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1 Introduction
This paper focuses on reference signal design for efficient synchronization of the receivers for discovery and communication. A companion contribution [4] focuses on synchronization procedures based on the signals proposed in this paper.
2 Synchronization Requirements
Direct synchronization is based on a set of known reference signals (RS) transmitted by the devices. Partly contrasting design principles need to be balanced in the design:

· RS bandwidth: 
· Larger bandwidth (e.g., 6 PRBs) allows for more accurate timing synchronization, better interference randomization, better frequency diversity and it allows for detection of multiple RS sequences (if needed).
· Narrow bandwidth provides better SNR per subcarrier and smaller overhead.

· RS time spacing
· Larger spacing between the RSs allows for increased resolution in frequency estimation
· Narrower spacing between the RSs gives larger frequency estimation range.

Regarding timing estimation, it is sufficient to guarantee that the timing resolution is a fraction of the CP, i.e., smaller than ~5us. Regarding frequency estimation, a target accuracy in the order of 0.1 ppm may be considered based on existing RAN4 requirements [1]. The frequency estimation range should not be smaller than +/-4kHz
. 

Observations:

· D2D synchronization RS should allow for timing estimation within CP and frequency estimation accuracy around 0.1 ppm

· Frequency estimation range should not be smaller than +/-4kHz

3 Synchronization Signals Alternatives

At least two different alternatives for direct synchronization may be considered and should be studied. 

· In Alt.1, synchronization is based on a dedicated synchronization signal transmitted periodically. The receiver needs to first synchronize to such synchronization signal in order to be able to demodulate other channels (data or beacon). This is similar, e.g., to how TM10 operates, where timing and frequency estimation is jointly obtained by CRS, CSI-RS and DMRS, while demodulation is based on DMRS only.

· In Alt.2, synchronization and demodulation are obtained from the same DMRS ports. The receiver does not need to previously detect a synchronization signal, in order to be able to demodulate based on DMRS. This is similar, e.g., to how CRS-based transmission modes operate in LTE DL, where CRS may be exploited both for synchronization-maintenance and demodulation.
In this paper we investigate RS design for both the above alternatives. All results in this paper are based on single shot sync detection, i.e., no subframe accumulation is considered. However, frequency and sequence identification performance may be improved significantly at low computational cost by subframe accumulation.
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Figure 1: Alternatives for synchronization RS design
Observations:

· Two alternatives are suitable for D2D synchronization:

· Alt.1: synchronization is provided by dedicated signals

· Alt.2: synchronization is obtained by the DMRS of the D2D channels

· The two alternatives may coexist in the D2D system design, e.g., for different D2D channels

3.1 Alt.1: Dedicated Synchronization Signals Design

Dedicated synchronization signals for D2D may be transmitted by selected UEs, in coverage and outside coverage, in order to broadcast a common synchronization reference to nearby UEs. Sync signals are primarily intended to allow nearby UEs to acquire frequency and timing synchronization and possibly convey additional information, similarly to the role of PSS/SSS during cell search. Therefore, it makes sense to reuse a similar design of PSS/SSS also for the D2D reference signals.
An example of D2D synchronization signals mapping to the frames transmitted by a CH is provided in Figure 2. The synchronization signals periodicity is analysed in the companion contribution [4]. 

[image: image2]
Figure 2: Synchronization signals design

Figure 3 and Figure 4 provide the performance for time estimation, frequency estimation and sequence identification based on direct synchronization signals reusing the same sequences as PSS/SSS, for AWGN and ETU channels in low mobility. All results in this paper are based on single shot sync detection, i.e., no subframe accumulation is considered. However, frequency and sequence identification performance may be improved significantly at low computational cost by subframe accumulation.
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Figure 3: Timing estimation, frequency estimation and sequence identification performance for direct synchronization signals (v1=v2=1m/s, AWGN channel)
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Figure 4: Timing estimation, frequency estimation and sequence identification performance for direct synchronization signals (v1=v2=1m/s, ETU channel)

Additional results for higher UE speed (assuming the double speed model from [2]) are provided in Figure 5 for the ETU channel model. 
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Figure 5: Timing estimation, frequency estimation and sequence identification performance for direct synchronization signals (v1=v2=17m/s, ETU channel)
It is shown that timing estimation performance is acceptable for all the considered cases and even much below 0 dB SNR (per subcarrier), which provides some robustness against interference. Therefore, existing UE algorithms for cell search timing based on PSS may be reused for D2D, without any need for subframes accumulation.

Observation:

· Existing UE algorithms for cell search timing based on PSS may be reused for D2D

· Subframes accumulation not needed for timing estimation based on PSS

When it comes to frequency estimation and sequence identification, performance of one-shot estimation may not meet requirements for low SNR for fading channels. However, once timing is acquired by PSS, multiple sync subframes may be efficiently accumulated for improved frequency and sequence detection, with minimum complexity increase.
Observation:

· The performance of frequency and sequence detection may be improved by subframes accumulation with minimum complexity increase
Proposal:

· For direct synchronization signals consider a design similar to PSS/SSS

· 62 used subcarriers, 5 empty guard subcarriers at the signal band edges, two signals mapped to adjacent OFDM symbols

