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1. Introduction
In RAN1#87 and NR Ad-hoc #1 meeting, NR synchronization signal was discussed and the following agreements were made regarding synchronization signal sequence:
	Agreements:
· RAN1 will definitely select the number of NR-PSS sequences from following 2 alternatives in the next meeting
· Alt. 1: NR supports one NR-PSS sequence, and no cell ID hypothesis is carried by NR-PSS
· Alt. 2: NR supports 3 NR-PSS sequences



In this contribution we provide our proposal for synchronization signal sequence and analysis of proposal described in [1].

2. General Design of SS
In LTE, PSS is used for initial symbol timing and frequency synchronization and detection of one of three physical layer IDs. For that purpose, three sequences for PSS are defined in LTE. Each PSS sequence is formed in the frequency domain based on the Zadoff-Chu (ZC) sequence and corresponds to a unique ZC sequence root. Such design of PSS potentially allows to use this signal as a reference for further coherent detection of SSS. Also, it reduces the number of SSS sequences to test in order to detect one of 504 physical cell IDs because the detected physical layer ID is a part of the cell ID.
From the UE complexity point of view, the detection of PSS is the most difficult task during the initial access. Without any prior knowledge, the UE should blindly test different joint hypotheses on symbol timing, PSS sequence (i.e., ZC sequence roots) and possibly a part of carrier frequency offset (CFO). In NR, the total number of hypotheses to test may be even larger if the position of synchronization signal would be different from the center frequency of NR carrier according to the latest working assumption [1]. In order to reduce the total number of hypotheses and, thus, the UE complexity, only a single sequence for PSS should be used in NR. Additionally, the single PSS enables SFN combining gain for improved timing detection in synchronized networks.
Proposal 1:
· Single sequence for PSS is used in NR

During RAN1#87, it was also agreed that at least the time index of SS block is indicated to the UE. Due to limited capacity of PSS and SSS, an additional Tertiary Synchronization Signaling (TSS) should be introduced for that purpose. This new signaling can be sequence-based where different sequences uniquely identify a SS block time index. Another possible option is a payload-based TSS design. In this case, the time index of SS block, are encoded as the payload for TSS. 
time
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[bookmark: _Ref474182854]Figure 1. Synchronization Signal Structure.

Figure 1 shows an example of the proposed synchronization signal structure taking into account all the proposals made above. 

Proposal 2:
· Introduce an additional signaling, i.e. Tertiary Synchronization Signal (TSS) to indicate at least the time index of SS block.

3. [bookmark: _Ref478482558]PSS Sequence
In RAN1 #87, Zadoff-Chu sequence has been agreed as baseline for further study. One of the reasons for ZC to be good starting point for further study is that ZC was adopted for LTE PSS. After investigation, we have observed that ZC sequence had terrible sidelobes in the time/frequency offset detection ambiguity function. Figure 19 in the Appendix A shows the time/frequency offset detection ambiguity function for ZC sequence of length 63 with root index 25, which is one of the sequence being utilized for PSS. 
If the PSS can be designed such that false sidelobes are minimized, the additional processing that would have been required to subpress or reject the sidelobes can be re-directed to other process during the cell search procedure. There are numerous sequences that do not show bad sidelobes, and one of them is a pure M-sequence. Figure 20 shows the time/frequency offset detection ambiguity function for M-sequence of length 63 that was generated with primitive polynomial of x6 + x + 1. It shows a much sharp peak near origin and do not have false peaks in the detection ambiguity function.
In summary, ZC sequence have false sidelobes that attribute to wrong time/frequency estimation. Although the position of these false sidelobes are well understood and the receiver may be able to cope with them, it is at the expense of additional computational complexity. Therefore, NR should support PSS sequence that do not exhibit bad sidelobes and have sharp ambiguity function.
Unlike LTE, NR-PSS and NR-SSS plays an important role in RRM measurement and cell re-selection. Therefore, it is important for the NR-SSS to have certain bandwidth that allows accurate RSRP measurements. Since it was made a working assumption to have NR-PSS and NR-SSS to have the same bandwidth, NR-PSS should also have sufficient bandwidth to allow accurate RSRP measurements from NR-SSS. However, it should be noted that the larger the bandwidth of NR-PSS, the higher the detection complexity becomes. In order to minimize the detection complexity, we propose to send BPSK or QBPSK modulated signals in time domain. This allows the receiver to perform detection of the NR-PSS with only adders which is magnitude less complex than multipliers [8]. Although the gate count and ASIC area for multipliers can vary depending on the implementation, it is typically in the order of N2, when the number of gate count for adders is in order of N. Furthermore, even though multipliers operation can be pipelined to have throughput of 1 result per clock cyclic, it typically has multiple clock cyclic latencies, and can consume ~10 times the current draw of an adder [9]. Further complexity analysis of PSS is described in the Appendix B.
Based on the observations above we propose π/2 BPSK modulated M-sequence mapped in time domain for PSS. Figure 2 and Figure 3 show the mapping methodology for the proposed PSS for M-sequence length of 127 and 255, respectively.
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[bookmark: _Ref478462147]Figure 2. PSS mapping for M-sequence length 127
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[bookmark: _Ref478462149]Figure 3. PSS mapping for M-sequence length 255

