES.

2 VDES Mobile Station
A VDES communication system comprises two entities, namely, the Mobile Station (VDES-MS) and the Base Station (VDES-BS). The VDES-MS refers to the transceiver that will be installed on ships, while VDES-BS refers to the transceiver that will be deployed on shore. To demonstrate a fully functional VDES communication network, both entities are required. In this work, STEE-SatComS and I2R focus on developing the transceiver for the VDES-MS. For the VDES-BS transceiver, STEE-SatComS will be engaging a suitable party as partner. Field trials will be conducted as a proof of concept for the VDES-MS prototype via sea trials in collaboration with the partner.

An overview of the system architecture and work distribution of the VDES-MS development is shown in Figure 1. 
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Figure 1: System architecture of VDES-MS

STEE-SatComS will focus on the antenna, RF front-end and AC-DC power module development, while I2R will be primarily responsible for the design and implementation of the up-down converter, baseband modules and the user-interface peripherals.

3 RF Front-End Module
The block diagram of the RF Front-End (RFFE) is shown in Figure 2.
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Figure 2: VDES-MS RFFE module 

The Transmit chain of the RFFE module has 5 RF inputs for AIS1, AIS2, ASM1, ASM2 and VDE1 signals, respectively, from the Baseband (BB) module. VDE1 has a separate transmit path due to the higher transmit power level as compared to that of the AIS and ASM. The digital signal from the BB module indicates the transmission of a QAM or non-QAM signal (‘1’ for QAM at 38.9W, ‘0’ for non-QAM at 9.8W).
The AIS1, AIS2, ASM1 and ASM2 are integrated via a 4-to-1 combiner to transmit simultaneously through another transmit path with an RF power amplifier that provides either 1W or 12.5W of output power (‘1’ for 1W, ‘0’ for 12.5W), selectable by the user.
A high-power RF switch at the outputs of the 2 transmit paths will select either the VDE1 or the other 4 signals. Depending on this selection, only one of these power amplifiers will be turned on to minimize DC power consumption and avoid overheating of the RFFE modules. In the receive mode, both power amplifiers will be turned off.
A low pass filter rejects the out-of-band spurious signals and its harmonics, before transmitting the signal to the antenna via the High-Power Transmit-Receive (HPTR) switch.
The received signal from the antenna will pass through the HPTR switch and filter by a narrow band-pass filter covering 161.5 - 162.5MHz. The signal is then amplified through three RF amplifiers to the desired signal level. This signal is subsequently distributed into 5 paths, to facilitate separate detection of the AIS1, AIS2, ASM1, ASM2 and VDE1 signals via their respective coupler-detector pair, so as to independently adjust the input level to the up-down converter.
4 Up-down Converter and Baseband Module
For the initial design and implementation of the VDES prototype, we employed a Field Programmable Gate Arrays (FPGAs) instead of Application-Specific Integrated Circuits (ASICs) for the baseband subsystem. Although FPGAs are not as efficient as ASICs in terms of performance, physical size and power consumption, the flexibility and ease of reconfiguration offered by FPGAs outweigh the advantages of ASICs for this crucial proof-of-concept phase, especially when the VDES standard is still evolving. The design of our proposed transceiver is based on the VDES specifications version 10/2015 [1].
4.1 Overview of Baseband Module
Figure 3 shows the top-level block diagram of the platform architecture for the VDES baseband subsystem and interface to the RF sub-system. The ZC706 features a dual-core ARM Cortex-A9 processor and a Xilinx Zynq-7000, all programmable System-on-Chip (SoC). It also supports multiple I/O peripherals such as USB, UART and Ethernet, etc.
4.2 Transmitter

A block diagram of the VDE/ASM transmitter is shown in Figure 5. For the VDE channel, the payload data and its associated computed checksum (CRC) are protected by a turbo code punctured to a desired code rate. Two code rates are specified as 1/2 and 3/4.
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	Figure 3: Prototype platform architecture of VDES baseband module
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	Figure 4: VDES transceiver setup for laboratory testing and debugging
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	Figure 5: Transmitter block diagram for ASM and VDE


Regardless of the type of channel, the resulting sequence is concatenated with a 6-bit so-called Link Configuration ID, which is encoded into a 32-bit biorthogonal code, and a 27-bit training sequence. Three types of modulation schemes are specified in the VDES standards. These include π/4-QPSK, 8PSK, and 16QAM, where the respective constellation mappings are illustrated in Figure 6. The encoded payload data + CRC of the VDE channel is able to utilize any of the three available modulation schemes, while the ASM channel uses only the π/4-QPSK. Information about the type of modulation and coding rate used, collectively known as Modulation and Coding Schemes (MCS), is conveyed in the Link Configuration ID, where the corresponding 32-bit biorthogonal code is itself modulated using π/4-QPSK. Four MCS are specified in the standards as tabulated in Table 1. The training sequence, on the other hand, has its own modulation rule where a logic ‘1’ is mapped to π/4-QPSK symbol 3 while a logic ‘0’ is mapped to π/4-QPSK symbol 0.
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	Figure 6: Bit mapping for various modulation schemes in ASM and VDE


	MCS
	Modulation
	Code Rate

	MCS-0
	π/4-QPSK
	1

	MCS-1
	π/4-QPSK
	½

	MCS-3
	8PSK
	¾

	MCS-5
	16QAM
	¾


Table 1: Modulation and coding schemes (MCS) as specified in the VDES standards
4.3 Receiver
A VDES channel sounding campaign was previously conducted by the General Lighthouse Authorities (GLA) of the United Kingdom and Ireland, and the Institute for Telecommunications Research (ITR) at the University of South Australia, to examine the radio propagation conditions for VDES [3].