3.2 Alt.2: Synchronization Derived from DMRS
In Alt.2, DMRS for demodulation of a D2D channel are used for synchronization, too. No additional synchronization signal is required for synchronization of the considered D2D channel. Alt.2 may be particularly suitable, e.g., for discovery beacons in case of inter-cell, inter-PLMN and inter-cluster discovery. As a reference channel design, a 1 PRB channel is considered here. 
In order to allow for efficient timing detection, RSs with 8 used subcarriers and 2+2 guard subcarriers at both edges of the PRB are considered here. The guard bands are intended to accommodate the roll-off of time domain filters. As a working assumption, the selected RS are windowed LTE ZC sequences (further optimization of the sequences is FFS). It is clear how the PSS/SSS design has been reused here, simply scaled to the 1 PRB channel BW.
Figure 6 shows different mapping alternatives for the DMRSs for the cases of 2, 3 and 4 RSs/subframe. These mappings have been selected based on the ambiguity functions for time/frequency estimation (not shown here for limited space reasons).


[image: image6]
Figure 6: DMRS mapping examples for 2, 3 and 4 RSs/subframe. The proposed mappings are selected for frequency estimation performance.
Figure 7 shows the timing synchronization performance for the proposed patterns, for AWGN and ETU channel models at low speed. The estimation is based on the non-coherent ML estimation [3] based on cross-correlation of all the RSs on both the (uncorrelated) receive antennas, in a subsampled domain after time domain filtering. It is shown that timing estimation can be reliably performed down to 0 dB SNR for the AWGN channel. With ETU, 2 RS/subframe incurs in a ~15% probability that timing is not correctly acquired, while with 4 RSs/subframe the probability of incorrect timing is reduced to approximately 2%.

[image: image7]
Figure 7: Timing synchronization performance with AWGN and ETU channels, with low mobility, 0dB SNR.
Figure 8 shows the frequency synchronization performance for the considered RS patterns. The estimation is based on all the RSs on both the receive antennas and it is performed in the frequency domain. Ideal timing is assumed in Figure 8 when windowing the OFDM symbols. The following is observed:
· With 2 RSs/subframe accurate frequency estimation is not possible due to the limited estimation range.  Therefore, with 2 RSs additional frequency estimation methods need to be provided in order to confine the uncertainty within the interval +/-2.5kHz, which corresponds to the estimation ambiguity.

· With 3 and 4 RSs/subframe it is possible to resolve ambiguities up to +/-7.5kHz. Whether the overhead of 4 RSs vs. 3 RSs is justified by performance needs to be verified once the transmission format for the D2D channels is agreed.
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Figure 8: Frequency synchronization performance with AWGN and ETU channels, with low mobility, 0dB SNR.

Figure 9 provides the timing and frequency synchronization performance with ETU in case of moderate dual mobility. The performance is not largely worse than in Figure 7 and Figure 8, which confirms that the proposed patterns are suitable for moderate double mobility. Nevertheless, the advantage of 3-4 RSs vs.2 RSs/subframe is quite obvious, both for timing and frequency estimation.

[image: image9]
Figure 9: Timing and Frequency synchronization performance with ETU channels and moderate (dual) mobility, 0dB SNR.

Proposal:

· If synchronization is to be acquired directly from DMRSs, consider the following designs:

· 8 used subcarriers, 2+2 empty guard subcarriers at the signal band edges
· FFS between 3 or 4 RS symbols/subframe for efficient time and frequency estimation in various mobility environments

4 Conclusions

This contribution discusses synchronization options and procedures as well as reference signals design for LTE-based D2D, including various link and system level simulations. Based on the analysis and results, the following is observed and proposed:

Observations:

· D2D synchronization RS should allow for timing estimation within CP and frequency estimation accuracy around 0.1 ppm

· Frequency estimation range should not be smaller than +/-4kHz

· Two alternatives are suitable for D2D synchronization:

· Alt.1: synchronization is provided by dedicated signals

· Alt.2: synchronization is obtained by the DMRS of the D2D channels

· The two alternatives may coexist in the D2D system design, e.g., for different D2D channels

· Existing UE algorithms for cell search timing based on PSS may be reused for D2D

· Subframes accumulation not needed for timing estimation based on PSS

· The performance of frequency and sequence detection may be improved by subframes accumulation with minimum complexity increase

Proposals:

· For direct synchronization signals consider a design similar to PSS/SSS

· 62 used subcarriers, 5 empty guard subcarriers at the signal band edges, two signals mapped to adjacent OFDM symbols

· If synchronization is to be acquired directly from DMRSs, consider the following designs:

· 8 used subcarriers, 2+2 empty guard subcarriers at the signal band edges
· FFS between 3 or 4 RS symbols/subframe for efficient time and frequency estimation in various mobility environments
Appendix A: Simulation Parameters for RS Design
	Channel model
	AWGN, ETU, 2 uncorrelated rx antennas

	Mobility model
	Dual mobility {v1,v2} [2]

	Carrier frequency
	2GHz

	UE speed
	v1=v2=1m/s, v1=v2=17m/s

	SNR definition
	Average SNR per RS subcarrier

	Timing estimation algorithm
	Non-coherent time domain correlation on the subsampled signal [3]

	Frequency estimation algorithm
	ML estimator in frequency domain
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� UEs typically suffer from an oscillator inaccuracy of ten or more ppm at cold start. In cellular LTE such inaccuracy is typically reduced to a fraction of subcarrier spacing by frequency domain correlation of PSS.
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