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1	Introduction
An objective of the 5G study item [1] is to identify and develop technology components needed for new radio (NR) systems being able to use any spectrum band ranging at least up to 100 GHz. The goal is to achieve a single technical framework addressing all usage scenarios, requirements and deployment scenarios defined in TR38.913 [2].
This contribution discusses about synchronization signal design, namely focusing on NR-PSS and NR-SSS. Related agreements in RAN1#87 were the following [3]:
	Agreements:
· For NR-PSS
· ZC-sequence can be used as the baseline sequence for NR-PSS for study.
· Other type of sequences are not excluded, e.g. low density power boosted sequence.
· Study the following alternatives on the NR-PSS sequence length
· Alt 1: using sequence whose length is longer than LTE.
· Whether one longer sequence is used or whether the longer sequence is constructed by concatenating multiple sequences which may be same or different sequence and/or length.
· Alt 2: using sequence whose length is shorter than LTE.
· Alt 3: using sequence whose length is the same LTE.
· Study the following alternatives on the sequence repetition
· Alt 1: no repetition.
· Alt 2: time-repetitive signal of NR-PSS across OFDM symbols
· Alt 3: time-repetitive signal of NR-PSS within an OFDM symbol
· Alt 4: frequency-repetitive NR-PSS sequences within an OFDM symbol (element-wise or sequence-wise).
· For NR-SSS
· Study the following alternatives for NR-SSS sequence design:
· Alt 1: interleaving two M-sequences without scrambling using ID in PSS (no cell ID in NR-PSS).
· Alt 2: interleaving two M-sequences with scrambling using ID in PSS as in LTE.
· Alt 3: a root sequence cyclically shifted in time and/or frequency domain.
· E.g. ZC-sequence or M-sequence with cyclic shifts.
· Alt 4: message-based transmission (CRC and/or channel coding based). 
· Alt 5: element-wise multiplication of the ZC-sequence and PN-sequence with cyclic shifts. 
· Other alternatives are not excluded.  
· Study the following alternatives on the NR-SSS sequence length:
· Alt 1: using sequence whose length is longer than LTE.
· Whether one longer sequence is used or whether the longer sequence is constructed by concatenating multiple sequences which may be same or different sequence and/or length.
· Alt 2: using the same NR-SSS sequence length as in LTE.
· Study the following alternatives on the sequence repetition/interleaving:
· Alt 1: no repetition.
· Alt 2: time-repetitive signal of NR-SSS within or across OFDM symbols.
· Alt 3: frequency-repetitive sequences of NR-SSS within an OFDM symbol (element-wise or sequence-wise).
· Alt 4: frequency interleaved sequence of NR-SSS using comb structure within a OFDM symbol.
Agreements:
· Companies are encouraged to propose and evaluate following design parameters of NR-PSS/SSS until next meeting
· SS burst set periodicity
· Subcarrier spacing
· Sequence length
· Sequence type
· Number of IDs provided by NR-PSS/SSS
· Resource mapping/multiplexing
· Following target requirements should be taken into account in NR-PSS/SSS design
· Robustness against initial frequency offset up to 5 ppm
· 10 ppm as optional requirement
· Reasonable complexity for NR-PSS/SSS detection
· Good one-shot detection probability at -6 dB received baseband SNR condition with less than 1% false alarm rate
· Companies report detection probability, the residual timing error and frequency error 
· Good detection performance in multi-cell scenario
· Note: for mMTC, different target requirements may be considered
· Following aspects can be considered (not an exhaustive list)
· Low system overhead due to NR-PSS/SSS transmission
· Low PAPR of waveform for possible power boosting transmission
· Multiplexing with other signal/channel for efficient operation
· Utility of NR-PSS/SSS as reference signal for other channels, e.g., PBCH