For length 127 m-sequence, s(n), generated from polynomial g(x) = x7+x6+x5+x4+x3+x2+1 and with initial state of {1,0,0,0,0,0}. The binary m-sequence are alternatively modulated with BPSK and QPBSK. Zero is appended to length 127 sequence to create length 128 sequence. The zero appended m-sequence is DFT precoded and mapped to frequency domain.
The frequency domain PSS sequence can be expressed as

,

,
where the sequence, s(n), can be provided in the following recursive form

.
The initial values of the m-sequence, s(n), are s(0) = 1, s(1) = s(2) = s(3) = s(4) = s(5) = s(6) = 0.
For length 255 sequence, frequency domain m-sequence, s(n), generated from polynomial g(x) = x8+x7+x6+x3+x2+x+1 and with initial state of {1,0,0,0,0,0,0}. The binary m-sequence are alternatively modulated with BPSK and QPBSK. Zero is appended to length 255 sequence to create length 256 sequence. The zero appended m-sequence is DFT precoded and mapped to frequency domain.




The sequence, s(n), can be provided in the following recursive form

,
The initial values of the m-sequence, s(n), are s(0) = 1, s(1) = s(2) = s(3) = s(4) = s(5) = s(6) = s(7) = 0,

The frequency domain PSS sequence is mapped to resource elements, ak,l, where k denote the subcarrier index and l denotes the OFDM symbol index. The sequence, d(n), is mapped to resource elements, ak,l according to

,
where L is the length of the frequency domain PSS sequence, either 128 or 256, and the primary synchronization signal shall be mapped to first symbol, l=1, of the SS block. If L = 128, the resource elements (k,l) in the OFDM symbols used for transmission of the primary synchronization signal where k = {-72, -71, …, -65, 64, 65, …, 72} are reserved for and not used for transmission of the primary synchronization signal. If L = 256, the resource elements (k,l) in the OFDM symbols used for transmission of the primary synchronization signal where k = {143, -142, …, -129, 128, 129, …, 143} are reserved for and not used for transmission of the primary synchronization signal.

Proposal 3:
· NR adopts π/2 BPSK modulated M-sequence mapped in time domain for NR-PSS

4. [bookmark: _Ref478506178]SSS Sequence
A straightforward approach to extend the NR-SSS to wider bandwidth is to reuse the LTE-like structure. The LTE-like design is based on two m-sequences interleaved in the frequency domain. Therefore, according to the design, the longer NR-SSS can be realized by increasing the length of the m-sequences, e.g., by adopting higher order generating polynomials. One advantage of using the m-sequences is the existence of simplified detection algorithm for them based on the Fast Walsh-Hadamard Transform (FWHT). However, due to the use of two shorter sequences in the LTE-like design to deliver cell ID, the cell-ambiguity issue may arise especially for the UEs at the cell edge. This has been a well-known since LTE time and described in numerous contributions [5][6][7]. 
The only method to fully resolve cell-ID ambiguity issue is the scramble the second m-sequence based on the first m-sequence. In LTE, only 8 different scrambling codes were used to scramble the second m-sequence.
The second issue stems from the use of two short sequences. The greatest benefit of using m-sequence is use of FWHT to perform ML detection in O(N log N) complexity and with using only adders. A regular ML detection would require O(N2). Although it is possible to perform FWHT to individual m-sequences, fast ML algorithm for detecting two m-sequence pairs do not exist. Performing piece-wise ML detection of each m-sequence will result in performance loss due to smaller spreading gain of the smaller sequence length. The only method to overcome this shortcoming is to perform full hypothesis ML detection which can be quite complex. Complexity analysis of SSS detection is described in the Appendix B.
To overcome problems stated, NR-SSS based on long sequences should be considered. For example, two long m-sequences of length N may be generated from different primitive polynomials, and bitwise XOR operated to generate one long Gold sequence. An example, shown in Figure 4, illustrates the NR-SSS structure based on the Gold code. The two long m-sequences of length N are generated from a Gold pair primitive polynomials and combined into a single sequence via bitwise XOR operation. The different cell identities may be determined by the two cyclic shift versions of the two m-sequence. The two primitive polynomials can be chosen to obtain good cross-correlation properties between two distinct SS sequences. To reduce the UE complexity, the number allowed values for cyclic shift of one of the sequence may be restricted. For example, we can use 4 cyclic shifts of the first m-sequence of length 127, and all 127 cyclic shifts of the second m-sequence.
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[bookmark: _Ref474193610]Figure 4. An illustration of NR-SSS structure based on the Gold code
For such SSS sequence structure, the UE may perform a fast ML detection by first de-scrambling the first m-sequence with all possible cyclic shifts, e.g. 4 different cyclic shifts. Next the descrambled received signal passed through FWHT to detect the cyclic shift of the second m-sequence. Assuming that only L (note: L is small) cyclic shifts of the first m-sequence is utilized, full ML detection complexity is limited to O(LN log N). As long as the number of cyclic shifts of the first m-sequence is limited, we can perform full ML detection easily. 
Figure 2 and Figure 3 show the mapping methodology for the proposed SSS for sequence length of 127 and 255, respectively.
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Figure 5. SSS mapping for sequence length of 127
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Figure 6. SSS mapping for sequence length of 255

