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Introduction
This contribution provides our synchronization design for both sub-6GHz and over-6GHz bands. Our companion contributions, listed below, cover other aspects of the synchronization design:
· [1] presents our synchronization raster design
· [2] presents our views on the synchronization periodicity
· [3] presents our SS composition and SS time index indication consideration
· [4] presents PBCH design and considerations
· [5] presents our views on remaining system information delivery consideration
[bookmark: _Ref478031233]Overview of RAN1 agreements and open issues
During the previous RAN1 meetings, many agreements on the NR synchronization design were made. There are still some major open issues that are summarized below and will be addressed in the next sections.
Section 3 provides our view on the NR synchronization numerology and multiplexing. 
	Sync numerology

	Agreements:
· RAN1 considers following parameter sets with associated default subcarrier spacing and possible maximum transmission bandwidth for NR-SS design
· Parameter set #W associated with 15 kHz subcarrier spacing and NR-SS transmission bandwidth no larger than 5 MHz
·  Parameter set #X associated with 30 kHz subcarrier spacing and NR-SS transmission bandwidth no larger than 10 MHz
·  Parameter set #Y associated with 120 kHz subcarrier spacing and NR-SS transmission bandwidth no larger than 40 MHz
·  Parameter set #Z associated with 240 kHz subcarrier spacing and NR-SS transmission bandwidth no larger than 80 MHz
· …



	Multiplexing

	Agreements:
· In both single beam and multi-beam scenario, time division multiplexing of PSS, SSS is supported
Working assumption:
· In both single beam and multi-beam scenario, time division multiplexing of PSS, SSS and PBCH is supported
· RAN1 will consider initial access latency, and overhead of SS and PBCH in the minimum system bandwidth




Section 4 addresses the physical cell id indication.
	Physical cell id

	Working assumptions:
· About 1000 hypotheses provided by NR-PSS/SSS to represent NR physical cell ID for NR-SS design
· FFS whether NR-PSS/SSS could be used to indicate information other than NR physical cell ID
· FFS further extension of ID space for non-mobility purpose through e.g., broadcast



Section 5 discusses the NR-PSS design. One major open issue is the number of NR-PSS sequences, to be selected from 1 or 3. We also provide our view on the NR-PSS designs proposed by the other companies (provided on RAN1 reflector).
	PSS id

	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
· Supported by Samsung, Intel, LG Electronics, NTT DOCOMO, InterDigital, ETRI, Ericsson, MediaTek
· Alt. 2: NR supports 3 NR-PSS sequences
· Supported by Qualcomm, Huawei, HiSi, CATT, ZTE, Sierra, Motorola Mobility, Lenovo



Section 6 provides our m-sequence based NR-SSS design and compares that with the other design proposals. Section 7 presents some link-level simulation results for both sub-6GHz and Above-6GHz bands.
[bookmark: _Ref478026123]Synchronization signal numerology and multiplexing
It is desirable to have a single synchronization design for NR across different frequency bands. However due to some fundamental differences in the nature and requirements of different bands (e.g. sub-6GHz bands vs. over-6GHz bands), we may not have such a single synchronization design that works properly for all frequency bands. In this contribution, we provide our proposal where we have a unified design for the synchronization signal waveforms and the SS block, while the bandwidth and subcarrier spacing of the synchronization signals are band-dependent.
In our RAN1 #88 contribution [9], we discussed different aspects of the sync numerology, and concluded the NR frequency bands may be classified into two categories with the proposed numerology as follows:
· Band category #1: Synchronization signal has synchronization signal bandwidth 4.32MHz and synchronization signal SCS of 30KHz
· Band category #2: Synchronization signal has synchronization signal bandwidth 34.56MHz and synchronization signal SCS of 240KHz
The synchronization signal bandwidth, synchronization signal frequency raster and numerology are summarized in Table 1. Appendix Section 10 provides more discussion on our choice of subcarrier spacing for band category #2 (i.e. 240KHz vs 120KHz).  







[bookmark: _Ref474108210]Table 1: NR synchronization bandwidth, and numerology
	Parameter
	Band Category #1
	Band Category #2

	Minimum carrier bandwidth (MHz)
	5
	100

	Synchronization frequency raster (MHz)
	4.68 (if channel raster is 120kHz) or 4.5 (if channel raster is 300kHz)
	36

	Synchronization signal bandwidth (MHz)
	4.32
	34.56

	Sub-carrier spacing (kHz)
	30
	240



The synchronization signal sequences are identical across frequency bands. However, the subcarrier spacing of the synchronization signals is band-dependent as discussed in [1]. Table 2 provides our design consideration for both synchronization signals and PBCH with a synchronization signal block. The design of PBCH are discussed in [4].
[bookmark: _Ref470461782]Table 2: Synchronization signal block design parameters
	Design parameters
	PSS
	SSS
	PBCH

