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1 Introduction

This tdoc examines the acquisition performance via LLS the NR-PSS design for various bandwidths, SCSs, lengths, and repeats. And further considers CPU processing, RF complexity, and # of beams as evaluation criteria.
2 PSS SCS, Length Considerations
For the design of the NR PSS we consider the following set of parameters:
1) Subcarrier spacing (15 kHz, 30 kHz, 60 kHz)
2) ZC Sequence length (63, 127, and 255)
3) Sequence symbol repetition (within the SS Block)
4) UE complexity (CPU)
If we were to evaluate the NR PSS design by changing only a single parameter (such as sequence length), the performance would change accordingly but so would the network resources utilization. In general, if we increase the resources in terms of time and/or frequency, the PSS detection performance will improve. 
Hence, in our performance comparisons for the NR PSS design we select a set of parameters that use an equivalent amount of time and frequency resource. To determine the equivalent resource we simply use the PSS time (ms) times the PSS bandwidth (MHz). While this is not perfect, it at least gives an indication of the design selection cost and benefit. The diagram below shows the equivalent resources in terms of time/frequency for the three subcarrier spacing:
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15kHz SCS: 

1 symbol 

30kHz SCS: 

2 symbol 

repeat

60kHz SCS: 

4 symbol 

repeat


For each set of parameters we also estimate the amount of processing that the receiver is required to do for the PSS detection. The importance of the CPU requirement is subjective but considered a factor. The amount of processing required to be done by the receiver linearly increases as the subcarrier spacing (due to increased sampling rate) and sequence length, but we assume that the processing due to symbol repetition is negligible. 
When the initial CFO is greater than the sub-carrier spacing, two designs were considered:

· Multiple CFO Candidates – multiple hypothesis are required to place the CFO candidate to within range 
· Time Slicing - the PSS sequence can be split in time which reduces the CPU usage 
To calculate the CPU usage due to CFO candidates and time slicing assuming the same length of PSS (in symbols), we use the following table:

	Carrier Frequency
	Frequency Offset
	Subcarrier 
Spacing
	CFO 
Candidates
	Time

Slicing
	CPU

	2GHz
	+-10kHz (5ppm)
	15kHz
	1
	2
	1x

	
	
	15kHz
	2
	None
	2x

	
	
	30kHz
	1
	None
	2x

	4GHz
	+-20kHz (5ppm)
	15kHz
	1
	3
	1x

	
	
	15kHz
	3
	None
	3x

	
	
	30kHz
	2
	None
	4x

	
	
	60kHz
	1
	None
	4x


Observation: CPU processing should be considered in the design of the PSS.
Observation: Maximum CFO and thus optimal PSS design may be different for 2GHz vs 4GHz.
Given the above observations PSS designs at both 2GHz and 4 GHz are considered and evaluated. 

The bandwidth of the PSS will also have a direct impact on the complexity of the receiver RF design. The complexity of the RF increases as the PSS bandwidth increases. Using SAW-less RF design for multiple band support without dedicated RF components for each band becomes more complex with wider bandwidths. Hence a narrower bandwidth PSS is desirable especially for forward compatibility for future mMTC devices that operate in lower carrier frequencies.
Observation: RF design complexity should be considered in the design of the PSS.
2.1 PSS Design at 2GHz

Different sets of subcarrier spacings, sequence lengths, and symbol repetitions were selected such that each set requires the same amount of resources in terms of time/frequency. Different combinations of CFO candidates and Time Slicing were selected to provide different CPU processing variants. The following table shows the probability of acquisition on the 1st attempt for the various sets simulated (See appendix I for simulation parameters):
	SCS
(kHz)
	Length 
(symbols)
	Symbol Repeats
	Band-width
(MHz)
	Time 
(ms)
	Time/Freq
Resource
(ms*MHz)
	CFO Candidates
	Time

Slice
	CPU
	Probability of Acquisition on the first attempt

	15
	63
	4
	0.945
	0.286
	0.270
	1
	2
	1
	0.52

	15
	63
	4
	0.945
	0.286
	0.270
	2
	None
	2
	0.77

	15
	127
	2
	1.905
	0.143
	0.272
	1
	2
	2
	0.77

	15
	127
	2
	1.905
	0.143
	0.272
	2
	None
	4
	0.8

	15
	255
	1
	3.825
	0.071
	0.273
	1
	2
	4
	0.81

	15
	255
	1
	3.825
	0.071
	0.273
	2
	None
	8
	0.81

	30
	63
	4
	1.89
	0.143
	0.270
	1
	None
	2
	0.78

	30
	127
	2
	3.81
	0.071
	0.272
	1
	None
	4
	0.81

	60
	63
	4
	3.78
	0.071
	0.270
	1
	None
	4
	0.81


Observation: SCS of 15kHz and length of 63 using time slicing has the lowest CPU processing requirements but has degraded performance compared to other solutions.
Observation: At 2GHz, all SCSs and lengths have similar acquisition performance when using the same amount of time/frequency resources and similar CPU processing 
2.2 PSS Design at 4GHz