The sequence, d(n), used for the second synchronization signal is an a bitwise XOR of two length-L binary m-sequences generated from g1(x) and g2(x) primitive polynomials, respectively. 
The SSS sequence, d(n), is defined as


where s0(n) and s1(n) are the m-sequence generated from primitive polynomials g1(x) and g2(x), respectively. 
The physical cell identity, NID, is determined by  


If L = 127, s0(n) and s1(n) are m-sequences generated from g1(x) = x7 + x3 + 1, and g2(x) = x7 + x3 + x2 + x +1, respectively. Both m-sequences are generated with initial conditions set as {1,0,0,0,0,0}. The first sequence, s0(n), can be provided in the following recursive form

.
The initial values of the m-sequence, s(n), are s(0) = 1, s(1) = s(2) = s(3) = s(4) = s(5) = s(6) = 0.
The second sequence, s1(n), can be provided in the following recursive form

.
The initial values of the m-sequence, s(n), are s(0) = 1, s(1) = s(2) = s(3) = s(4) = s(5) = s(6) = 0.

If L = 255, s0(n) and s1(n) are m-sequences generated from g1(x) = x8 + x7 + x6 + x5 + x2 + x +1, and g2(x) = x8 + x7 + x6 + x + 1, respectively. Both m-sequences are generated with initial conditions set as {1,0,0,0,0,0,0}. The first sequence, s0(n), can be provided in the following recursive form

.
The initial values of the m-sequence, s(n), are s(0) = 1, s(1) = s(2) = s(3) = s(4) = s(5) = s(6) = s(7) = 0.
The second sequence, s1(n), can be provided in the following recursive form

,
The initial values of the m-sequence, s(n), are s(0) = 1, s(1) = s(2) = s(3) = s(4) = s(5) = s(6) = s(7) = 0.

The frequency domain SSS sequence is mapped to resource elements, ak,l, where k denote the subcarrier index and l denotes the OFDM symbol index. The sequence, d(n), is mapped to resource elements, ak,l according to

,
where L is the length of the frequency domain SSS sequence, either 127 or 255, and the secondary synchronization signal shall be mapped to second symbol, l=2, of the SS block. If L = 128, the resource elements (k,l) in the OFDM symbols used for transmission of the secondary synchronization signal where k = {-72, -71, …, -65,-64, 64, 65, …, 72} are reserved for and not used for transmission of the secondary synchronization signal. If L = 256, the resource elements (k,l) in the OFDM symbols used for transmission of the secondary synchronization signal where k = {143, -142, …, -129, -128,128, 129, …, 143} are reserved for and not used for transmission of the secondary synchronization signal. 
The secondary synchronization signal uses the same antenna port as for the primary synchronization signal.

Proposal 4:
· NR adopts XOR of two long m-sequences for NR-SSS. Long sequence refers to a sequence that spans the entire bandwidth of the NR-SSS.

5. TSS Sequence
As was mentioned in Section 2, there are two possible methods to indicate at least the time index of SS block. Specifically, the time index can be indicated by one of possible TSS sequences or encoded as the payload of TSS. It should be noted that SSS can be used as the channel estimation source to perform coherence detection or demodulation and decoding of the TSS.
For payload-based design of NR-TSS, a robust modulation and coding scheme should be adopted in order to provide sufficient error protection of the payload even in harsh interference and nose environment, e.g., when SINR = - 6 dB. A reasonable assumption here is to choose for NR-TSS the same modulation and coding rate as for PBCH, i.e., QPSK and 1/12. For example, if two different positions are available for SS block within NR slot, as shown in our companion contribution [4], and the total number of NR slots containing SS blocks is 10 per each radio frame, than the total number of bits carrying the SS block time index should be equal to 5 to cover 20 possible locations of SS block. Therefore, the capacity of NR-TSS is should be sufficient to provide the robust transmission of SS block time index.