	The number of OFDM symbols
	1
	1
	2

	Sequence length (or the number of used sub-carriers)
	127
	127
	127

	The number of antenna ports
	1
	1
	1



Proposal 1: RAN1 considers designing a synchronization signal block with design parameters provided in Table 2.
As mentioned in Section 2, RAN1 #88 agreed on multiplexing the NR-SS signals and NR-PBCH in the time domain as a working assumption. In what follows we provide our design of the SS block structure.
A synchronization signal block consists of one OFDM symbol for the primary synchronization signal (PSS) and one OFDM symbol for the secondary synchronization signal (SSS). Furthermore, the synchronization signal block contains two OFDM symbols for the physical broadcast channel (PBCH). We propose the synchronization signals and the physical broadcast channel within a synchronization signal block are time-multiplexed with an order provided in Figure 1. Since SSS is proposed to use as DMRS for PBCH, SSS is placed between two PBCH symbols for a good PBCH performance in high Doppler scenarios. 


[bookmark: _Ref470450992]Figure 1: Unified NR synchronization signal block design
Proposal 2: The synchronization signals and physical broadcast channel are time-multiplexed within an SS block with an order presented in Figure 1.
[bookmark: _Ref478026256]Physical Cell ID Signalling
In what follows, we provide our view on the physical cell id indication.



We propose that NR has 1002 unique physical-layer cell identities. The physical-layer cell identities are grouped into 334 unique physical-layer cell-identity groups, each group containing 3 unique identities. The grouping is such that each physical-layer cell identity is part of one and only one physical-layer cell-identity group. A physical-layer cell identity  is thus uniquely defined by a number in the range of 0 to 333, representing the physical-layer cell-identity group, and a number in the range of 0 to 2, representing the physical-layer identity within the physical-layer cell-identity group. 
Proposal 3: The physical cell ID is jointly signaled via both PSS and SSS. Furthermore, NR has 1002 physical cell IDs.
[bookmark: _Ref478026488]Primary Synchronization Signal
This section presents our proposal regarding the NR-PSS design.
[bookmark: _Ref478055929]NR-PSS waveform
The legacy Rel-8 PSS sequence design is based on a 63-length Zadoff-Chu sequence, with 3 different roots. We notice that position of the ZC sequence correlation peak may shift in the presence of large frequency offsets. Although this potential issue, if not properly addressed, may affect the initial cell acquisition performance, we propose to adopt a ZC-based design for NR-PSS for its good correlation properties, specific structure that allows an efficient correlator implementation with reduced complexity, and more importantly its low PAPR.
In what follows, we discuss how this potential issue can be properly addressed. We first note that larger subcarrier spacing is proposed to be adopted for NR synchronization (i.e., 30KHz for sub-6GHz, and 240KHz for above-6GHz). This increased subcarrier spacing reduces the vulnerability of PSS signal to a large initial carrier frequency offset – 5ppm CFO corresponds to respectively 1 and 0.625 subcarrier spacing (SCS) at 6GHz and 30GHz with the proposed SCS values. The searcher algorithm at the UE can further take care of this issue by applying a few coarse CFO hypotheses during the initial acquisition, and also utilizing the received SSS signal to identify and discard the false hypotheses.
We hence propose that PSS is generated from a frequency-domain ZC sequence of length 127 according to



where is the ZC root index. Note that no specific DC tone is considered. 
Number of NR-PSS sequences 
One remaining open issue in NR-PSS design is the number of NR-PSS sequences: 1 or 3? 
The number of the NR-PSS sequences should be small for reasonable trade-off between PSS/SSS detection complexity and performance. Although having a single NR-PSS sequence can reduce the NR-PSS detection complexity, it may adversely affect the sync performance in a number of ways. In Appendix Section 11, we compare different aspect of the two alternatives in details. Table 3 summarizes this comparison.
[bookmark: _Ref478119299]Table 3: Comparison of 1-PSS and 3-PSS designs
	Aspect
	1-PSS
	3-PSS

	Complexity
	PSS correlator
	Less 
	More (2X)

	
	Overall
	Less
	More (~1.5X) 

	SSS
Performance 
	FA issue
	0.5~1dB worse
	Better

	
	Freq reference issue (high-speed scenario)
	0.5~1dB worse
	Better

	
	Phase reference issue
(coherent detection)
	>0.5~1dB worse
	Better



We made the following observations (please refer to Section 11 for more details).
Observation 1: the increase in the overall searcher complexity is typically less than 50% when there are 3 PSS sequences compared to 1 PSS.
Observation 2: limiting the SSS detection to a reduced search space (enabled by 3-PSS design) can improve the SSS detection by 0.5-1dB.
Observation 3: having 3 PSS references will provide a more reliable time, frequency and phase reference for SSS detection.
· Coherent SSS detection can be enabled by 3-PSS design and provides at least 0.5-1dB gain.
· 1-PSS design may fail to provide a reliable frequency reference in the presence of high Doppler. There may be up to 1dB degradation in some high-speed scenarios.