The same analysis (as in the previous section) was done at 4GHz, different sets were selected such that each set requires the same amount of resources in terms of time/frequency, but at lower amount than at 2GHz. The following table shows the probability of acquisition on the 1st attempt for the various sets simulated (See appendix I for simulation parameters):

	SCS
(kHz)
	Length 
(symbols)
	Symbol Repeats
	Band-width
(MHz)
	Time 
(ms)
	Time/Freq
Resource
(ms*MHz)
	CFO Candidates
	Time

Slice
	CPU
	Probability of Acquisition on the first attempt

	15
	63
	2
	0.945
	0.143
	0.135
	3
	None
	3
	0.57

	15
	63
	2
	0.945
	0.143
	0.135
	1
	3
	1
	0.48

	30
	63
	2
	1.89
	0.071
	0.135
	2
	None
	4
	0.62

	30
	63
	2
	1.89
	0.071
	0.135
	1
	2
	2
	0.56

	30
	127
	1
	3.81
	0.036
	0.136
	2
	None
	8
	0.64

	30
	127
	1
	3.81
	0.036
	0.136
	1
	1
	4
	0.58

	60
	63
	2
	3.78
	0.036
	0.135
	1
	None
	4
	0.59


As with the 2GHz, SCS of 15 kHz and length 63 using time slice has the lowest CPU processing requirement but has degraded performance. 
Observation: At 4GHz, all SCSs and lengths have similar acquisition performance when using the same amount of time/frequency resources and similar CPU processing 
3 Cold Acquisition
A synchronization channel raster that is sparser than the carrier/channel raster will reduce the number of candidate searches that a UE would need on an initial cell selection. In RAN #Adhoc [1] an agreement was reached to strive to do this when the SS bandwidth is smaller than the system bandwidth:

Agreements:
· When the sync bandwidth is smaller than the minimum system bandwidth for a given frequency band, RAN1 strives to make the synchronization signal frequency raster sparser compared to channel raster to reduce UE initial cell selection burden without limiting the NR deployment flexibility 

· FFS If UE is required to search for all the possible synchronization signal frequency locations defined by the synchronization signal frequency raster 

· When the sync bandwidth is the same as the minimum system bandwidth for a given frequency band that UE searches, synchronization signal frequency raster is the same as the channel raster

· FFS If UE is required to search for all the possible synchronization signal frequency locations defined by the synchronization signal frequency raster  
The cold acquisition of the SS signal is an important consideration as the number of bands that will be available for NR is increased compared to LTE. The delay in acquiring service after an initial power up when roaming (such as in an airport) would be quite noticeable and perhaps even unacceptable. Many carriers have different channel/band configurations across their network, so this would be a factor even when the device is not roaming. Also, while roaming, the UE must periodically perform HPLMN re-scans which can consume considerable battery life. Yet another cold acquisition situation is when the device is out-of-coverage. 

Observation: The cold acquisition of the SS signal is an important consideration in the SS design.

A narrower SS signal will increase the allowable synchronization channel raster spacing hence decrease the number of search candidates. The improvement in the cold SS acquisition time can be estimated as shown in the table below:
	PSS Bandwidth MHz
	Maximum Sync channel raster spacing
	% Improved Sync Acquisition

	4.32 MHz
	1
	1X

	2.16 MHz
	23
	23X

	1.08 MHz
	34
	34X


[Note: the above calculation assumes:  minimum NR system bandwidth of 5MHz; LTE channel raster of 100 kHz and a 10 % guard band].

Observation: A 2.16 MHz PSS results will have a 23x faster cold PSS acquisition time compared to a 4.32 MHz PSS, with a 5MHz minimum system bandwidth.

Observation: A 1.08 MHz PSS results will have a 34x faster cold PSS acquisition time compared to a 4.32 MHz PSS, with a 5MHz minimum system bandwidth.