Proposal 5:
· RAN1 should investigate further on use of sequence-based or payload-based TSS to convey at least time index of the SS blocks.


6. Comparison of 1 PSS vs. 3 PSS Sequence
It was agreed that NR-SS may not be centrally located in the system bandwidth. This provided flexibility at the network to position the NR-SS in frequency positions other than the center of the bandwidth. As a consequence, this creates challenges for the UE to search for cells, as the NR-SS may be located anywhere within the NR carrier spectrum. Therefore, it is quite important to provide mechanisms that provide lower detection complexity for PSS, which is the major source of the complexity for PSS and SSS detection in initial cell search.
One such mechanism is reducing the number PSS sequences from 3 to 1. Given that various deployment scenarios envisioned for NR, with potentially many small cells overlapping each other, perfect re-use design for 3 PSS sequence is impossible. Given that UE is completely unware of the deployments scenarios during initial cell search, it cannot utilize PSS as the channel estimation source for SSS for performing coherent detection. The same PSS sequence from multiple cells can be combined in the wireless medium, resulting in the wrong channel estimation values and hurting the SSS performance.
The only benefit known for having 3 PSS sequence, is reducing down the number of hypothesis for SSS detection. However, if the SSS is based on m-sequences, fast ML detection algorithms based on FWHT can provide low complex solutions to increased number of hypothesis for SSS detection. Therefore, only aspect to compare is the detection performance between 1 PSS with ~1000 SSS and 3 PSS with ~333 SSS. The following are performance results between 1 PSS and 3 PSS design. 
[image: ][image: ]
	(a) Miss-detection for single shot detection
	(b) Detection Latency for multi-shot detection
(with accumulation)


[bookmark: _Ref478511764]Figure 7. Initial cell search detection performance for length 127/128 PSS sequence between 1 PSS with Intel design and 3 PSS with LTE like design. (±5ppm of initial CFO)
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[bookmark: _Ref478511766]Figure 8. Initial cell search residual timing error and carrier frequency error for Length 127/128 PSS sequence between 1 PSS with Intel design and 3 PSS with LTE like design.
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	(a) Miss-detection for single shot detection
	(b) Detection Latency for multi-shot detection
(with accumulation)


[bookmark: _Ref478511767]Figure 9. Neighbor cell search detection performance for length 127/128 PSS sequence between 1 PSS with Intel design and 3 PSS with LTE like design. (±0.1 ppm of initial CFO)
Figure 7 shows the initial cell search detection performance for length 127 PSS sequence between 1 PSS with Intel design and 3 PSS with LTE like design. The initial cell search simulations assumed maximum of ±5ppm of initial carrier frequency offset (CFO). The green plot, denoted as ‘intel’, represent our proposal described in Section 3 and 4, the blue plot, denoted as ‘lte-like’, represent PSS and SSS proposal with is an extension of LTE design (i.e. with longer sequences). Figure 8 show the initial cell search residual timing error and carrier frequency error for Length 127 PSS sequence between 1 PSS with Intel design and 3 PSS with LTE like design.
Figure 9 show the neighbor cell search detection performance for length 127 PSS sequence between 1 PSS with Intel design and 3 PSS with LTE like design. The neighbor cell search simulations assumed maximum of ±0.1 ppm of initial CFO.
From Figure 7 and Figure 9, it is clear that off-loading cell ID hypothesis onto PSS does not provide any benefit compared to having all the cell ID hypothesis located in SSS. The reason LTE-like PSS/SSS structure performs poorly in initial cell search in Figure 7 is from the integer frequency offset ambiguity issue of the ZC based PSS signal. ZC based signals inherently have false cross-correlation sidelobes that impair correct estimation of timing and residual carrier frequency offset. This significantly impact detection of SSS. The frequency domain SSS detection algorithms are quite sensitive to timing estimates, as slight shifts in the FFT window results in phase ramping in frequency domain which impairs cross-correlations. The performance loss goes away for neighbor cell search where the initial CFO is extremely small.
Figure 10, Figure 11, and Figure 12 are simulation results for PSS sequence length of 255/256. They provide the same observations as PSS sequence length of 127/128.
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	(a) Miss-detection for single shot detection
	(b) Detection Latency for multi-shot detection
(with accumulation)


[bookmark: _Ref478512634]Figure 10. Initial cell search detection performance for length 255/256 PSS sequence between 1 PSS with Intel design and 3 PSS with LTE like design. (±5ppm of initial CFO)
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[bookmark: _Ref478512635]Figure 11. Initial cell search residual timing error and carrier frequency error for Length 255/256 PSS sequence between 1 PSS with Intel design and 3 PSS with LTE like design.
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	[bookmark: _Ref478512636](a) Miss-detection for single shot detection
	(b) Detection Latency for multi-shot detection
(with accumulation)


