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Introduction
In NR, it is necessary to continue the discussion on the design and basic parameters of the synchronization signals, including the sequence selection, bandwidth, multiplexing, number of cell IDs to indicate, number of ports to be supported. In this contribution, we continue to propose and explain the detailed NR-PSS and NR-SSS design with formulas and the evaluation agreement[1].   
Default parameters and sequence design
In this part, the default parameters, including subcarrier spacing and bandwidth, is firstly discussed and followed by the detailed description on the NR-PSS and NR-SSS sequences design.
Subcarrier spacing and bandwidth selection
3GPP RAN1#88 meeting made the following agreements on the default parameters of NR-SS:
[bookmark: _Ref465847748]· 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
· Note that association between a frequency band and single set of default parameters (SCS, sequence length, NR-SS transmission bandwidth) will be defined in RAN4
· Note that each subcarrier spacing is associated with single sequence length and transmission bandwidth
· Note that additional parameter set or further down selection of parameter set is not precluded
· This agreement does not preclude any subcarrier spacing for data channel

More numerologies defined for the initial synchronization would result in more deployment complexity for the gNB and less numerologies would limit deployment flexibility. It is better to select some typical default numerologies for the SS block in the initial synchronization procedure, especially the subcarrier spacing values. We suggest to consider 30kHz and 120kHz as the default subcarrier spacing values for the frequency categories below and above 6GHz, respectively, in this phase. If any compatibility with LTE is needed or the lower frequency band to support narrow band deployment needs to be supported, the selection on 15kHz subcarrier spacing could be also considered. 
[bookmark: _Toc477793139][bookmark: _Toc478053190][bookmark: _Toc478139838][bookmark: _Toc478507861][bookmark: _Toc478507870][bookmark: _Toc478508130][bookmark: _Toc478508203][bookmark: _Toc478508409]30kHz and 120kHz are suggested as the default subcarrier spacing for SS block, with 15kHz to also be considered if one more category below 6 GHz is introduced.
To save energy and avoid un-necessary interference in NR, periodic and static reference signals should be inserted as less as possible, which requires the periodicity of the NR-PSS/SSS for the initial random access to be larger than PSS/SSS in LTE. Thus, it is much important for NR to guarantee the detection performance good enough with one-shot detection and larger periodicity. Thus, we have the following proposal for the resource reserved for NR-PSS/SSS:
[bookmark: _Toc477793140][bookmark: _Toc478053191][bookmark: _Toc478139839][bookmark: _Toc478507862][bookmark: _Toc478507871][bookmark: _Toc478508131][bookmark: _Toc478508204][bookmark: _Toc478508410]The bandwidth selection of NR-SS needs to consider the requirements on the target successful detection rate, periodicity and the frequency raster values.
On the other hand, from the sequence design aspect, it is expected to have a unified design on the synchronization sequence to handle the possible larger normalized offset with the scaled numerologies for different frequency categories. Taking the balance between performance and the periodicity into account, we propose 4.32MHz and 17.28MHz for the 30kHz and 128kHz subcarrier spacing, respectively, which is summarized in Table 1. The number of used subcarriers for the synchronization signals, i.e., the length of the sequence length, could be adjusted within the given band, according to e.g., the filter requirements in the UE. The bandwidth of 2.16MHz with 15kHz subcarrier spacing could be also considered if one more frequency category needs to be introduced below 6GHz. 
[bookmark: _Ref477611958]Table 1 Proposal on subcarrier spacing values and bandwidths of SS block
	
	Set I
	Set II
	Set III (optional)

