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[bookmark: _Ref129681832]The Device-to-Device Synchronization Signal (D2DSS) consists of a Primary D2DSS (PD2DSS) and possibly a Secondary D2DSS (SD2DSS). Most of the fundamental issues related to the D2DSS remain to be decided. In Sec. 2 and 3, we elaborate on a number of D2DSS details, including its information content, signal properties and resource allocation. Sec. 4 contains all our corresponding proposals. 
Information carried by the D2DSS
The detection performance gets worse and receiver complexity increases, the more information that is contained in the D2DSS. Thus the D2DSS should only include essential information, similar to what applies for the Primary Synchronization Signal (PSS) and the Secondary Synchronization Signal (SSS). 
Identity of synchronization source
Similar to Physical Cell Identity (PCID) in cellular communication, a PSSID (Physical Synchronization Source IDentity) could be used for randomizing signals and interference, e.g., scrambling. According the evaluations in [1], it is observed that the maximum number of synchronization sources a D2D UE is able to find is around 60. This is less than 168 (i.e., the number of cell groups in the SSS), which makes it possible to use the existing SSS sequences for encoding the PSSID.  
Type of synchronization source
In RAN1#76bis, the following was agreed, which amounts to 1 bit of information:
· D2DSS of synchronization source derived from eNB is different to D2DSS of synchronization source not derived from eNB. 
However, a clarification may be needed on the meaning of “derived from” if multihop synchronization applies. There could be two interpretations, which would yield different UE behavior in encoding the synchronization source type:
i. Derived from the previous hop only.
ii. Derived from any previous hop.
Our understanding is that interpretation i) is correct and that the agreement should read:
·  D2DSS of synchronization source having a reference timing derived from eNB in the previous hop is different to D2DSS of synchronization source having a reference timing not derived from eNB in the previous hop. 