Figure 12. Neighbor cell search detection performance for length 255 PSS sequence between 1 PSS with Intel design and 3 PSS with LTE like design. (±0.1 ppm of initial CFO)







7. Subcarrier Spacing & Bandwidth Comparison
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	[bookmark: _Ref478513060](a) Miss-detection for single shot detection
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(with accumulation)


Figure 13. Low/Mid/High band initial cell search detection performance with various SCS & BW combinations
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	(a) Miss-detection for single shot detection
	(b) Detection Latency for multi-shot detection
(with accumulation)


Figure 14. Low/Mid/High band neighbor cell search detection performance with various SCS & BW combinations

[bookmark: _Ref478513315]Table 1. Bandwidth chart for sequence length and subcarrier spacing combination
	
	Sequence Length L = 127
	Sequence Length L = 255

	Subcarrier Spacing 15 kHz
	2.16 MHz
	4.32 MHz

	Subcarrier Spacing 30 kHz
	4.32 MHz
	8.64 MHz

	Subcarrier Spacing 120 kHz
	17.28 MHz
	34.56 MHz

	Subcarrier Spacing 240 kHz
	34.56 MHz
	69.12 MHz



Table 1 shows the bandwidth chart for the sequence length, L, and subcarrier spacing combination. From the results, use of sequence length of 127 with 30 kHz SCS and length 255 with 15 kHz SCS seems to provide comparable performance. The result are 3dB apart which is due to the fact the sequence length 127 with 30kHz only occupies half the time duration of NR-SS with length 255 with 15 kHz SCS, while with the same bandwidth. The different plot curvature is from the frequency diversity associated with wider transmission bandwidth. It can be seem that jump from 2.5 MHz to 5 MHz bandwidth results in higher diversity gain compared to the jump from 5 MHz to 10 MHz bandwidth. Similar results are observed for the high band, i.e. 30 GHz, cases.
Furthermore, for lower frequencies, NR-SS bandwidth of ~10MHz (8.64 MHz) does not seem provide much benefit over the other combinations. Similarly for higher frequencies, NR-SS bandwidth of ~80MHz (69.12 MHz) does not seem to provide much benefit over other combinations.
Among the two candidates 15 kHz SCS with sequence length of 255 and 30 kHz SCS with sequence length 127, the latter candidate should provide similar or better single shot performance compared with LTE SS of 15 kHz SCS with sequence length of 63, while occupying half of the time duration. Given that NR is going towards minimizing always ON signals in the network, our preference would be select NR-SS with 30 kHz SCS and NR-SS bandwidth of 4.32 MHz. Similarly for the higher bandwidths our preference would be to select NR-SS with 240 kHz SCS and NR-SS bandwidth of 34.56 MHz. The smaller sequence length would also benefit reducing down the detection complexity for NR-SS.
Observation 1:
· Performance of NR-PSS/SSS at 1.8 GHz (low band) and 4 GHz (mid band) is similar. Therefore, does not seem to merit different design, i.e. SCS and BW, between the two bands.
Proposal 6:
· Have a single NR-SS subcarrier spacing and bandwidth for frequency ranges 0 ~ 6 GHz.
· Have a single NR-SS subcarrier spacing and bandwidth for frequency ranges 6 ~ 60 GHz.
Proposal 7:
· For frequency ranges 0 ~ 6 GHz, NR-SS supports 30 kHz SCS and bandwidth of 4.32 MHz. The NR-PSS and SSS sequence and guard tones are mapped within the 144 subcarriers (12 PRBs).
· For frequency ranges 6 ~ 60 GHz, NR-SS supports 240 kHz SCS and bandwidth of 34.56 MHz. The NR-PSS and SSS sequence and guard tones are mapped within the 144 subcarriers (12 PRBs).


8. Comparison of PSS Structures
In this section, we compare the PSS structure between our proposal, described in Section 3, and LTE-like design, which is based on ZC sequences. The following simulation results used the same SSS signal based on our proposal in Section 4. This was done to remove all impact from different SSS structure from the simulation results. Figure 15, Figure 16, Figure 17, and Figure 18 shows performance comparison between PSS structure based on LTE and π/2 BPSK modulated and DFT precoded m-sequence.
[image: ] [image: ]
	[bookmark: _Ref478515878](a) Miss-detection for single shot detection
	(b) Detection Latency for multi-shot detection
(with accumulation)


Figure 15. Initial cell search detection performance of NR-SS with LTE-like PSS sequence of length 127 and Proposed PSS sequence of length 128
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[bookmark: _Ref478515880]Figure 16. Initial cell search residual timing error and frequency error performance of NR-SS with LTE-like PSS sequence of length 127 and Proposed PSS sequence of length 128
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	[bookmark: _Ref478515882](a) Miss-detection for single shot detection
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Figure 17. Initial cell search detection performance of NR-SS with LTE-like PSS sequence of length 255 and Proposed PSS sequence of length 256
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[bookmark: _Ref478515883]Figure 18. Initial cell search residual timing error and frequency error performance of NR-SS with LTE-like PSS sequence of length 127 and Proposed PSS sequence of length 128