	Frequency category
	Below 6GHz
	Above 6GHz
	Below 6GHz

	Subcarrier spacing
	30kHz
	120kHz
	15kHz

	SS block bandwidth
	4.32MHz
	17.28MHz
	2.16MHz



NR-PSS design
In our previous contributions[2][3], we proposed a NR-PSS sequence design, constructed by interleaved two conjugated ZC sequences with the unique root index. In this contribution, we continue to explain the design according to the agreement in the email discussion. 
Sequence generation
The proposed NR-PSS sequence is generated from the interleaved two conjugated ZC sequences as
,
where  is the root index and  is the total sequence length. In this design, the length should be an even number because of the construction. As discussed and further evaluation in the following section, the main advantage of this sequence is the robustness with the large frequency offset and simple construction, compared with the original ZC sequence, which would result in the time and frequency ambiguous detection. Another advantage of this design is that the interleaving order can also be used to carrier 1-bit information.
[bookmark: _Toc477793141][bookmark: _Toc478053192][bookmark: _Toc478139840][bookmark: _Toc478507863][bookmark: _Toc478507872][bookmark: _Toc478508132][bookmark: _Toc478508205][bookmark: _Toc478508411]A sequence constructed by interleaved two conjugated ZC sequences is proposed as the NR-PSS sequence to give robustness with large initial frequency offset
Mapping to resource elements
In Table 1, we propose 4.32MHz and 17.28MHz for 30kHz and 120kHz subcarrier spacing values, respectively, which means the total number of subcarriers reserved for NR-SS in is 144. Thus, the sequence length, , should be less than 144. In this design, we select 126 as the sequence length, which means the length of either component ZC sequence is 63, which is aligned with the ZC sequence in LTE. 
[bookmark: _Toc477793142][bookmark: _Toc478053193][bookmark: _Toc478139841][bookmark: _Toc478507864][bookmark: _Toc478507873][bookmark: _Toc478508133][bookmark: _Toc478508206][bookmark: _Toc478508412]A NR-PSS sequence length of 126 is proposed.  
The mapping from the sequence to the resource elements is shown in Figure 1, where the nine subcarriers on both sides of the NR-SS band are reserved and not used for transmission, and the NR-PSS sequence is mapped to the centre 126 subcarriers. The ZC sequence with the root index  is allocated on the purple subcarriers, and the conjugated sequence is allocated on the block subcarriers. 
[image: ]
[bookmark: _Ref477612414]Figure 1 NR-PSS resource elements mapping
The detailed mapping to the resource element  is expressed as below
,
   ,
where  denotes the first subcarriers of the NR-SS block, and the OFDM symbol index  is related with the SS block mapping, which is discussed in[4]. In each SS block, it is suggested to allocate NR-PSS in the last OFDM symbol, i.e., , where  is the index of the first OFDM symbol of the SS block and  is the SS block size in OFDM symbols as illustrated in Figure 3.   
Number of NR-PSS sequences
3GPP RAN1#88 meeting made the following working assumptions on the number of NR physical cell IDs:
In addition, there were the following agreements on the number of NR-PSS sequences:· 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
· RAN1 considers NR-PSS and NR-SSS have same transmission bandwidth

· 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

Based on the agreements, it is necessary to consider the number of IDs to be delivered by either NR-PSS or NR-SSS. Using total 1008 cell IDs as the example, Alt.1 means all cell IDs will be delivered by NR-SSS, i.e., there are 1008 NR-SSS candidate sequences; Alt.2 means there are 336 NR-SSS candidate sequences and 3 NR-PSS sequences. 
From the aspect of the detection procedure, the NR-PSS would be firstly scanned and detected with raster, different frequency error hypothesis and shifting in the time domain for each candidate sequence.  NR-PSS sequences would mean  times detection complexity in the time domain, i.e., sample level, which results in huge detection complexity. On the other hand, in practical deployment, it is impossible to use total different NR-PSS sequences in the neighbouring cells, and there is always interference for the target cell. The single sequence would make NR-PSS be transmitted in a Single Frequency Network (SFN), which can also enhance the successful detection rate without interference. With the time synchronization from the NR-PSS, the detection on NR-SSS can be processed in the frequency domain with much simpler procedure than NR-PSS. The wider bandwidth for NR-SSS constructed by m-sequence can also generate more sequences with more possible shift values. Note that  times NR-SSS sequences do not means the  times detection complexity as NR-PSS detection. Therefore, we have the following proposal:    
[bookmark: _Toc477793143][bookmark: _Toc478053194][bookmark: _Toc478139842][bookmark: _Toc478507865][bookmark: _Toc478507874][bookmark: _Toc478508134][bookmark: _Toc478508207][bookmark: _Toc478508413]One sequence for NR-PSS is recommended based on detection complexity and uniform detection procedure aspects.  
NR-SSS design
Sequence generation
The NR-SSS sequence is proposed to be generated from two m-sequences as the same as in LTE, but with double length of that in LTE as 