For the above reasons, we propose the number of NR-PSS sequence to be 3 as in legacy LTE. The root indices should be carefully selected for achieving good PSS detection performance. Two main criteria to choose the ZC root index are (1) low PAPR, (2) good auto- and cross-correlation performance in the presence of frequency offset. We showed in RAN1 #88 [6] that the good roots can be selected from {42, 44, 83, 85}.
Proposal 4: NR-PSS consists of three frequency-domain Zadoff-Chu sequences of length 127. Furthermore, the roots of the sequences are 42, 44 and 85.
Other NR-PSS design proposals in RAN1
Based on the design proposals submitted by the companies on RAN1 reflector, we observe most of the proposed NR-PSS designs are based on a Zadoff-Chu sequence. There are 3 general variations of the ZC-based designs:
· Alt 1: based on a single ZC sequence in frequency domain, similar to rel-8 LTE PSS design
· Alt 2: based on the frequency-domain multiplexing of more than one ZC sequences
· Alt 3: based on the time-domain multiplexing of more than one ZC sequences
As discussed in Section 5.1, one of the major advantages of the rel-8 LTE like PSS design is its low PAPR that is a very important property especially when operating at higher frequency band (mmW) using large antenna arrays in which the power amplifiers have some practical limitations. This property is lost when we multiplex two ZC sequences in the frequency domain – please refer to Table 4 for PAPR comparison of Alt 2 proposals. 
[bookmark: _Ref478060033]Table 4: PAPR comparison of alternative NR-PSS designs
	NR-PSS Design
	Qualcomm
	Ericsson
	Motorola Mobility, Lenovo

	PAPR (dB)
	3.1-3.8
	6.4
	5.9



While Alt 3 designs that are based on time-domain repetition have some timing ambiguity issues (since the PSS correlation will generate multiple peaks), the benefits of these designs are not clear. Some of them seem to address the issues related to the frequency offset (CFO estimation and signal detection in the presence of CFO), but as discussed in the previous section, (a) the receiver algorithm can take care of this issue, (b) proposed larger SCS for NR increases the protection against large CFO, and (c) the ZC roots that behave better in the presence of CFO can be chosen. 
[bookmark: _Ref478026791]Secondary Synchronization Signal
[bookmark: _Ref478039433][bookmark: _GoBack]First we would like to recap our views on the roles of NR-SSS in NR:
· NR-SSS is used for Cell ID signaling (together with PSS) and frame timing signaling (when supporting 5ms sync burst set periodicity),
· NR-SSS works as demodulation RS for PBCH as discussed in [4],
· NR-SSS is used for RRM measurements.
Then we present our detailed NR-SSS design based on m-sequences of length 127 as well as show its advantages compared to other design proposals.
[bookmark: _Ref478435151]NR-SSS sequence generation

The sequence used for the secondary synchronization signal is a length-127 binary sequence which is scrambled with a scrambling sequence given by the primary synchronization signal.




for  and . 


The sequence  is defined as a cyclic shift of the m-sequence according to





where , , , is defined by




with initial conditions and . 




The two scrambling sequences  and  are used to signal the preamble of the secondary signal and mid-amble of the secondary synchronization signal, respectively. The mid-amble of the secondary synchronization signal is only transmitted if the synchronization signal burst set periodicity is 5ms. The scrambling sequences depend on the primary synchronization signal and are defined by two different cyclic shifts of the m-sequence  according to






where  is the physical-layer identity within the physical-layer cell identity group and , , is defined by



with initial conditions. The mapping between () is provided by  and .