Observation. Clarification is needed on the agreement of synchronization source type.
Cyclic prefix length
As for PSS/SSS, CP length does not need to be explicitly encoded in the D2DSS as it could be detected blindly by decoding an SD2DSS under two hypotheses for position relative to the PD2DSS.
TDD/FDD differentiation
As for PSS/SSS, TDD/FDD differentiation does not need to be explicitly encoded as it could be detected blindly by decoding an SD2DSS under two hypotheses, given that the SD2SS is located in different OFDM symbols for FDD and TDD. However, it is questionable whether encoding TDD/FDD differentiation in the D2DSS is needed at all. For in-coverage UEs, this information is obtained from the PSS/SSS. For out-of-coverage UEs, there is no synchronization to any network and the meaning of TDD or FDD is unclear. 
Subframe timing
The subframe timing can be encoded by an SD2DSS using the two sets of existing SSS sequences as discussed in Sec. 3.5.
The PD2DSS will be able to provide OFDM symbol timing but cannot encode all the other information and therefore a SD2DSS is needed. The existing SSS is using 336 sequences, i.e., one set of 168 sequences in subframe 0 and another set of 168 sequences in subframe 5. This leads to the following proposal.
Proposal 1. 
The PD2DSS includes 2 PD2DSS sequences. 
· The sequences encode whether the synchronization source has obtained a reference timing from an eNodeB.
 The SD2DSS includes 336 SD2DSS sequences.
· The sequences encode 168 synchronization source IDs and subframe timing.
· The existing 2x168=336 SSS sequences are reused.
D2D Synchronization Signals
[bookmark: _Ref376529980]Objectives for D2DSS design
Detection performance and receiver complexity were two key aspects that governed the design of the PSS/SSS, which also should be prioritized for a D2DSS. For D2DSS transmission on a TDD carrier, there is the additional issue of interference with the PSS/SSS, e.g.: 
· A legacy TDD UE trying to detect a cell of the LTE system (e.g., for cell selection), may not be able to succeed in accessing a cell if D2D UEs in its vicinity transmit D2DSS.
· A D2D UE located outside LTE TDD network coverage will not be able to access a cell but may still receive the PSS/SSS, which would constitute interference while trying to detect a D2DSS.  
Hence, it is required that the D2DSS should have low cross-correlation with the PSS/SSS.
Receiver complexity depends on the ability to utilize certain signal properties to mainly reduce the number of complex-valued multiplications. A key property of the PSS is time-domain central symmetry which is a necessary condition for the following [2]: 
· Reducing the number of multiplications in the detector by up to ~50% by adding symmetric samples prior to multiplication. 
· Detecting complex-conjugated PSS pairs with the multiplication complexity as for detecting one of the PSSs. 
The SSS is based on m-sequences, for which Fast Hadamard Transforms could be used in the detector. The cell searcher contributes to 10-15% of the total baseband cost of the LTE modem [3]. Therefore, it is crucial that a D2DSS will support low-complex receiver implementations and that as much as possible from the existing PSS/SSS detector implementations could be reused. 
Multiple Access Scheme for D2DSS
There are two main options for D2DSS multiple access scheme; SC-FDMA without precoder or OFDM. 
OFDM signal
This option is utilizing an un-modulated DC subcarrier and is not using any subcarrier shift, see the OFDM baseband signal definition in Sec. 6.12 of 36.211[4]. An advantage of using an OFDM signal is that, for FDD, the PSS/SSS could be used for the D2DSS. However, for TDD, at least a new set of root indices would be needed for the PD2DSS in order to obtain low cross-correlation with the PSS. 
Since the D2D UE would use UL resources for other channels, i.e., SC-FDMA transmission, it would require switching subcarrier location (by a ½ subcarrier) among OFDM symbols. It may also be more complex to use FDM of the D2DSS (using OFDM) and other channels/users (e.g., PUCCH using SC-FDMA) in the same OFDM symbol, since the subcarrier locations would be offset by a ½ subcarrier. This may require guard bands between the OFDM and SC-FDMA parts.
SC-FDMA signal without DFT precoder
This option is utilizing all subcarriers and a ½ subcarrier shift, see the SC-FDMA baseband signal definition in Sec. 5.6 of 36.211[4]. An advantage of using an SC-FDMA signal is that, for FDD, the PSS/SSS sequences could be used for the D2DSS (although this would give different signals than PSS/SSS). However, for TDD, at least a new set of root indices would be needed for the PD2DSS in order to obtain low cross-correlation with the PSS. 
An advantage of using an SC-FDMA signal is that the same multiple access scheme can be applied to all D2D transmissions. In Sec. 3.3, we show that it is possible to generate PD2DSS with SC-FDMA while assuring that it exhibits signal symmetry allowing for low-complex receiver, just as for the PSS/SSS.   
In order to reduce the implementation complexity, the same set of root indices should be used for FDD and TDD. Thus, it is questionable if complexity reductions could be obtained from an OFDM signal, since new root indices would still be needed for TDD. In [5], we showed that when using the same sequence, the Peak-to-Average-Power-Ratio (PAPR) of the PD2DSS is not significantly different for OFDM and SC-FDMA and PAPR should therefore not be a decisive criterion for selecting between OFDM and SC-FDMA.
[bookmark: OLE_LINK1]PD2DSS  
Synchronization signal symmetry
The symmetry properties of the OFDM based PSS are well-known [2] and in the following we consider the SC-FDMA signal. Appendix A contains the proof of the following Theorem, which implies that an SC-FDMA PD2DSS can provide the same receiver complexity reductions as the PSS.
Theorem. For an SC-FDMA signal, 

where the Fourier coefficients fulfill , 
i) ,and
ii) for two different sets of Fourier coefficients where , then 
Property i) allows for matched filter implementations where symmetric samples could be added prior to multiplication with the replica sample, which could reduce the number of multiplications up to ~50%. Fig. 4 in Appendix B shows an example of a matched filter where this property is utilized.
Property ii) allows for detecting two PD2DSSs with a multiplication complexity of detecting just one PD2DSS. In particular, it should be noted that property ii) is not true for any set of Fourier coefficients but requires that property i) also holds. Hence, odd-length sequences are not eligible since they cannot be mapped to the Fourier coefficients according to the Theorem when N (and thus the sampling rate) is a multiple of 2. In particular, a new sequence in the form of a length-63 Zadoff-Chu sequence, as proposed by some companies, does not exhibit the symmetries of the Theorem, nor does it have any meaningful performance benefit over a length-62 sequence, as shown in Table 3 and 4 in Appendix C and shall therefore not be further considered.
Thus, the PD2DSS sequence has to be centrally symmetric and of even length and, e.g., the existing length-62 PSS sequence fulfills this condition. Fig. 1 shows how the sequence should be mapped to the subcarriers if SC-FDMA is used.