where . The indices  and   are derived from the cell ID   according to
,
,
,
Two component sequences  and  are defined as the sequences with different cyclic shifts of a m-sequence  according to
,
,
where , , is defined by
, ,
with initial conditions , , , , , .
[bookmark: _Toc477793144][bookmark: _Toc478053195][bookmark: _Toc478139843][bookmark: _Toc478507866][bookmark: _Toc478507875][bookmark: _Toc478508135][bookmark: _Toc478508208][bookmark: _Toc478508414]A sequence constructed by interleaved two m-sequences is proposed as the NR-SSS sequence
Mapping to resource elements
With two 63-length m-sequences, the total length of the NR-SSS sequence is the same as NR-PSS, which can have the same resource mapping schemes in the frequency domain as shown in Figure 2.
 [image: ]
[bookmark: _Ref477615928]Figure 2 NR-SSS resource mapping
The NR-SSS sequence is mapped to the resource elements as


where  denotes the first subcarrier of the reserved resource block for SS block. The OFDM symbol index, , is determined by the SS block mapping and the number of symbols allocated for NR-PBCH in each SS block. It is suggested to allocated NR-SSS in the center of NR-PBCH symbols to provide better channel estimation for the demodulation of that. 
The resource elements  in the OFDM symbol, where  


are reserved and not used for transmission.
[bookmark: _Toc477793145][bookmark: _Toc478053196][bookmark: _Toc478139844][bookmark: _Toc478507867][bookmark: _Toc478507876][bookmark: _Toc478508136][bookmark: _Toc478508209][bookmark: _Toc478508415]A sequence length of 126 is recommended for the NR-SSS sequence
Number of NR-SSS sequences
As discussed in the previous section, with one NR-PSS sequence assumed, the cell ID will be delivered in NR-SSS. The cell ID can be indicated with the different shift values of either component m-sequence and the interleaving orders. Thus, we have the following proposal:
[bookmark: _Toc477793146][bookmark: _Toc478053197][bookmark: _Toc478139845][bookmark: _Toc478507868][bookmark: _Toc478507877][bookmark: _Toc478508137][bookmark: _Toc478508210][bookmark: _Toc478508416]NR-SSS is used to deliver all the cell ID information, and 1008 NR-SSS sequences is proposed.
Multiplexing within a SS block
It was agreed that NR-PSS, NR-SSS and NR-PBCH would be multiplexed in a SS block in a TDM style. To provide possible better refinement on the frequency error estimation, it is recommended to allocate NR-SSS in the OFDM symbol with more distance to the NR-PSS. The multiplexing in a SS block is proposed as illustrated as Figure 3, where two OFDM symbols are assumed for NR-PBCH.
[image: ]
[bookmark: _Ref477617318]Figure 3 NR-PSS, NR-SSS and NR-PBCH multiplexing with in a SS block
With this multiplexing scheme, the NR-SSS can be also used as the demodulation reference signal for NR-PBCH to save the overhead. In this case, the number of NR-SSS ports should be the same as that of NR-PBCH ports. Therefore, we have the following proposal:
[bookmark: _Toc477793147][bookmark: _Toc478053198][bookmark: _Toc478139846][bookmark: _Toc478507869][bookmark: _Toc478507878][bookmark: _Toc478508138][bookmark: _Toc478508211][bookmark: _Toc478508417]NR-SSS is used as the demodulation reference signal for the NR-PBCH both transmitted from a single antenna port.
[bookmark: _Ref477782958]Performance evaluation
In this section, the proposal of NR-PSS and NR-SSS is evaluated with the agreed the parameters.
Simulation assumptions
Table 2 Link-level Evaluation Assumption
	Parameter
	Value

	
	For below 6GHz
	For above 6GHz

	Carrier Frequency
	4GHz
	30GHz

	Default subcarrier spacing
	15kHz, 30kHz
	120kHz, 240kHz

	Channel Model
	TDL-C, 100ns

	Target received baseband SNR 
	-6dB

	False alarm rate
	Less than 1% false alarm rate

	NR-PSS/SSS detection
	One shot detection

	Frequency Offset
	Randomly chosen from {-x ppm, +x ppm}
where, x is 5 as mandatory and 10 as optional