Proposal 5: NR-SSS sequence is constructed based on long m-sequences of length 127. In particular, RAN1 adopts the NR-SSS sequence design explicitly described in Section 0.
NR-SSS transmission scheme
A single port transmission is applied for the SSS, which is commonly shared by all companies in RAN1 reflector.  The antenna port used for transmitting the secondary synchronization signal shall be identical to the antenna port used for transmitting the primary synchronization signal and the physical broadcast channel within a synchronization signal block. 
Proposal 6: The antenna port used for transmitting the secondary synchronization signal shall be identical to the antenna port used for transmitting the primary synchronization signal and the physical broadcast channel within a synchronization signal block.
Other NR-SSS design proposals in RAN1
Based on RAN1 reflector, there are two groups of proposals:
· Long sequence: NR-SSS is constructed based on long PN sequences e.g., m-sequences, Gold sequences, Zadoff-Chu (ZC).
· Short sequence (LTE-SSS like): NR-SSS is constructed based on interleaving two short m- sequences.
As discussed previously, NR-SSS plays more roles than LTE-SSS. The additional roles e.g., DMRS for PBCH and RRM measurements require NR-SSS to have very good correlation properties. The short sequence design for NR-SSS is subject to short sequence collision; leading to high false alarm rate as analysed in Section 7, which is the well-known issue in LTE. Therefore, NR-SSS design based on interleaving of short sequences should not be further pursued.
Observation 4: NR-SSS design based on interleaving of short sequences leads to high false alarm.
On the other hand, the NR-SSS design based on long sequences can provide much better correlation properties. The proposals with the long sequence design differ in the choice of PN sequences. It is preferred that there is an efficient NR-SSS detector implementation at UE. In this aspect, m-sequence has its fast transform [7] proven in LTE-SSS detector while there is no known fast transform for Gold. Although some efficient processing is possible to detect a ZC sequence with different cyclic shifts (e.g., for a root, processing in time domain and converting the correlation to frequency domain to detect the sequence shift), the ZC sequences have the known ambiguity issue that a shift in frequency causes a shift in time domain and vice versa. Therefore, in the presence of some timing offset, a wrong SSS id may be detected. This will be very problematic and cause confusion especially in a multi-cell detection. As a result, long m-sequence is a perfect choice for NR-SSS.
Observation 5: Zadoff-Chu, due to its (time, frequency) ambiguity issue, is not a suitable choice for NR-SSS waveform.
[bookmark: _Ref474095466]Observation 6: Long m-sequences should be selected due to low complexity SSS detector implementation and robustness to large residual frequency error.
[bookmark: _Ref478026806]	Performance Evaluation
This section provides link-level sync performance results in terms of PSS/SSS miss-detection probability, residual timing offset and residual carrier frequency offset. The simulations use the RAN1-agreed link-level simulation assumptions which are provided in Table 7. 
Below 6GHz Synchronization Signal Performance
In RAN1#88, we showed that 30kHz subcarrier spacing and NCP are arguably good for sub-6GHz synchronization signals by analyzing the PSS/SSS search performance across scalable subcarrier spacing of 15kHz, 30kHz and 60kHz with corresponding scaled CP over CDL-C of 100ns, 300ns and 1000ns delay spread [6]. In this paper, we provide simulation results to show the single-shot detection performance of our SS design (based on long m-sequence). In addition, we also provide the comparison to a popular design proposal in RAN1 reflector, which follows LTE SSS design principles of interleaving two short m-sequences. In the simulations, the length of short sequences is 63 (instead of 31 in LTE SSS) and both design options have 3 PSS sequences.
· Figure 2 provides the probability of wrong detection probability and target false alarm.
· Figure 3 provides the performance when SSS detector only returns the strongest peak passing the SSS detection threshold (selected to target < 1% false alarm), which can be considered as the initial access search. We can see no performance difference between long and short m-sequence design options as expected.
· Figure 4 shows the performance when SSS detector returns more than one peaks (e.g. up to 3 strongest peaks passing the threshold). Note that in practice and especially in neighbor cell search, SSS detector should allow passing more than one peaks to enable detecting multiple cells. We observe from this figure that for the same detection probability, short m-sequence design results in a much higher wrong detection probability. The reason, as discussed in the previous section, is a known issue of the LTE SSS design, where SSS sequences that share a same short code have very high cross-correlation. This effect shows up in Figure 4 as a large wrong detection probability, because in addition to the right SSS id, other wrong ids are being detected (passing the threshold). This issue would degrade the synchronization performance, especially in neighbor cell search. We further note that the neighbor cell search occurs much often than the initial access search.

[image: ]
Figure 2: Wrong detection probability
[image: ][image: ]
[bookmark: _Ref478122119]Figure 3 : Long m-sequence of length 127 vs. interleaving two short m-sequences of length 63 (keeping only the strongest peak at SSS detector output)
[image: ][image: ]
(a) [bookmark: _Ref478034493]Miss detection probability 					      	(b) Wrong detection probability
[bookmark: _Ref478122251]Figure 4: Long m-sequence of length 127 vs. interleaving two short m-sequences of length 63 (keeping 3 strongest peaks at SSS detector output)
[bookmark: _Ref478031322]Above 6GHz Synchronization Signal Performance
The simulation configuration is aligned with the RAN1 evaluation assumptions (summarized in Table 7) for a 30GHz system. In our simulation, we assumed the orientation of the BS and UE antenna panels are respectively (0,0,0) and (180,0,0), i.e., the two panels are facing each other but located at different heights. The detection threshold is chosen to achieve at ~1% false alarm probability. The SS design is based on our proposal given in the previous sections. 
The results of the cell detection and FA probabilities and residual frequency and time error are provided respectively in Figure 5 and Figure 6.
Note that as discussed in Section 11.2 and shown in Figure 7, one benefit of 3-PSS design compared to 1-PSS is providing a better trade-off between PSS and SSS detection performance. Figure 5 below reconfirms this observation by showing that 3-PSS design achieves better overall synchronization performance compared to 1-PSS design.
Observation 7: The proposed design with 3 PSS sequences performs better than the design with a single PSS sequence, due to reduced false SSS detection probability. 