Basically, the investigation revealed that under Line-Of-Sight (LOS) scenario, mild frequency selective fading was observed. On the other hand, harsh frequency selective fading was seen in Non-LOS (NLOS) conditions. Using the results of [3], we collected all the reported Channel Impulse Response (CIR) instances for the 100 KHz bandwidth, as significant resolvable second delay tap was observed in this bandwidth. These CIRs encompassed scenarios from LOS to NLOS with distances varying from 1km to 30km. It is essential to mitigate the effects of multi-paths, as they will interfere with the main desired received signal. Our receiver is designed such that the ill-effects of these estimated CIRS will be properly addressed, to achieve reliable signal detection.

Other impairments that will affect the reliability of signal detection include frequency offset and timing offset. The main contribution to the frequency offset impairment comes from the indifference in the crystal oscillator frequency between the transmitter and receiver. This impairment must be compensated; otherwise it will create problems in signal detection, especially for higher order modulation such as 8PSK and 16QAM. In contrast, due to the low velocities of the vessels, Doppler shift is insubstantial to cause any significant impact to signal detection. Our algorithms are designed to resolve the frequency offset impairment down to as low as 1 Hz in resolution. 

In our receiver, we have developed a series of algorithms that are capable of achieving reasonably good timing and frequency synchronization under the simple training sequence design given in the VDES specifications. These include mitigating the InterSymbol Interference (ISI) in the presence of NLOS multipath channels, and effectively tracking the residual frequency offset for accurate demodulation and decoding, to be validated via sea trials. 
4.4 Simulation Results

4.4.1 Link Level Performance

In this section, we present the simulation results obtained from our proposed transceiver running on fixed-point operations using the setup shown in Figure 4, where the VDE signals were transmitted over two types of channels:
· Channel A: LOS channel at a distance greater than 11 km.
· Channel B: NLOS channel with strong multi-paths at a distance greater than 13 km.
The frequency offset is set at a worst-case scenario of 6 ppm. The Packet-Error-Rate (PER) performance is plotted against the received signal-to-noise ratio, Es/N0 in dB. The ideal cases were also plotted for comparison, where no frequency offset is present. Modulations of 8PSK and 16QAM were simulated as they are more susceptible to the effects of frequency offset and multi-paths.

The plots are presented in Figures 7 and 8 for Channel A and Channel B, respectively. The following observations are noted:
· A PER of 10-2 can be achieved at 14 dB for Channel A and 16.5 dB for Channel B using 8PSK in the presence of frequency offset. In the ideal case, the same PER can be achieved at 9.5 dB for Channel A and 13 dB for Channel B. Thus, frequency offset resulted in about 4-5 dB loss of performance even when compensated by our algorithms. Similar observation is noted for 16QAM. 
· The performance difference between 8PSK and 16QAM is about 0.5 dB in the presence of frequency offset. In the ideal case, the performance difference between 8PSK and 16QAM is about 2 dB. The discrepancy arose from the fact that the frequency offset is estimated from the training sequence, which is modulated by the same technique, as highlighted in Section 4.2, regardless of the modulation technique employed in the data. Thus, the 2 dB advantage of 8PSK over 16QAM in the ideal case is reduced when frequency offset estimation and compensation is taken into account.
4.4.2 System Level Performance

In the VDES channel, a ship that has new traffic packets to transmit will use the random access time division multiple access (RATDMA) protocol [3] to compete with other ships to obtain the first transmission slot. In the following slots, if this ship still has packets to transmit, it will use incremental time division multiple access (ITDMA) [3] protocol to announce that the next subsequent slot(s) will be occupied. Any other ship that heard this announcement will update its candidate slot set and not select its transmission during these occupied slot(s) any more. After successfully receiving a packet, the receiver will respond with an acknowledgement (ACK) packet correspondingly.
The system level performance of a VDES channel is shown in Figure 9. Without loss of generality, the total traffic rate is set to 0.5 packets per slot in our simulation. Taking into consideration the different candidate slot window size in the selection of an on-going transmit slot, we observe that the normalized throughput of the entire system increases to the maximum value and then decreases or maintains at a steady-state value as the number of ships N increases. This phenomenon can be explained by the fact that as the number of the ships increases, the number of collisions among them increases as well. The steady-state system performance is achieved only when an appropriate window size is chosen.
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	Figure 7: PER performance over Channel A
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	Figure 8 PER performance over Channel B
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	Figure 9 System level performance of VDES.


5 Conclusions
The paper presented the design and development of the VDES-MS by STEE-SatComS and I2R with simulation results. We are in the process of lab testing, field trials and sea trials for the VDES-MS prototype to validate the system performance with measured data.
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