  
2	Design
2.1	NR-PSS
2.1.1	Sequence Length
One very important design criteria is a high detection performance essential to support efficient cell search and measurements as well as unlicensed operation. In addition, as NR targets “a lean carrier“ design there are no always on “CRS”-type reference signals to alleviate cell search and measurement NR synch signals should support better detection performance with limited time allocation. To enable improved network energy saving possibilities the synchronization signal periodicity should support lower periodicities from that perspective as well. As discussed and proposed in [4], cell measurements in idle and inactive-connected/connected states could be based largely on synchronization signals. 
Given the above discussed requirement framework, we concluded in [4] that sequence length needs to be at least doubled from LTE to improve one-shot detection performance of NR-PSS seen beneficial for the system operation. Furthermore, in [6] we discuss and show that NR-SSS having sequence length of 127 can fulfil RSRP accuracy requirement for RRM measurement point of view. 
Given the current agreements related to NR-PSS sequence length as follows:
· Study the following alternatives on the NR-PSS sequence length
· Alt 1: using sequence whose length is longer than LTE.
· Whether one longer sequence is used or whether the longer sequence is constructed by concatenating multiple sequences which may be same or different sequence and/or length.
· Alt 2: using sequence whose length is shorter than LTE.
· Alt 3: using sequence whose length is the same LTE.
we propose to adopt Alt 1. 
Proposal: Use sequence whose length is longer than in LTE for PSS.
Proposal: PSS sequence length is 127.
2.1.2	Repetition Pattern
Based on current agreements there are following options for the NR-PSS pattern:
· Study the following alternatives on the sequence repetition
· Alt 1: no repetition.
· Alt 2: time-repetitive signal of NR-PSS across OFDM symbols
· Alt 3: time-repetitive signal of NR-PSS within an OFDM symbol
· Alt 4: frequency-repetitive NR-PSS sequences within an OFDM symbol (element-wise or sequence-wise).
First we note that Alt 2 is basically the same as Alt 1 by applying time domain repetition on Alt 1 which is subject to another discussion whether to transmit PSS multiple times to increase link budget rather than in the scope of the sequence design itself.
Then we compare Alt 1 to Alt 3 (called frequency domain upsampling) and Alt 4 (called frequency domain repetition (element-wise). First we look comparison between Alt 1 and Alt 3 in Figure 1. N equals to sequence length, nRPT refers to frequency domain repetition factor and Δf is the frequency offset. We assume 15 kHz SCS. Further details about simulation assumptions can be found from Appendix A. 
We provide comparable results using partial correlation method (curves with “partial corr”) where the sequence is divided into two (or more) sub-sequences that are coherently detected separately. Coherently detected sub-sequences are then non-coherently combined. We observe that Alt 1 and Alt 3 provide similar performance. Given that the FD upsampling doesn’t provide any UE side implementation simplification we don’t see any benefit from Alt 3 compared to Alt 1. 
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[bookmark: _Ref471334095]Figure 1 PSS+SSS detection performance of Alt 1 vs. Alt 3. 

In Figure 2 we compare PSS+SSS detection performance between Alt 1 and Alt 4, and again for comparison we assume partial correlation reception method. We observe that there are no significant performance difference between these alternatives but the Alt 4 may allow a simplified UE implementation since every other sample in time domain waveform is zero. 
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[bookmark: _Ref471334674]Figure 2 PSS+SSS detection performance of Alt 1 and Alt 4.
Observation: No noticeable performance difference between Alt 1, Alt 3 and Alt 4.
Observation: Alt 4 may allow a simplified UE implementation since every other sample of time domain waveform is zero.
Consider Alt 1 (no repetition) and Alt 4 (FD element-wise repetition) as options for further study.
2.1.3	Subcarrier Spacing
As discussed above we see FDM multiplexing for PSS/SSS required for efficient beam sweeping operation and in general we seek a commonality between single-beam and multi-beam design. Thus, when we compare different subcarrier spacings for NR-PSS and NR-SSS we fix the minimum system bandwidth and keep the FDM structure between NR-PSS and NR-SSS. In the following we compare 15 kHz and 30 kHz SCS for NR-PSS and SSS assuming 5 MHz minimum system bandwidth. Thus the sequence lengths are 127 and 63 for 15 kHz and 30 kHz SCS, respectively. In other words we don’t apply any repetition for the NR-PSS and NR-SSS in this study.
We compare detection performance of 15 kHz and 30 kHz NR-PSS and NR-SSS signals assuming the initial access phase, i.e. 5 ppm initial CFO. In both 15 kHz and 30 kHz case we use three trial frequencies -15 kHz, 0 and +15 kHz resulting the residual CFO after trial frequencies’ step being within +/- 7.5 kHz. The results show clearly that longer sequence with 15 kHz SCS beats the 30 kHz with shorter sequence even with 7.5 kHz CFO. 15 kHz case can be further improved via different implementation options against CFO. We consider both partial correlation and DFT based correlation schemes. In both, the sequence is divided into two (or more) sub-sequences that are coherently detected separately. Coherently detected sub-sequences are then non-coherently combined in partial correlation scheme and in DFT based correlation scheme the coherently detected sub-sequences weighted using sinusoid weights where weight vector length is the number for sub-sequences keeping the complexity increase low. 
Figure 3 shows the detection performance for 15 kHz and 30 kHz based NR-PSS and NR-SSS. In the NR-PSS results we do not consider the incorrect estimates of frequency and time offsets caused by the ZC sequence ambiguity phenomenon as a detection error, instead the degradation is visible in the NR-SSS detection results. We can conclude that the NR-SSS detection rate with the longer sequence is clearly impaired by the ambiguity effect when fully coherent correlator is used, but the use of a partial correlator already mitigates the impairment very effectively and that in this case SCS=15 kHz outperforms SCS=30 kHz in all conditions.
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[bookmark: _Ref470003276]Figure 3 Performance comparison of NR-PSS sequences with SCS=15 kHz and SCS=30 kHz.