 [image: ]     [image: ]
[bookmark: _Ref471724764]Figure 5: Cell detection and wrong detection (FA) probabilities 
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[bookmark: _Ref471724768]Figure 6: Residual frequency and time error

Note the two PBCH symbols within a SS block can be used to refine the CFO estimation. In the reported results above, we assumed the two PBCH symbols are on the two sides of the SS block and the UE uses the regenerated PBCH symbols (after a successful decoding). However, we argued that if the two PBCH symbols within a SS block are the same then UE does not need to decode PBCH first and can directly use this repeating structure to refine its CFO estimation. This is especially beneficial to reduce the processing complexity of the UEs while guaranteeing very reasonable performance at a medium to large SNR range. In [6] we compared the CFO estimation performance using the PBCH symbols before and after decoding.
Performance Summary
PAPR and CM (PSS and SSS)
PAPR and CM value
	PAPR [dB]
	CM [dB]

	NR-PSS: {3.1dB, 3.8dB} 
NR-SSS: {50%: 7.5dB, 90%: 8.7dB} 
	NR-PSS: {-0.26dB, 0.54dB}
NR-SSS: {50%: 3.8dB, 90%: 4.6dB}


Joint PSS/SSS misdetection rate
No interferer (e.g., single cell)
The correct detection probability (Pc) is the probability of the cell ID is correctly detected and the detected timing error is within the CP. The miss-detection probability is 1-Pc.
The wrong detection probability is the probability of either (1) the cell ID is not correctly detected or (2) the detected timing error is not within the CP although the cell ID is correctly detected.
Note: In the simulations, 5ms SS periodicity is assumed, i.e. 2004 sequences for SSS since SSS needs to deliver radio frame boundary
[image: ][image: ]
Miss-detection rate                                  Wrong detection rate
Two interferers 
(CINR = -6dB where serving: SNR1 = -4dB; interferes: SNR2 = -4dB and SNR3 = -7dB)
	Miss-detection probability
	Wrong detection probability

	19.1% 
(using the same detection thresholds as the one used in “no interferer” simulation)
	Not agreed how to evaluate it in RAN1 reflector


Residual timing offset and carrier frequency offset
50% and 90% tile residual timing offset and carrier frequency offset
	No interferer
	2 Interferers

	Residual timing offset (us)
	Residual carrier frequency offset (Hz)
	Residual timing offset (us)
	Residual carrier frequency offset (Hz)

	Sub-6GHz: 
0Ts for both 50% and 90%
Over-6GHz: 
 for both 50% and 90%

* results are for -6dB SNR 
	For both sub- and over-6GHz 
50%: 0.04 SCS
90%: 0.1 SCS

* Results are for -6dB SNR, and using only NR-PSS. 
*If we use the repeated NR-PBCH symbols within a SS block, the residual CFO error reduces to 50%: 0.01SCS and 90%: 0.04SCS.
	Sub-6GHz: 0Ts for both 50% and 90%
	Sub-6GHz:
50%: 0.04 SCS
90%: 0.1 SCS



Cross-correlation performance of NR-SS sequences
	Cross-correlation (dB)

	ZC roots
	42
	44
	85

	42
	0
	-21.04
	-21.04

	44
	-21.04
	0
	-21.04

	85
	-21.04
	-21.04
	0


 [image: ] 
(a) NR-PSS                                                               (b) NR-SSS



Joint PSS/SSS detection latency (50% and 90% tile detection latency (ms))
	No interferer
	2 Interferers

	50%: 1 sync period
90%: 2 sync period
	50%: 1 sync period
90%: 2 sync period


Conclusion
This contribution discusses the synchronization signal design unified across both sub-6GHz and above-6GHz bands. More specifically, the following proposals have been made:
Proposal 1: RAN1 considers designing a synchronization signal block with design parameters provided in Table 2.
Table 2: Synchronization signal block design parameters
	Design parameters
	PSS
	SSS
	PBCH

	The number of OFDM symbols
	1
	1
	2

	Sequence length (or the number of used sub-carriers)
	127
	127
	127

	The number of antenna ports
	1
	1
	1



Proposal 2: The synchronization signals and physical broadcast channel are multiplexed with an order in Figure 1. 


Figure 1: Unified NR synchronization signal block design

Proposal 3: The physical cell ID is jointly signaled via both PSS and SSS. Furthermore, NR has 1002 physical cell IDs.
Proposal 4: PSS consists of three frequency-domain Zadoff-Chu sequences of length 127. Furthermore, the roots of the sequences are 42, 44 and 85.
Proposal 5: NR-SSS sequence is constructed based on long m-sequences of length 127. In particular, RAN1 adopts the NR-SSS sequence design explicitly described in Section 6.1.