Figure 1. Mapping of  length-62 D2DSS sequence to subcarriers for SC-FDMA.
The sequence  used for PD2DSS could be the length-62 PSS sequence with a new set of root indices 

and using the notation of the specifications, in order to obtain the mapping of Fig. 1, the sequence  would be mapped to the REs according to:

It should be noted that this RE mapping applies to OFDM as well. Hence the following proposal generally applies to SC-FDMA and OFDM.
Proposal 2. The PD2DSS sequence is 

 where and the sequence is mapped to resource elements to be centrally symmetric around the DC frequency.
Numerical results
Table 3 in Appendix B contains numerical evaluation of PAPR and maximum sidelobe of the aperiodic autocorrelation of PD2DSS for different root indices, according to the conditions in Table 2. The maximum aperiodic cross-correlation within the set of PD2DSSs and with the PSSs is also given, respectively. It is observed that even if SC-FDMA is used, the existing set of root indices  results in too large a cross-correlation with the PSSs. It is also noted that some of the root indices result in too large sidelobes for the autocorrelation. As a tradeoff among all the measures, results for a candidate set of 2 root indices are contained in Table 1.
Table 1. Numerical evaluation results for the set of root indices .
	Root indices
	Maximum PAPR [dB]
	Maximum  autocorrelation side lobe
	Maximum cross-correlation
	Maximum cross-correlation with PSS

	{26,37}
	4.52
	0.25
	0.29
	0.21



According to Proposal 1, 2 root indices would be sufficient and in order to utilize property ii) of the Theorem, they should be selected as  to exhibit complex conjugated sequence pair symmetry (). A suitable choice could be   
SD2DSS 
Subframe timing
If the PD2DS/SD2DSS would be transmitted more than once per ‘D2DSS subframe’ (see Sec. 3.5), the SD2DSS should encode the subframe timing, implying that at most 168 PSSIDs can be included since subframe timing is encoded by the two sets of 168 sequences.
In order to obtain the subframe timing, the SD2DSS should use the SSS sequences defined for subframe 0 in the first slot of the D2DSS subframe and use the SSS sequences defined for subframe 5 in the second slot of the D2DSS subframe. However, if there are multiple PD2DSS symbols in a slot, these two sets of SSS sequences are not sufficient to encode the subframe timing. An alternative is then to use different SD2DSS positions for different PD2DSS symbols. This makes it possible for the receiver to determine the subframe timing from a set of hypotheses including different SSS sequence sets and SD2DSS positions.
Fig. 2 shows a case where SD2DSS is transmitted in OFDM symbols 2, 3, 8 and 9 and PD2DSS is transmitted in OFDM symbols 1, 4 ,7 and 10. The SD2DSSs in symbol 2 and 3 use the same SSS sequence, respectively, which is obtained from the sequence set defined for subframe 0. The SD2DSSs in symbol 8 and 9 use the same sequence, respectively, which is obtained from the sequence set defined for subframe 5. By decoding the SD2DSS under different hypotheses of its position in relation to an OFDM symbol timing, the UE would be able to determine the subframe timing. 
Proposal 3. Subframe timing is encoded by SD2DSS OFDM symbol positions and by utilizing SSS sequences from subframe 0 in the first slot and SSS sequences from subframe 5 in the second slot, of the D2DSS subframe, respectively.