Sequence property
The auto-correlation values of the NR-PSS with 30kHz subcarrier spacing and length of 126 are shown in Figure 4 (a), which is also compared with ZC sequence in Figure 4 (b). The figures show that the proposed interleaved ZC sequence has much less ambiguous peaks in a given time and frequency error range than the original ZC sequence. 
[image: ][image: ]
		(a) Interleaved two conjugated ZC sequence			(b) ZC sequence
[bookmark: _Ref478050634]Figure 4 Auto-correlation of NR-PSS with time and frequency error, (a) is the proposed interleaved ZC sequence and (b) is the ZC sequence
The proposed interleaved ZC sequence has good auto-correlation property with large time and frequency error.
For the initial access, especially in the high frequency band, the frequency error will be large, e.g., much larger than 10ppm. Thus, it requires much robust sequence for the larger time and frequency error in this case to avoid the ambiguous estimation.
The cross-correlation values of the proposed NR-SSS sequences is further checked in Figure 5, where each sequence denotes one cell ID. In totally, 1008 cell IDs can be indicated from the NR-SSS sequence detection. The cross-correlation property of the proposed sequence is acceptable with obvious different between the peak and other values. 
[image: ]
[bookmark: _Ref477792386]Figure 5 Cross-correlation of NR-SSS sequences, which denotes the total 1008 cell IDs
The proposed interleaved m-sequences has acceptable cross-correlation property to support 1008 cell IDs.
Miss detection rate
The cell ID miss detection with joint the proposed NR-PSS and NR-SSS is presented in Figure 6. In the simulation, only below 6GHz with 15kHz and 30kHz subcarrier spacing are presented with 1-Tx and 2-Rx to illustrate the performance. In the receiver, the NR-PSS would be firstly detected after the correlation with the local unique sequence with different frequency error hypothesis in the time domain. Note that the detection complexity is much related with the number frequency error hypothesis, the more steps of the hypothesis would mean more accurate frequency error estimation from NR-PSS, but also mean more complexity.  
[image: ]
[bookmark: _Ref478139589]Figure 6 Miss detection rate of the interleaved ZC sequence with maximum 5ppm frequency offset
The simulation results show that 30kHz subcarrier spacing has less miss detection rate than 15kHz for the robustness on the frequency error, i.e., maximum frequency error of ±20kHz (±5ppm at 4GHz). We have the following observation.
30kHz subcarrier spacing is somewhat more robust with frequency offset than 15kHz
Further comparing with the original ZC sequence as the NR-PSS with the same NR-SSS design, the miss detection rate results are shown below.
[image: ][image: ]
		(a) 15kHz subcarrier spacing					(b) 30kHz subcarrier spacing
Figure 7 Miss detection rate of interleaved and original ZC sequence with maximum 5ppm frequency offset, (a) 15kHz subcarrier spacing; (b) 30kHz subcarrier spacing
The simulation results show that with the maximum ±20kHz frequency error, the original ZC sequence is worse than the proposed interleaved ZC sequence with 15kHz subcarrier spacing for the time and frequency ambiguity problem. With 30kHz subcarrier spacing, the miss detection performance of both sequences is closing because there is no ambiguity problem of the original ZC sequence for the frequency error is less than the subcarrier spacing. However, if having maximum 10ppm frequency error, i.e., ±40kHz, the difference between the original ZC and the proposal interleaved ZC sequences is obvious, i.e., about 1.2dB, as shown in, like that 5ppm for 15kHz subcarrier spacing.
[image: ]
Figure 8 Miss detection rate of interleaved and original ZC sequence with maximum 10ppm frequency for 30kHz subcarrier spacing
Interleaved ZC sequence is better than the original ZC sequence when the frequency error is larger than the subcarrier spacing.
Residual time and frequency error
The residual time and frequency error evaluation results of the proposed interleaved ZC and m-sequence with SNR = -6dB and 30kHz subcarrier spacing are shown in Figure 8. In the simulation, the reference time synchronization used in the simulation as the residual time offset after synchronization is supposed to the first strongest tap. 
[image: ][image: ]
		(a)  Residual time offset						(b) Residual frequency offset
[bookmark: _Ref478139666]Figure 9 Residual time and frequency error after synchronization
From the simulation results, the 50% and 95% residual time and frequency offset with 30kHz subcarrier spacing are shown in Table 3
[bookmark: _Ref478411326]Table 3 50% and 90% tile residual timing offset and carrier frequency offset
	
	No interferer

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

	30kHz SCS
	0/0.13
	-5.4/594.8


The comparison results with the original ZC sequence with both 15kHz and 30kHz subcarrier spacing are shown in Figure 9.
[image: ][image: ]
[bookmark: _Ref478412375]Figure 10 Residual frequency error with 15kHz and 30kHz subcarrier spacing and original ZC and interleaved ZC sequences.
The simulation results show that the residual frequency error of the original and interleaved ZC have very closing performance, including 15kHz and 30kHz subcarrier spacing.