Observation: 15 kHz SCS based NR-PSS and NR-SSS design performs clearly better than 30 kHz SCS based design when NR-PSS and NR-SSS are FDM multiplexed and both NR-PSS and NR-SSS are having 2 MHz wide signal.
Proposal: Use 15 kHz SCS for NR-PSS when minimum system bandwidth is 5 MHz.
Proposal: Use the same SCS for NR-SSS as for NR-PSS.

2.1.4	1 or 3 Sequences
We compare detection performance between 1 and 3 NR-PSS sequences in Figure 4. The comparison uses m-sequences for the NR-PSS. The NR-PSS detection performance difference is due to different threshold settings: when 1 NR-PSS sequence is used a slightly lower threshold value can be used to maintain roughly equal probability of a false alarm. When 1 NR-PSS sequence is used, the full cell-ID needs to be signalled in NR-SSS, which equalizes the NR-PSS detection performance difference. Hence no remarkable difference is seen in performance and given that having 3 NR-PSS sequences provides more room indicating e.g. SS block index or SS burst index in NR-SSS we propose to have 3 NR-PSS sequences.
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[bookmark: _Ref470079407]Figure 4 Detection performance comparison of cases with 3 and 1 NR-PSS sequence.

Proposal: 3 NR-PSS sequences are defined to allow more design freedom for NR-SSS.

2.1.5	Sequence family
We consider ZC and m-sequence as options for NR-PSS sequence, a performance comparison is shown in Figure 2. The ambiguity effect related to ZC sequences is not symmetric: the worst case performance is seen with the frequency offset equal to -7.5 kHz, while with m-sequence the results are identical with frequency offsets at equal magnitude. With piecewise processing (partial correlation or DFT correlation) of the sequence the ambiguity effect is mitigated to a large degree, but nevertheless when comparing the performance with the largest frequency offset (excluding coherent correlation), the m-sequence outperforms the ZC sequence. We prefer m-sequence over ZC sequence because of no ambiguity issue and thus no need for additional tricks at UE against false peaks (e.g. multiple hypothesis for timing in NR-SSS detection phase). 
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[bookmark: _Ref470004069]Figure 5 Performance comparison of m-sequence (left) and ZC sequence (right).

In general we don’t see PAPR as a strong argument in NR-PSS/SSS design because in any case synchronization signals are FDM multiplexed with other signals and potential PAPR benefit from certain sequence vanishes. When observing the PAPR between ZC and m-sequence, the benefits differ depending on the used assumptions. If the sequences are transformed to time domain with a DFT of length equal to the sequence length the ZC sequence has indeed the PAPR of 0 dB, however the PAPR of an M-sequence is only slightly worse (about 0.034 dB), since the auto-correlation function of M-sequence has side-lobes equal to -1. When either M-sequence or ZC sequence is transformed to time domain with an even length DFT, both lose the (near) ideal PAPR properties. The exact PAPR values depend on the way the sequence are mapped and whether the DC sub-carrier is modulated or not, but it can be seen that due to discrepancy between ZC sequence length which is typically odd length (made from prime length) and IFFT size the resulting time domain signal may not provide lower PAPR compared to m-seq.
Proposal: Select m-sequence for NR-PSS.
2.2	NR-SSS	
2.2.1	Sequence Length
As discussed in [6] we consider using NR-SSS for mobility measurements and in [6] it’s shown that NR-SSS with sequence length 127 provides acceptable performance from RRM measurement perspective. 
Proposal: NR-SSS sequence length is 127.
2.2.2	Sequence Design
For NR-SSS sequence design the following options were identified in RAN1#87:
· Study the following alternatives for NR-SSS sequence design:
· Alt 1: interleaving two M-sequences without scrambling using ID in NR-PSS (no cell ID in NR-PSS).
· Alt 2: interleaving two M-sequences with scrambling using ID in NR-PSS as in LTE.
· Alt 3: a root sequence cyclically shifted in time and/or frequency domain.
· E.g. ZC-sequence or M-sequence with cyclic shifts.
· Alt 4: message-based transmission (CRC and/or channel coding based). 
· Alt 5: element-wise multiplication of the ZC-sequence and PN-sequence with cyclic shifts. 
· Other alternatives are not excluded.
NR-SSS is to provide at least part of the PCI together with NR-PSS but also there may be need for SS block index indication and/or potentially for PCI space extension. Thus, we look at detection performance of NR-SSS with extended space to that of LTE. Figure 3 shows a performance comparison of different NR-SSS sets. The label ‘Ext LTE SSS’ refers to an SSS set constructed in the same manner as the LTE SSS set but using m-sequences of length 127 to obtain a signal spanning 2 MHz with SCS=15 kHz. The other sets are constructed by taking 126 ZC sequences of length 127 and scrambling them with cyclic shifts of an m-sequence. The number of sequences is therefore the product of the number of ZC sequences and the number of cyclic shifts.
We observe that there are no significant performance degradation when increasing NR-SSS space from 168 up to 8064. Thus, we see that NR-SSS could be a good candidate to signal, in addition to part of the PCI, for instance the SS block index within an SS burst or SS burst index within SS burst set. On the other hand, it’s also acknowledged that UE complexity is increased correspondingly when increasing the NR-SSS space. Thus, we conclude that we see it beneficial to study more the NR-SSS sequences which would allow to increase the NR-SSS while also allow implementing efficient UE detector.
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[bookmark: _Ref470007216]Figure 6 Performance comparison of different NR-SSS sets.