Figure 2. Example of PD2DSS (blue) and SD2DSS (green) locations in a D2DSS subframe.
Coherent SD2DSS detection
An SD2DSS symbol should be located in the vicinity of a PD2DSS symbol in order to be able to utilize the PD2DSS for channel estimation. It has been shown that with mobility, there can be significant performance degradation if the distance is more than 3 OFDM symbols [6] and the SD2DSS therefore should be located no more than 3 symbols from the PD2DSS. A prerequisite for coherent detection is that the PD2DSS and the SD2DSS utilize the same antenna port. Similar as for the PSS, the PD2DSS antenna port could be unspecified, as long as the SD2DSS utilizes the same antenna port. Moreover, if the UE cannot assume that the same antenna port is used for all PD2DSS transmissions in the D2DSS subframe, specification is needed for relating each SD2DSS symbol to a PD2DSS symbol, with respect to using the same antenna port. Since the SD2DSS is typically detected in the frequency domain and uses BPSK modulation, coherent detection is possible even if the transmit power is different between PD2DSS and SD2DSS. 
Proposal 4. The antenna port for PD2DSS is unspecified and the SD2DSS utilizes the same antenna port as the PD2DSS.  
Time-frequency resources for PD2DSS/SD2DSS 
The working assumption is that the D2DSS occupies the 6 central RBs in the subframe. It is noted that the symmetry properties in Sec. 3.3 are not achievable if the subcarrier mapping changes, leading to significantly larger implementation complexity and a deviation from the existing PSS/SSS design, which necessitates confirming the working assumption. Unused subcarriers within the 6 RBs could be left as guard band.
Observation. The working assumption that a synchronization resource for D2DSS occupies the 6 central RBs of a sub-frame should be confirmed.
A further working assumption is that a synchronization source transmits D2DSS periodically with a period not being smaller than 40 ms. For TDD UL-DL configuration 2 and 5, there exist no consecutive UL subframes. Hence, for a uniform design, a ‘D2DSS burst’ would be limited one subframe. For out-of-coverage cases, it was agreed to use a pre-determined period. To reduce the implementation impact, it is preferable with as few options as possible and to design the D2DSS for the worst case. Hence, configurable period is not desirable.
Proposal 5. The D2DSS is transmitted in one subframe, with a pre-defined period of 40 ms.
Equidistant location of PD2DSS symbols
A key property for the PSS resource allocation was equidistant location between consecutive PSS symbols, which also should apply for the PD2DSS. The purpose of transmitting multiple PD2DSS symbols is that the receiver would be able to accumulate correlation values from the matched filter to improve the detection. A typical receiver may use an averaging window containing 1 PD2DSS symbol and having a window length corresponding to the distance between two consecutive PD2DSS symbols, e.g., this is 5 ms for the PSS. The left part of Fig. 3 shows an equidistant PD2DSS separation of 3 symbols and the right part shows an equidistant PD2DSS separation of 1 symbol. In the former case, an averaging window length of 3 symbols applies, the same PD2DSS sequence is used in all symbols and the PSS detection principle could be utilized. 
However, for the second case, an averaging window of 1 symbol will not improve performance since it does not always include a PD2DSS symbol. In order to accumulate energy from all the PD2DSS symbols, it would then be required to perform detection with a matched filter having a length corresponding to all the PD2DSS symbols (this is in contrast to the left part in Fig. 3, wherein the matched filter could have a length corresponding to 1 PD2DSS symbol). This would unnecessarily increase the complexity of the synchronization unit. Moreover, it would require that different PD2DSS sequences are utilized in the different PD2DSS symbols. Otherwise, the aperiodic autocorrelation function would exhibit unacceptable false peaks at a level of (N-1)/N when the same PD2DSS is transmitted in N consecutive symbols. Albeit a longer matched filter results in larger processing gain, the additional complexity and deviation from the PSS detector principle is not warranted. Hence, an equidistant separation of at least 2 OFDM symbols should be used.
Proposal 6. The PD2DSS is located equidistantly with a separation of at least 2 OFDM symbols.    