Conclusion
Based on the discussion in section 2 we propose the following:
Proposal 1	30kHz and 120kHz are suggested as the default subcarrier spacing for SS block, with 15kHz to also be considered if one more category below 6 GHz is introduced.
Proposal 2	The bandwidth selection of NR-SS needs to consider the requirements on the target successful detection rate, periodicity and the frequency raster values.
Proposal 3	A sequence constructed by interleaved two conjugated ZC sequences is proposed as the NR-PSS sequence to give robustness with large initial frequency offset
Proposal 4	A NR-PSS sequence length of 126 is proposed.
Proposal 5	One sequence for NR-PSS is recommended based on detection complexity and uniform detection procedure aspects.
Proposal 6	A sequence constructed by interleaved two m-sequences is proposed as the NR-SSS sequence
Proposal 7	A sequence length of 126 is recommended for the NR-SSS sequence
Proposal 8	NR-SSS is used to deliver all the cell ID information, and 1008 NR-SSS sequences is proposed.
Proposal 9	NR-SSS is used as the demodulation reference signal for the NR-PBCH both transmitted from a single antenna port.
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Introduction


 


In NR, it is necessary to cont


inue the discussion on the design and basic parameters of


 


the synchronization 


signals


, including the sequence selection, bandwidth, multiplexing, number of cell IDs to indicate, number of 


port


s


 


to be supported


. In this contribution, we continue to propose 


and explain the detailed NR


-


PSS and NR


-


SSS design with formulas


 


and the 


evaluation


 


agreement


[1]


. 


  


 


2


 


Default parameters and sequence design


 


In this part, the default parameters, including subcarrier spacing and b


andwidth, is firstly discussed and 


followed by the detailed description on the NR


-


PSS and NR


-


SSS 


sequences 


design


.


 


2.1


 


Subcarrier spacing and bandwidth selection


 


3GPP RAN1#88 meeting made the following agreements on the default parameters of NR


-


SS:


 


 


More nume


rologies defined for the initial synchronization would result in more deployment complexity for the 


gNB and less numerologies would limit deployment flexibility. It is better to select some typical default 


numerologies for the SS block in the initial synch


ronization procedure, especially the subcarrier spacing 


values.


 


W


e suggest to consider 30kHz and 120kHz as the 


default


 


subcarrier spacing


 


values for the 


frequency categories below and above 6GHz, respectively, in this phase


.


 


If any compatibility with LTE i


s 


needed or the lower frequency band 


to support narrow band deployment 


needs to be supported, the 


selection on 15kHz subcarrier spacing could be also considered. 


 


Proposal 1


 


30kHz and 120kHz are suggested as the default subcarrier spacing for SS block, 


with 


15kHz 


to 


also 


be considered if one more category below 6 GHz is introduced.


 


•


 


RAN1 considers following 


parameter sets


 


with associated default subcarrier spacing and possible 


maximum transmission bandwidth for NR


-


SS design


 


–


 


Parameter set 


#W asso


ciated 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 subcarrie


r 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


 


–


 


Note that association between a frequency band and single set of default par


ameters (SCS, 


sequence length, NR


-


SS transmission bandwidth) will be defined in RAN4


 


–


 


Note that each subcarrier spacing is associated with single sequence length and 


transmission bandwidth


 


–


 


Note that additional 


parameter set 


or further down selection of 


para


meter set 


is not precluded


 


–


 


This agreement does not preclude any subcarrier spacing for data channel
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•   RAN1 considers following  parameter sets   with associated default subcarrier spacing and possible  maximum transmission bandwidth for NR - SS design   –   Parameter set  #W asso ciated 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 subcarrie r 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   –   Note that association between a frequency band and single set of default par ameters (SCS,  sequence length, NR - SS transmission bandwidth) will be defined in RAN4   –   Note that each subcarrier spacing is associated with single sequence length and  transmission bandwidth   –   Note that additional  parameter set  or further down selection of  para meter set  is not precluded   –   This agreement does not preclude any subcarrier spacing for data channel  