Proposal 6: The antenna port used for transmitting the secondary synchronization signal shall be identical to the antenna port used for transmitting the primary synchronization signal and the physical broadcast channel within a synchronization signal block.
Proposal 7: UE shall assume the same antenna port used for transmitting the nth synchronization signal block in every synchronization signal burst set.
Additionally, the following observations are also made:
Observation 1: the increase in the overall searcher complexity is typically less than 50% when there are 3 PSS sequences compared to 1 PSS.
Observation 2: limiting the SSS detection to a reduced search space (enabled by 3-PSS design) can improve the SSS detection by 0.5-1dB.
Observation 3: having 3 PSS references will provide a more reliable time, frequency and phase reference for SSS detection.
Observation 4: NR-SSS design based on interleaving of short sequences leads to high false alarm.
Observation 5: Zadoff-Chu, due to its (time, frequency) ambiguity issue, is not a suitable choice for NR-SSS waveform.
Observation 6: Long m-sequences should be selected due to low complexity SSS detector implementation and robustness to large residual frequency error.
Observation 7: The proposed design with 3 PSS sequences performs better than the design with a single PSS sequence, due to reduced false SSS detection probability. 
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[bookmark: _Ref478031080]  Appendix: NR Sync Numerology 240KHz vs 120KHz 
Based on the RAN1 #88 agreement, two parameter sets #Y (with 120KHz SCS) and #Z (with 240KHz SCS) can be adopted for the NR synchronization numerology for over-6GHz bands.
We note that the main benefits of selecting a larger subcarrier spacing are as follows
1. In over-6GHz bands, a multi-beam scheme is needed to provide sufficient link budget and reliable synchronization. The transmission of multiple SS blocks with different beams must be multiplexed in time. Therefore, shorter sync symbols and SS blocks (when SCS is larger) allows for more efficient multiplexing by allowing more [finer] beams to be swept. 
a. Finer beams are needed to provide the required link budget for synchronization. It is equally important to note that a finer beam learned through synchronization can make the future communications, e.g. RACH, much more efficient.
2. The initial frequency offset, up to 5 ppm, can significantly degrade the initial synchronization at higher carrier frequencies. A larger SCS provides reliability and protection against large CFO and phase noise.
Comparing 120KHz and 240KHz SCS, one can argue the same link budget can be achieved using 120KHz by transmitting a wider beam (with less beam forming gain) for a longer duration (each symbol is double longer). Although this argument is valid for synchronization link budget, having larger SCS (240KHz) allows for transmitting finer beams (with the same overhead and periodicity), that will allow a more efficient RACH operation especially when there is reciprocity. Because if only wide beams are used during sync, gNB should use a set of wide beams for RACH reception as well, and the UEs, in return, need to transmit message 1 for a longer duration of time (to meet the RACH link budget). This would result in more collision on the RACH resources. Also, the transmission of message 2 form the gNB may also be limited to a set of wide beams that would require more resources.
Table 5 below summarizes the comparison between 120KHz and 240KHz SCS for NR sync (for above-6GHz bands).
[bookmark: _Ref478031000]Table 5: Comparing 240KHz and 120KHz subcarrier spacing for NR sync
	Synchronization SCS
	240KHz
	120KHz

	Beam sweeping
	Can sweep 2X more [finer] beams with same overhead and periodicity
	May end up with coarser beams

	Sync performance
(for same post-bf SNR)
	Cell detection
	Comparable: Larger SCS may result in more frequency selectivity (assuming the same sequence length), that will improve PBCH decoding, but may degrade SSS detection (if SSS is detected non-coherently). 

	
	Residual freq error 
	Worse 
	Better (longer symbols)

	
	Residual timing
	Better (more granularity in time domain)
	Worse 

	RACH performance
	MSG1 (w/ reciprocity)
	Better 
	gNB uses wider beams for MSG1 rx  UE tx for longer duration  more collision

	
	MSG2
	Better
	MSG2 may use wider beams  requires more resources



[bookmark: _Ref478047993]Appendix: Comparing 1-PSS and 3-PSS Designs
In what follows we compare different aspects of the 1-PSS and 3-PSS designs. Note that rel-8 LTE adopted a 3-PSS design. Changing the design to 1-PSS would require a thorough evaluation of many different and non-typical scenarios to make sure it can provide a sufficient performance throughout different cases. Therefore, one should not base the decision, to change the PSS design, on only a limited set of simulation results. The purpose of this section is to compare and identify some of the possible shortcomings of the two designs through simple analytical arguments and high-level simulations.
Complexity 
The main reason in changing the legacy LTE design from 3 PSS to only having 1 PSS is presumably to reduce the searcher complexity. This is a very valid argument, especially considering the higher sampling rates of NR that would already lead to more complexity. However, the amount of complexity saving when changing the design from 3-PSS to 1-PSS should be carefully investigated. Can we reduce the searcher complexity by a factor of 3?
In answering this question, we note the following:
· The searcher algorithm consists of different blocks:
· Pre-processing blocks: that may include tasks such as AGC setting, filtering, sampling, calculating the received power
· PSS detection: this task includes correlating the received samples with the reference sequence(s) with different time and/or frequency hypotheses
· Post-processing blocks: tasks that are performed conditioned on finding some PSS peaks – including CFO refinement, SSS detection 
· All these different tasks contribute to the total searcher complexity. That is, although having a single PSS reference can reduce the complexity of the PSS correlator task, the other processing blocks are shared and their complexity does not increase by the number of PSS references.
· Out of 3 PSS sequences, 2 of them are complex conjugate. This property can be used to reduce the correlator complexity. Therefore, the complexity of PSS correlator increases only by a factor of 2 with 3-PSS design.
Considering the above points, we see the increase in the overall searcher complexity is less than 2X. In fact, our detailed evaluation shows the searcher complexity increases only by at most 50% (or ~1.5X) depending on the different factors such as sampling rate, subcarrier spacing, sync periodicity, number of SSS hypotheses, etc. 
Observation 1: the increase in the overall searcher complexity is typically less than 50% when there are 3 PSS sequences compared to 1 PSS.
[bookmark: _Ref478116791]Performance 
In what follows, we compare the 3-PSS and 1-PSS designs considering various aspects related to the performance and operation of the network. 