The main source of the severe performance loss for the LTE-like PSS structure is from the false timing estimation from the false sidelobes of the cross-correlation in the presence of integer frequency offset. There may be more advanced receive algorithms that take into account the false sidelobes and perform techniques to suppress or utilize the sidelobes to gain back the performance loss. However, this would be at the expense of even more complicated detection algorithms. Given that there are sequences that are able to provide much better performance without use of advanced detection algorithms, we see no reason to utilize ZC sequences for NR-PSS.
Observation 2:
· ZC sequence based PSS results in sever degradation of timing and frequency offset estimation under the presence of integer frequency offset during initial cell search.


9. Comparison of SSS Structures
One of the main problems with LTE SSS structure, which is based on concatenation of two short m-sequences in frequency domain, is the high cross-correlation profile between sequences belonging to different cell IDs. This is because, the first m-sequence of the LTE SSS structure is identical among many cells. Since the first m-sequence and the scrambling code is identical, this results in extremely high cross correlation between SSS sequences for different cell IDs. While this may pose a serious performance loss in single cell deployments (i.e. link level simulations), this is a huge problem in multi-cell deployments.
The UE is expected detect multiple cells during neighbor cell search and cell re-selection process. This implies that the UE will have to detect all cells that result in high cross-correlation results. Since there are severe cross-correlation side lobes for LTE, these false sidelobes can be registered as valid cells during LTE-SS detection. To prune out these “ghost cells” during LTE-SS detection, the UE must perform additional receive signal processing, e.g. CRS correlation, PBCH decoding attempts, etc, to verify the integrity of the detected cells and prune out ghost cells. It should be noted that NR does not have any CRS available for the UE to perform ghost cell verification checks and this problem should be seriously be considered.
Figure 19 shows a snapshot of the cross correlation detection profile when SSS from two cells, cell ID 8 and 31, are received at the receiver simultaneously. The results are plots in a noise-less environments and for three different received signal combinations. The first received signal combination is r1 + r2, where the SSS signal from two cell are coherently added. The second received signal combination is r1 + r2*(1+j)/2, where the SSS signal from the second cell is combined after 45 degree phase rotation. The third received signal combination is r1 + j*r2, where the SSS signal from the second cell is combined after 90 degree phase rotation. 
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	(a) LTE-like SSS structure
	(b) Bitwise XOR of two M-sequence SSS structure


[bookmark: _Ref478518613]Figure 19. Snapshot of cross correlation profile when SSS from two cells are received simultaneously at the receiver.
	From the snapshot, we can see that LTE-like SSS structure results in several false sidelobes exceeding -3dB cross correlation metric. For the proposed SSS structure, all the cross correlation metric are confined below -5 dB and do not exhibit such high sidelobes. This poses a severe problem for LTE-like SSS structure.
	Cross correlation profile between two SSS sequences with different cell ID provide a good assessment of the severity of the problem with proposed SSS signals from [1]. Table 2 shows the cross correlation profile between two SSS sequences from all possible combination of cell ID pairs. We have shown the minimum, median, and the maximum cross correlation metric for proposals from various companies.
[bookmark: _Ref478519201]Table 2. Cross correlation profile of proposed SSS signals from [1].
	Company Name
	Sequence Length
	Minimum Cross-correlation
	Median Cross-correlation
	Maximum Cross-correlation

	LTE
	62
	0.03226
	0.09677
	0.48387

	ZTE
	126
	0.01587
	0.04762
	0.49206

	Interdigital
	126
	0.01587
	0.01587
	0.49206

	Ericsson
	126
	0.01587
	0.01587
	0.49206

	Nokia
	126
	0.01587
	0.04762
	0.49206

	Huawei
	126
	0.01587
	0.04762
	0.49206

	Qualcomm
	127
	0.00787
	0.03937
	0.32283

	Intel
	127
	0.00787
	0.00787
	0.13386

	LGE
	127
	0.00364
	0.0652
	0.22833

	CATT
	254
	0.00787
	0.03937
	0.49606

	Motorola Mobility
	254
	0.00787
	0.05512
	0.13386

	Docomo
	254
	0.00787
	0.05512
	0.49606

	MediaTek
	255
	0
	0.05947
	0.10078

	Intel
	255
	0.00392
	0.00392
	0.12157

	Samsung
	255
	0.00392
	0.02745
	0.24706



Observation 3:
· LTE based SSS signal structure based on concatenation of two m-sequence result in high cross correlation profiles and can result in excessive detection of “ghost cells” in multi-cell scenarios.