4 Number of Beams
The design of the NR-PSS and the resulting duration of the SS block would impact the number of beams that can be supported. Additionally, in the case of TDD network operation, the network only has a part of the time for DL transmissions. We assumed time division multiplexing of PSS and SSS and PBCH, partially based on the following agreement/working assumption:


Given a DL TDD duty cycle of 40% and Time*Frequency resources of 1.227 (ms*MHz) (which provides good 1 shot detection), the following number of beams can be supported for different PSS bandwidths and different Burst Set Periodicities:

	PSS
Bandwidth (MHz)
	Burst Set
Periodicity
(ms)
	Block Time
 (ms) 
	Max # of Beams

	1.08
	10
	1.136
	3

	1.08
	20
	1.136
	7

	2.16
	10
	0.568
	7

	4.32
	10
	0.284
	14


It is possible to further increase the number of beams for TDD configurations by increasing the burst periodicity e.g. to 20 ms. FDD configurations will support 1.67 times more beams than shown in the table above.
Observation: All PSS bandwidths can support 7 or more beams.  
5 Summary NR PSS Design Selection 
From the tables and discussions, the selection for the subcarrier spacing, sequence length, symbol repetition of the NR PSS would depend on the importance placed on the trade-offs regarding: PSS bandwidth, PSS time, cold acquisition, # of beam, RF complexity, and the CPU requirements on the receiver. Here is a table containing a summary of the trade-offs:
	Property
	Narrow 
Bandwidth
&  Long Time
	Wider 
Bandwidth
& Short Time
	Comment

	Single Shot

Acquisitions Performance
	Same
	Same
	Given same time/frequency and CPU processing requirements

	UE Processing complexity/cost
	lower 
	Higher 
	The wider bandwidth CPU computations.

	RF  Design complexity/cost
	lower 
	Higher 
	The wider bandwidth makes Saw-less RF designs more difficult.

	Cold Acquisition
	Several times better
	Several times worse


	Smaller bandwidth allows for a spacer SS frequency raster

	Number of Beams
	Fewer beams
	Good
	TDD configurations 

	Power boost dynamic
	Easier
	Difficult
	A wide bandwidth NR-PSS would take up more of the resources, hence reduce the amount of power boosting that can be done (if at all).



	LTE/eMTC/NB-IOT within NR
	More flexible
	Less flexible or impossible
	Smaller NR PSS bandwidth will make it easier to place LTE within NR


Observation: The only disadvantage to a narrow bandwidth PSS, is that it can support fewer beams which concerns only TDD configurations.

Given less beams will be need for lower bands, the following proposal is made:

Proposal: For <3GHz GHz carrier frequency, specify subcarrier spacing of 15 kHz with ZC sequence length 63 and 4 symbol repetitions for the NR-PSS.
Given more beams will be need for higher bands, the following proposal is made:

Proposal: For >3GHz and <6GHz carrier frequency, specify subcarrier spacing of 30 kHz with ZC sequence length 63 and 2 symbol repetitions for the NR-PSS.
6 Conclusion

Observation: CPU processing should be considered in the design of the PSS.

Observation: Maximum CFO and thus optimal PSS design may be different for 2GHz vs 4GHz.

Observation: RF design complexity should be considered in the design of the PSS.
Observation: SCS of 15kHz and length of 63 using time slicing has the lowest CPU processing requirements but has degraded performance compared to other solutions.
Observation: At 2GHz, all SCSs and lengths have similar acquisition performance when using the same amount of time/frequency resources and similar CPU processing
Observation: At 4GHz, all SCSs and lengths have similar acquisition performance when using the same amount of time/frequency resources and similar CPU processing

Observation: The cold acquisition of the SS signal is an important consideration in the SS design.

Observation: A 2.16 MHz PSS results will have a 23x faster cold PSS acquisition time compared to a 4.32 MHz PSS, with a 5MHz minimum system bandwidth.

Observation: A 1.08 MHz PSS results will have a 34x faster cold PSS acquisition time compared to a 4.32 MHz PSS, with a 5MHz minimum system bandwidth.

Observation: All PSS bandwidths can support 7 or more beams. 

Observation: The only disadvantage to a narrow bandwidth PSS, is that it can support fewer beams which concerns only TDD configurations.
Proposal: For <3GHz GHz carrier frequency, specify subcarrier spacing of 15 kHz with ZC sequence length 63 and 4 symbol repetitions for the NR-PSS.
Proposal: For >3GHz and < 6 GHz carrier frequency, specify subcarrier spacing of 30 kHz with ZC sequence length 63 and 2 symbol repetitions for the NR-PSS.
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Appendix I Link Level Simulation Parameters
	Simulation parameter
	Value

	Carrier frequency
	2 GHz, 4GHz

	Channel Models
	TDL-C with delay scaling value of 100ns

	Subcarrier Spacing
	15 kHz, 30 kHz, 60 kHz

	PSS Sequence type
	Zhadoff-Chu

	Number of sequences
	3

	PSS length
	63, 127, 255

	PSS Burst Set Periodicity
	10ms 

	CFO
	5ppm

	UE speed
	3 km/h

	SNR
	-6dB


Agreements:


At least for single beam scenario, time division multiplexing of PSS and SSS is supported.


Working assumption: 


Time division multiplexing of PSS and SSS is supported for multiple beam scenario