Single Frequency Network (SFN)
One benefit of the 1-PSS design pointed out by some companies is regarding the implementation of a single frequency network where multiple TRPs transmit the same SS (PSS and SSS). We note that even with 3-PSS design, SFN may be implemented by letting all the TRPs in an area use the same PSS id and SSS id. One may argue that the choices for SSS id is reduced by a factor of 3, if the network chooses to select only a single PSS id out of 3 ids. However as discussed in Section 4, the space of physical cell ids is increased by a factor of 2 for NR compared to rel-8 LTE. Also in the case of SFN operation, much less number of physical cell ids are required as many TRPs are assigned the same physical cell id.

False detection issue
With 3-PSS design and similar to rel-8 LTE, the physical cell id can be signalled jointly using both PSS and SSS. We note that SSS signal should still carry the full information about the physical cell id (i.e. there is at least 1 SSS sequence for each physical cell id) in order to avoid cell id misdetection in a synchronous multi-cell scenario. Hence, the benefit of carrying a part of the physical cell id through PSS is simplifying the SSS detection by reducing the search to a subset of the SSS sequence pool.
It should immediately be clear that there is a trade-off between PSS false alarm (FA) and SSS FA probabilities:
· With 1-PSS design, we expect lower PSS FA, but larger SSS FA (as the whole SSS pool must be searched over) 
· With 3-PSS design, the SSS search space can be reduced by a factor of 3 and we expect lower SSS FA while potentially having larger PSS FA
We further note the following
· SSS processing is much less complex compared to PSS. Therefore, after running the PSS processing block, the searcher can always pass many PSS peaks to the SSS detection block (many of them may be wrong hypotheses) for further processing. 
· Therefore, PSS FA, by itself, may not be a relevant metric.
· PBCH decoding is relatively high complex and can significantly increase the power consumption as it may require receiving and processing multiple instances of the PBCH channel.
· Therefore, SSS detection should be very reliable to detect and block the wrong hypos passed by the PSS processing block.
· It will be shortly discussed that 1-PSS design may not be able to provide a reliable timing reference for SSS detection, and hence multiple SSS detection trials (with different timings) may be needed for each passed PSS hypo. This further signifies the fact that SSS detection must be reliable to detect all the wrong hypotheses. 
Considering the above points, it seems suitable to have a more reliable SSS design if we can trade-off between PSS and SSS reliabilities. 
Figure 7 below shows when the SSS detection is reduced to a smaller search space, we can gain 0.5-1dB. This result is based on simulating the SSS detection performance (When time and frequency is given) on an AWGN channel with single receive antenna, and the target FA probability was set to 1%. Note that in the case where the search space is larger, a higher threshold is needed to guarantee the same FA probability this in return would result in degrading the detection probability. 
[image: ]
[bookmark: _Ref478040768]Figure 7: SSS detection -- false detection issue

Observation 2: limiting the SSS detection to a reduced search space (enabled by 3-PSS design) can improve the SSS detection by 0.5-1dB.
Reliability of the reference
PSS is the reference for SSS detection. At bare minimum, PSS should provide both timing and frequency. It may also be able to provide a phase reference for SSS detection, in this case SSS can be detected coherently after estimating phase (and channel) using the corresponding received PSS signal.
With 1-PSS design, the UE receives a PSS signal which is the superposition of the signals transmitted by all the (synchronous) neighbouring cells. In what follows, we will argue this combined signal may not be able to provide a reliable (time, frequency and/or phase) reference for SSS detection.
Timing reference issue
The timing is estimated through the received [superimposed] PSS signal with potentially a very large effective delay spread. Noting that SSS detection is very sensitive to timing offset, the estimated timing may not be sufficiently reliable for detecting SSS signals from the multiple cells. The solution may be to check multiple timing hypos for SSS detection. This would increase both the complexity and the chance of false detection. 
Frequency reference issue
The frequency offset is estimated using the received PSS signal and should be compensated before SSS detection. Although the neighbouring synchronous cells are expected to be tightly aligned in frequency, there may some scenarios in which the PSS fails to provide a good frequency reference. One such scenario is shown in Figure 8, where a high-speed UE is moving between two cells, estimating the frequency offset using the PSS from one cell and trying to detect SSS from another cell.