10. Summary
In this section, we provide the full list of proposals made during the discussion on considerations for synchronization signal sequence.
Observation 1:
· Performance of NR-PSS/SSS at 1.8 GHz (low band) and 4 GHz (mid band) is similar. Therefore, does not seem to merit different design, i.e. SCS and BW, between the two bands.
Observation 2:
· ZC sequence based PSS results in sever degradation of timing and frequency offset estimation under the presence of integer frequency offset during initial cell search.
Observation 3:
· LTE based SSS signal structure based on concatenation of two m-sequence result in high cross correlation profiles and can result in excessive detection of “ghost cells” in multi-cell scenarios.
[bookmark: _GoBack]
Proposal 1:
· Single sequence for PSS is used in NR
Proposal 2:
· Introduce an additional signaling, i.e. Tertiary Synchronization Signal (TSS) to indicate at least the time index of SS block.
Proposal 3:
· NR adopts π/2 BPSK modulated M-sequence mapped in time domain for NR-PSS
Proposal 4:
· NR adopts XOR of two long m-sequences for NR-SSS. Long sequence refers to a sequence that spans the entire bandwidth of the NR-SSS.
 Proposal 5:
· RAN1 should investigate further on use of sequence-based or payload-based TSS to convey at least time index of the SS blocks.
Proposal 6:
· Have a single NR-SS subcarrier spacing and bandwidth for frequency ranges 0 ~ 6 GHz.
· Have a single NR-SS subcarrier spacing and bandwidth for frequency ranges 6 ~ 60 GHz.
Proposal 7:
· For frequency ranges 0 ~ 6 GHz, NR-SS supports 30 kHz SCS and bandwidth of 4.32 MHz. The NR-PSS and SSS sequence and guard tones are mapped within the 144 subcarriers (12 PRBs).
· For frequency ranges 6 ~ 60 GHz, NR-SS supports 240 kHz SCS and bandwidth of 34.56 MHz. The NR-PSS and SSS sequence and guard tones are mapped within the 144 subcarriers (12 PRBs).
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Appendix A – ZC Sequence vs. M Sequence Ambiguity Function
Figure 19 shows the time/frequency offset detection ambiguity function for ZC sequence of length 63 with root index 25, which is one of the sequence being utilized for PSS. The ambiguity function was plotted by taking the cross-correlation of the PSS OFDM symbol in a non-noisy environment.
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[bookmark: _Ref478474312]Figure 20. Detection Ambiguity Function for ZC sequence length of 63 with root index 25 (one of LTE PSS sequence)
Figure 20 shows the time/frequency offset detection ambiguity function for M-sequence of length 63 that was generated with primitive polynomial of x6 + x + 1. It shows a much sharp peak near origin and do not have false peaks in the detection ambiguity function.
[image: ] [image: ]
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[bookmark: _Ref478474322]Figure 21. Detection Ambiguity Function for M-sequence length of 63 generated with primitive polynomial of x6 + x + 1.


Appendix B – Receiver Complexity Analysis

Detection of PSS
The complexity description is described for NR-PSS sequence length of 128 with 30kHz subcarrier spacing. However, the analysis will scale with different sequence length and sampling rates. 
To save computation complexity, the receiver can perform sampling of 3.84 MHz for NR-PSS resulting in 128 samples for the DFT period of the NR-PSS OFDM symbols. Since the NR-PSS is generated with 127 m-sequence with 1 zero padding, resulting in length 128, this will match the sampling rate of the NR-PSS and the time domain 128 samples will correspond to the modulated m-sequence prior to DFT precoding. Performing direct cross-correlation of such sequence requires 128 x 2 = 256 additions (one for in-phase, one for quadrature) for each delay shift of the cross-correlation.
	For a general complex sequence of length 128, performing direct cross-correlation of such sequence requires 128 complex multiplications and 128 x 2 additions. A straight forward complex valued multiplication requires 4 multiplications and 2 additions. For example, (a + jb)(c + jd) = ac – bd + j[bc + bd]. However, using Guass’s multiplication trick, this can be optimized to 3 multiplications and 5 additions. This can be easily seen from the following example: (a + jb)(c + jd) = ac − bd + j[(a +b)(c + d) − ac − bd]. This results in total of 128 x 3 = 384 multiplications and 128 x 7 = 896 additions.
	For unit norm complex multiplication (instead of a general complex value multiplication), use of pre-computed values and temporary variables, we can reduce down the complex to 3 multiplication and 3 additions. This is done by breaking down the multiplication into 3 pieces. k1 = c (a + b), k2 = a (d - c), k3 = b (c + d), and using the following identity: (a + jb)(c + jd) = k1 – k3 + j[k1 + k2]. For unit norm complex values, (d-c) and (c+d) values can be pre-computed to save complexity. This results in 3 multiplication and 3 addition for the complex multiplication.
Table 3. Complexity Comparison between Time Domain QPSK sequence vs. General Complex Sequence
	Time domain sequence
[Length L]
	Multiplications
	Addition