Figure 3. Two examples of equidistant locations of PD2DSS symbols (blue) in a D2DSS subframe, with a separation of 3 symbols (left) and 1 symbol (right).
Conclusions
This paper discussed the D2DSS design and the following is given.
Proposal 1. 
The PD2DSS includes 2 PD2DSS sequences. 
· The sequences encode whether the synchronization source has obtained a reference timing from an eNodeB.
 The SD2DSS includes 336 SD2DSS sequences.
· The sequences encode 168 synchronization source IDs and subframe timing.
· The existing 2x168=336 SSS sequences are reused.
Proposal 2. The PD2DSS sequence is 

 where and the sequence is mapped to resource elements to be centrally symmetric around the DC frequency.
Proposal 3. Subframe timing is encoded by SD2DSS OFDM symbol positions and by utilizing SSS sequences from subframe 0 in the first slot and SSS sequences from subframe 5 in the second slot, of the D2DSS subframe, respectively.
Proposal 4. The antenna port for PD2DSS is unspecified and the SD2DSS utilizes the same antenna port as the PD2DSS.  
Proposal 5. The D2DSS is transmitted in one subframe, with a pre-defined period of 40 ms.
Proposal 6. The PD2DSS is located equidistantly with a separation of at least 2 OFDM symbols.    
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Appendix A.
Proof. Let  and  be a Fourier coefficient at frequency . By sampling the lowpass equivalent SC-FDMA signal [4] at instances  where , a discrete signal can  represented by

where (2) follows from  and by defining .
Utilizing (2), it follows that for , 

Hence, if  then , which gives property i).
Furthermore,

Therefore, for two different sets of Fourier coefficients where , we obtain from (4)  


where the last equality follow from the central symmetry of the signal, which gives property ii).   □                                                                                                    
Appendix B.
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Figure 4. Example of matched filter for PD2DSS using SC-FDMA.
Appendix C.
Table 2 lists the assumptions for the numerical results utilizing the PSS sequence with the SC-FDMA waveform in Table 3. The 2-part and 4-part auto-correlation denote partial correlation with non-coherent accumulation of 2 or 4 parts of the signal. Table 4 contains results for a length-63 Zadoff-Chu sequence.
Table 2. Evaluation assumptions.
	Parameter
	Value

	Sampling rate 
	0.96 MHz (auto/cross-correlation)
30.72 MHz (PAPR)

	Frequency offset
	0 Hz (1-part auto-correlation)
Uniform in [-20,20] kHz (2/4-part auto-correlation)


 
Table 3. PAPR and correlation values for the PSS length-62 sequence with the SC-FDMA waveform.
	Index
	PAPR
	Auto-correlation
0 Hz, 1-part
	Auto-correlation
20 kHz, 2-part
	Auto-correlation
20 kHz, 4-part
	Cross-correlation PSS