[image: ]
[bookmark: _Ref478042765]Figure 8: high-speed scenario -- frequency reference issue

In this figure,  and  are the frequency offset (relative to the UE) of the received signals from the two cells.  is the carrier frequency offset of the UE, and  is the Doppler shift. The UE’s estimation of frequency offset  using the PSS transmitted by the first cell is , where  is the estimation error. This will result in an effective frequency offset of  when receiving the signal from cell 2 – i.e. while detecting SSS from cell 2 the UE may have an extra  offset in addition to its estimation error . PSS-based CFO estimation may have an error about 10% of subcarrier spacing (i.e. ). At 6GHz, the Doppler shift of 500 Kmph is , which is 9% SCS for 30KHz numerology – hence . Table 6 shows the additional degradation in SSS correlation power due to the Doppler shift can be up to ~ 1dB (i.e. -1.15dB – (-0.14dB)).
[bookmark: _Ref478044095]Table 6: Correlation degradation due to frequency offset
	Frequency offset  [SCS]
	0
	10%
	19%
	28%

	
	0dB
	-0.14dB
	-0.52dB
	-1.15dB



Phase reference issue 
PSS can potentially provide a phase reference for coherent SSS detection. With 1-PSS design and due to SFN transmission of the same PSS by all the neighbouring cells, UE may not be able to use PSS to estimate channel for SSS detection. 3-PSS design allows orthogonalization of the PSS transmissions from the neighbouring cells and enables coherent SSS detection. Note that especially in multi-beam scheme, there is additional spatial separation between the transmissions of the neighbouring cells, this along with 3-PSS design will likely provide enough orthogonality needed for coherent SSS detection. 
Note that in addition to the coherent detection gain that can be achieved after channel equalization, a BPSK-modulated SSS design will allow for an extra gain as all the signal information is transmitted in one dimension. Therefore, after de-rotating the phase of the channel, the imaginary part of the received signal may be discarded and only the real part may be processed. This will reduce the effective noise and provides additional gain. Figure 9 shows this additional gain is about 0.5~1dB. In this figure, the coherent detection results correspond to the case where the channel phase is compensated and the imaginary part of the signal is discarded. 
[image: ]
[bookmark: _Ref478047072]Figure 9: SSS detection -- coherent detection gain (BPSK SSS)

Observation 3: having 3 PSS references will provide a more reliable time, frequency and phase reference for SSS detection.
· Coherent SSS detection can be enabled by 3-PSS design and provides at least 0.5-1dB gain.
· 1-PSS design may fail to provide a reliable frequency reference in the presence of high Doppler. There may be up to 1dB degradation in some high-speed scenarios.
· 
  Appendix: Link-level evaluation assumptions
[bookmark: _Ref471669771]Table 7: Link-level evaluation assumptions based on [8]
	 
	Below 6GHz
	Above 6GHz

	Carrier Frequency
	4 GHz
	30 GHz

	Channel Model

	CDL-C, with delay scaling of 100, 300 and 1000 ns
	  CDL-C, with delay scaling of 100 ns

	
	ASA = 5 degree, ASD = 30 degree, ZSA = 5 degree, ZSD = 1 degree 
The CDL table is translated so that the strongest cluster’s AoD and AoA occur at a random angle for both the antenna panels of TRP and UE in the local coordinate. The value of the random angle is selected to be uniformly distributed from +30 to -30 degree. The random value is chosen independently for both AoD and AoA

	Subcarrier Spacing(s)
	30 KHz
	  240 KHz

	SNR range
	> -8dB
	[post-beamforming] -10dB to -4dB

	UE speed
	3 km/h 
	3 km/h

	Search window
	The time window to search (correlate) NR-PSS = periodicity of NR-SS transmission = 5 msec. (10 msec for above-6Ghz)

	Antenna Configuration at the TRP
	(1,1,2) with omni-directional antenna element
	(4,8,2), with directional antenna element (HPBW=650, directivity 8dB)

	Antenna Configuration at the UE
	(1,1,2) with omni-directional antenna element
	(2,4,2), with directional antenna element (HPBW=900, directivity 5dB)

	Antenna port virtualization
	
	 BS beam sweep: sweeping 14 directions in Azimuth,  directed towards 100 degree in Elevation
 UE beam pattern: pseudo-omni

	Frequency Offset
	· Initial acquisition
· TRP: uniform distribution +/- 0.05 ppm
· UE: uniform distribution +/- 5 ppm 
· Non-initial acquisition
· TRP: uniform distribution +/- 0.05 ppm
· UE: uniform distribution +/- 0.1 ppm

	Phase Rotation Model
	
	Follow the PN model of [R1-165005]

	Number of interfering TRPs
	0, 2
	0
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