Observation: There are no significant performance degradation when increasing NR-SSS space from 168 up to 8064.
Observation: NR-SSS could be a good candidate to signal, in addition to part of the PCI, for instance the SS block index within an SS burst or SS burst index within SS burst set.
Proposal: Study further the NR-SSS sequences which would allow to increase the NR-SSS while also allow implementing an efficient UE detector.
2.2.3	Sequence Repetition Pattern
The following options are on table based on RAN1#87 agreements:
· Study the following alternatives on the sequence repetition/interleaving:
· Alt 1: no repetition.
· Alt 2: time-repetitive signal of NR-SSS within or across OFDM symbols.
· Alt 3: frequency-repetitive sequences of NR-SSS within an OFDM symbol (element-wise or sequence-wise).
· Alt 4: frequency interleaved sequence of NR-SSS using comb structure within a OFDM symbol.
We consider NR should support large NR-SSS space for providing at least as many PCIs as in LTE but also it may be used additionally for SS block index or SS burst index indication. The frequency-repetitive (alt 3) and frequency interleaved (alt 4) sequences tend to shorten the sequence length and thus are not applicable for NR-SSS. Time repetitive signal within an OFDM symbol is basically having the same characteristics as alt 4 by having shorter sequence. Time repetitive signal across OFDM symbols can be done using every option so it’s not actually in the scope of NR-SSS sequence desing. We conclude that NR-SSS should adopt alt 1: no repetition/repetition within an OFDM symbol.
Proposal: NR-SSS adopts Alt 1: no repetition/interleaving within an OFDM symbol.

3	Conclusions 
In this contribution we provided our synchronization design and performance evaluation. The following observations and proposals were made:
PSS:
Proposal: Use sequence whose length is longer than in LTE for NR-PSS.
Proposal: NR-PSS sequence length is 127.
Observation: No noticeable performance difference between Alt 1, Alt 3 and Alt 4.
Observation: Alt 4 may allow a simplified UE implementation since every other sample of time domain waveform is zero.
Proposal: Consider Alt 1 (no repetition) and Alt 4 (FD element-wise repetition) as options for further study.
Observation: 15 kHz SCS based NR-PSS and NR-SSS design performs clearly better than 30 kHz SCS based design when NR-PSS and NR-SSS are FDM multiplexed and both NR-PSS and NR-SSS are having 2 MHz wide signal.
Proposal: Use 15 kHz SCS for NR-PSS when minimum system bandwidth is 5 MHz.
Proposal: Use the same SCS for NR-SSS as for NR-PSS.
Proposal: 3 NR-PSS sequences are defined to allow more design freedom for NR-SSS.
Proposal: Select m-sequence for NR-PSS.
SSS:
Proposal: NR-SSS sequence length is 127.
Observation: There are no significant performance degradation when increasing NR-SSS space from 168 up to 8064.
Observation: NR-SSS could be a good candidate to signal, in addition to part of the PCI, for instance the SS block index within an SS burst or SS burst index within SS burst set.
Proposal: Study further the NR-SSS sequences which would allow to increase the NR-SSS while also allow implementing an efficient UE detector.
Proposal: NR-SSS adopts Alt 1: no repetition/interleaving within an OFDM symbol.
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Appendix A Simulation parameters

	Parameter	
	Value		

	Carrier frequency
	4 GHz

	PSS sequence type
	Zhadoff-Chu, m-sequence

	SSS sequence type
	LTE-like sequences, scrambled ZC sequences

	Number of NR-PSS sequences
	3 and 1

	Number of SSS sequences
	168, 1008, 4032, 8064

	PSS/SSS length
	63, 127

	PSS/SSS period
	5 ms

	Sub-carrier spacing
	15 kHz, 30 kHz

	Channel model
	CDL-C 100 ns scaling

	UE speed
	30 km/h

	PSS receiver algorithm
	Single-shot time-domain correlator with thresholding with options for piecewise processing

	SSS receiver algorithm
	Single-shot non-coherent exhaustive search with thresholding

	False alarm probability
	< 1 %
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