	1
	3.2022
	 0.07
	 0.91
	0.95
	0.27

	2
	4.3589
	 0.09
	0.92
	0.96
	0.22

	4
	3.8525
	0.10
	0.90
	0.92
	0.27

	5
	7.3136
	0.11
	0.87
	0.85
	0.31

	8
	4.2263
	0.15
	0.80
	0.74
	0.26

	10
	5.2535
	0.14
	0.75
	0.64
	0.24

	11
	5.1106
	0.13
	0.67
	0.56
	0.25

	13
	5.7132
	0.16
	0.67
	0.56
	0.29

	16
	3.8761
	0.18
	0.70
	0.59
	0.20

	17
	5.5299
	0.18
	0.69
	0.58
	0.24

	19
	5.5988
	0.21
	0.70
	0.59
	0.23

	20
	5.6617
	0.22
	0.69
	0.60
	0.30

	22
	5.2215
	0.24
	0.67
	0.59
	0.30

	23
	5.6844
	0.23
	0.65
	0.54
	0.28

	25
	5.0908
	0.22
	0.61
	0.51
	0.44

	26
	4.5161
	0.25
	0.58
	0.49
	0.21

	29
	4.2996
	0.24
	0.57
	0.71
	0.43

	31
	3.2242
	0.44
	0.64
	0.80
	0.23

	32
	3.2242
	0.44
	0.64
	0.80
	0.23

	34
	4.2996
	0.22
	0.57
	0.71
	0.43

	37
	4.5161
	0.25
	0.58
	0.49
	0.21

	38
	5.0908
	0.22
	0.61
	0.51
	0.21

	40
	5.6844
	0.23
	0.65
	0.54
	0.24

	41
	5.2215
	0.24
	0.67
	0.59
	0.30

	43
	5.6617
	0.23
	0.69
	0.60
	0.30

	44
	5.5988
	0.21
	0.70
	0.59
	0.30

	46
	5.5299
	 0.18
	0.69
	 0.58
	0.31

	47
	3.8761
	0.18
	0.70
	0.59
	0.27

	50
	5.7132
	0.16
	0.67
	0.56
	0.22

	52
	5.1106
	0.13
	0.67
	0.56
	0.29

	53
	5.2535
	0.14
	0.75
	0.64
	0.25

	55
	4.2263
	0.15
	0.80
	0.74
	0.22

	58
	7.3136
	0.11
	0.87
	0.85
	0.26

	59
	3.8525
	0.10
	0.90
	0.92
	0.24

	61
	4.3589
	0.09
	0.92
	0.96
	0.24

	62
	3.2022
	0.07
	0.91
	0.95
	0.23



Table 4. PAPR and correlation values for a length-63 ZC sequence with the SC-FDMA waveform.
	Index
	PAPR
	Auto-correlation
0 Hz, 1-part
	Auto-correlation
20 kHz, 2-part
	Auto-correlation
20 kHz, 4-part
	Cross-correlation PSS

	1
	2.6312
	    0.07
	    0.93
	    0.97
	    0.26

	2
	4.4292
	    0.09
	    0.92
	    0.96
	    0.26

	4
	4.2115
	    0.12
	    0.91
	    0.94
	    0.39

	5
	5.6514
	    0.14
	    0.91
	    0.93
	    0.20

	8
	3.2020
	    0.13
	    0.88
	    0.87
	    0.39

	10
	5.7558
	    0.16
	    0.87
	    0.83
	    0.21

	11
	5.5178
	    0.17
	    0.85
	    0.80
	    0.24

	13
	5.1626
	    0.20
	    0.83
	    0.76
	    0.39

	16
	3.2793
	    0.19
	    0.76
	    0.67
	    0.26

	17
	6.3021
	    0.22
	    0.76
	    0.67
	    0.27

	19
	4.8278
	    0.21
	    0.73
	    0.63
	    0.21

	20
	5.3152
	    0.23
	    0.71
	    0.63
	    0.27

	22
	5.4057
	    0.26
	    0.68
	    0.61
	    0.24

	23
	4.6058
	    0.27
	    0.64
	    0.58
	    0.25

	25
	3.8878
	    0.22
	    0.62
	    0.60
	    0.64

	26
	5.1000
	    0.26
	    0.61
	    0.65
	    0.22

	29
	3.9184
	    0.24
	    0.61
	    0.78
	    0.64

	31
	3.1732
	    0.33
	    0.63
	    0.83
	    0.22

	32
	3.1732
	    0.33
	    0.63
	    0.83
	    0.23

	34
	3.9184
	    0.24
	    0.61
	    0.78
	    0.63

	37
	5.1000
	    0.26
	    0.61
	    0.65
	    0.20

	38
	3.8878
	    0.22
	    0.62
	    0.60
	    0.24

	40
	4.6058
	    0.27
	    0.64
	    0.58
	    0.22

	43
	5.4057
	    0.26
	    0.68
	    0.61
	    0.25

	44
	5.3152
	    0.23
	    0.71
	    0.63
	    0.27

	46
	4.8278
	    0.21
	    0.73
	    0.63
	    0.24

	47
	6.3021
	    0.22
	    0.76
	    0.67
	    0.35

	50
	3.2793
	    0.19
	    0.76
	    0.67
	    0.27

	52
	5.1626
	    0.20
	    0.83
	    0.76
	    0.36

	53
	5.5178
	    0.17
	    0.85
	    0.80
	    0.27

	55
	5.7558
	    0.16
	    0.87
	    0.83
	    0.23

	58
	3.2020
	    0.13
	    0.88
	    0.87
	    0.36

	59
	5.6514
	    0.14
	    0.91
	    0.93
	    0.18

	61
	4.2115
	    0.12
	    0.91
	    0.94
	    0.22

	62
	4.4292
	    0.09
	    0.92
	    0.96
	    0.27

	62
	2.6312
	    0.07
	    0.9257
	    0.97
	    0.26
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