	QPSK Sequence (Intel Proposal)
	0
	2 L

	General Complex Sequence
	3 L
	5 L + 2 L

	Unit Norm Complex Sequence
	3 L
	3 L + 2 L



As mentioned in Section 3, the receiver performing detection of the NR-PSS with only adders is magnitude less complex than using multipliers [8]. Required gate count for multiplication implemented in ASIC varies with design but in general in the order of N2, when the number of gate count for adders is in order of N. Furthermore, even though multipliers operation can be pipelined to have throughput of 1 result per clock cyclic, it typically has multiple clock cyclic latencies, and can consume ~10 times the current draw of an adder [9].

Detection of SSS
Detection of SSS can be performed in frequency domain, where SSS sequence consist of two m-sequence multiplied subcarrier by subcarrier. This is equivalent to bitwise XOR when the sequence is modulated with BPSK. For our proposal, since the number of cyclic shifts used for one of the m-sequence is limited, the receiver can de-scramble away different cyclic shift hypothesis and leave out a single long m-sequence spanning the NR-SSS bandwidth. The de-scramble operation can be implemented using only adders as the scrambling sequence is simple a BPSK modulated m-sequence. For sequence length M, this requires 2M additions.
Detection of different cyclic shifts of a given m-sequence can be done using Fast Walsh-Hadamard Transform (FWHT). For sequence length of M, straightforward ML detection of M different cyclic shifts require 2M2 additions. With use of FWHT, ML detection of all M different cyclic shifts can be computed using 2 (M+1) log(M+1) additions. Table 4 show the comparison of number of additions required for complex valued received signals that consist of m-sequence. From Table 4, it can be seen that FWHT ML detection is magnitude less complex compared with brute force ML detection algorithm.
[bookmark: _Ref478504157]Table 4. Complexity Comparison between Brute Force ML Detection vs. FWHT ML Detection
	M-sequence 
Length M
	Number of Additions

	
	Brute Force ML
2M2
	FWHT ML
2 (M+1) log(M+1)

	M = 63
	7938 
	768

	M = 127
	32258 
	1792

	M = 255
	130050
	4096



It should be noted that FWHT ML detection of the does require memory switch network (e.g. interleaver), where received signals need to be interleaved. However, if the m-sequence is fixed in specification, the receiver can absorb the switch network into the FWHT switch network and perform detection without any interleaving latency. This is possible because, the interleaving process is a deterministic function of the given m-sequence. 
	
[image: ]
[bookmark: _Ref478505259]Figure 22. Detection Flow of LTE-like SSS Signals
NR-SSS with LTE-like structure of concatenation of two short m-sequences can be detected similarly. LTE-like SSS structure consists of first short m-sequence and a second short m-sequence that is scrambled with an identity based on the first sequence. The overall computation complexity depend on the number of unique scrambling sequences for the second short m-sequence. The detection and metric calculation flow is shown in Figure 21. From the detection flow, we can compute the number of additions required to perform ML detection of the SSS signal. Results are shown in Table 5.
[bookmark: _Ref478506065]Table 5. Number of Additions (with FWHT ML) for SSS signal with LTE-like structure
	M-sequence Length M 
(SSS composes of Two Sequences)
	Number of scrambling code for 2nd m-sequence

	
	1 (no scrambling)
4(M+1)log(M+1)
	8
18(M+1) log(M+1)
	M
2(M+1)2 log(M+1)

	M = 31
	640
	2880
	10240

	M = 63
	1536
	6912
	49152

	M = 127
	3584
	16128
	229376



Based on the analysis above, we can directly compare the computation complexity between our proposal, described in Section 4, and LTE-like SSS structure. The comparison is shown in Table 6.
[bookmark: _Ref478507024]Table 6. Complexity Comparison between Intel SSS and LTE-like SSS to support ~1000 PCID
	SSS Sequence Length N
	Intel SSS
(K1 is number of cyclic shift for first m-sequence)

2K1 (M1+1)log(M1+1)
	LTE-like SSS
(K2 is number of scrambling code for 2nd m-sequence)

	
	
	K2 = 8
2(K2+1) (M+1) log(M+1)
	K2 = M2
2 (M2+1)2 log(M2+1)

	N = 128, M1 = 127 (Intel Proposal)

N = 128, M2 = 63 (LTE-like SSS)
	K1 = 8

14336 additions
	6912 additions
	49152 additions

	N = 256, M1 = 255 (Intel Proposal)

N = 256, M2 = 127 (LTE-like SSS)
	K1 = 4

16384 additions
	16128 additions
	229376 additions
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