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Introduction
In RAN1#86b, a couple of agreements were made regarding the NR synchronization design. The notion of SS block (and SS burst) was defined where SS block contains the sync signals (PSS, SSS and/or PBCH):
	Agreements:
· PSS, SSS and/or PBCH can be transmitted within a ‘SS block’
· FFS: details how to compose PSS, SSS and/or PBCH
· Multiplexing other signals are not precluded within a ‘SS block’
· One or multiple ‘SS block(s)’ compose an ‘SS burst’
· FFS: Number of ‘SS block(s)’ (defined as duration of ‘SS burst’)
· FFS: whether or not ‘SS block(s)’ are consecutive
· FFS: whether or not ‘SS block(s)’ within a ‘SS burst’ are the same
· FFS: One or multiple ‘SS burst(s)’ compose a ‘SS burst set’
· FFS: Periodicity and the number of ‘SS burst’ within a SS burst set
· Number of SS bursts within a SS burst set is finite.
· FFS: Transmission instances of ‘SS burst  set’
· E.g., periodic/aperiodic transmission of SS burst sets.



One key design aspect of the SS block is the multiplexing method of the constituent waveforms within the block. In this contribution we present our view on this aspect by comparing two approach; TDM and FDM.
Our companion documents [1] and [2] provide respectively more details on the proposed sync design and sync performance evaluation results for the millimeter wave bands.

Design of the SS block
As discussed in [1], the base station transmits a burst of synchronization signals (SS burst) within a sync period, and each burst consists of a number of SS blocks (potentially differently beam-formed).  In what follows, we provide our views on the design of the SS block. 
As in the legacy LTE synchronization, the sync transmission should at least consist of
· A primary sync signal (PSS): to provide timing and frequency synchronization and some part of PCID.
· A secondary sync signal (SSS): to provide the full PCID and also some information about the sub-frame/frame index number. 
· A sync channel (PBCH): to provide the minimum system information required for cell acquisition/initial access. 
In a mmwave system the transmission of PBCH must be directional similar to the PSS/SSS signals, hence it would be beneficial to multiplex all three transmissions within a SS block. We will also shortly see that the design of SS block can allow using the SSS signal for PBCH demodulation, this is very beneficial in terms of resource utilization. 
Note that in [1], we argued that SS block contains PBCH and/or MRS in addition to PSS and SSS. For example, in some instances of SS blocks PBCH is transmitted and in some instances BRS is transmitted instead of PBCH. 

Proposal 1: NR-PBCH is transmitted along with NR-PSS and SSS within a SS block.
· NR-PSS, SSS, and PBCH within a SS block have the same subcarrier spacing.
· NR-PSS, SSS, and PBCH within a SS block are transmitted using the same beam.

There are different options for multiplexing PSS/SSS/(PBCH and/or MRS) within a SS block: (a) TDM, (b) FDM, or (c) any combination of the two. Figure 1 demonstrates examples of TDM and FDM approaches, Table 1 provides a qualitative comparison of the two approaches. 


[bookmark: _Ref466016681]Figure 1-- SS block design (TDM vs FDM)
In the TDM approach, the transmission of each component may span the whole available SYNC tx bandwidth in frequency domain, and only a fraction of SS block duration in time domain. In the FDM approach, the transmission of each component spans the whole duration of a SS block in time domain and occupies only a fraction of the available bandwidth. In the example shown in Figure 1, the TDM design uses 4x wider subcarrier spacing compared to the FDM design, and hence each sub-symbol duration is 4x shorter than the FDM design.
Although the subcarrier spacing factor in the TDM approach is larger and the tx duration of each component is shorter in time domain, we note the total tx energy of each component in the two approaches is the same.

[bookmark: _Ref466016947]Table 1-- TDM vs FDM comparison
	Aspect
	TDM
	FDM
	comments

	Subcarrier spacing (CP and duration of each sync sub-symbol)
	Wider (shorter)
	Narrower (longer)
	

	Timing Estimation accuracy
	Better
	Worse
	Finer TD samples in TDM approach

	PAPR of PSS
	Better 
	Worse
	ZC-based PSS maintains good PAPR if not FDMed with other signals

	PBCH demodulation
	SSS used as the reference
	Needs dedicated reference tones
	TDM provides better resource utilization

	Sensitivity to frequency offset/ phase noise
	Less 
	More
	

	Initial cell search complexity
	Comparable 
	See note 1

	Neighbor cell search complexity
(in async standalone mode)
	Worse (4X)
	Better 
	See note 1

	Frequency estimation accuracy
	Better
	Worse
	See note 2

	Receive beam selection latency  
	Better
	Worse
	See note 3



PAPR aspect
NR-PSS is proposed [1] to be based on a Zadoff-Chu sequence. One of the good characteristics of the ZC sequences is their low PAPR. As a result, PSS can be transmitted with boosted power (without PA saturation) compared to other sync signals, and this can effectively improve the sync performance and acquisition latency. In the TDM method, PSS maintains its good PAPR, while in the FDM case and because of multiplexing different signals in the frequency domain, the ZC’s good PAPR is lost. (see Figure 2)
[image: image003]
[bookmark: _Ref466018233]Figure 2 -- PAPR (and CM) comparison of PSS in TDMed SS block and the signal in FDMed block

Receiver complexity and power consumption
Note 1: in the TDM approach, the PSS searcher should process more samples due to higher sampling rate compared to the FDM approach. However, the larger tone spacing in the TDM approach provides more resilience to the initial CFO (carrier frequency offset) and hence a smaller number of CFO hypotheses are needed during the initial acquisition. Hence there is a trade-off between the number of time and frequency hypotheses for TDM and FDM approaches. During the neighbor cell search in async standalone mode, the CFO may not be an issue and the complexity of the searcher for TDM approach may be higher (the actual effect on the UE implementation is to be investigated).
A more important practical issue at the receiver is the amount of power consumption that is directly related to the bandwidth of the signal to be buffered for processing (i.e., sampling rate). The effect of allocated tx BW to the sync signals on the power consumption is to be investigated.

Frequency Estimation using PBCH symbols in TDM design
Note 2: the specific TDM design, proposed in Figure 1, consists of 2 sub-symbols of PBCH transmitted at the beginning and the end of a SS block. We further propose that signal transmitted within these two sub-symbols be the same (e.g. same redundancy version). This repeating structure can be used to provide a finer frequency offset estimation. (see Figure 4)

Tx/Rx beam refinement
Note 3: the sync signals can provide a reference to the UEs to refine the rx beam on the selected sub-array. Having multiple signals TDMed within a SS block can reduce the latency of the rx beam selection by allowing the UE to try multiple receive beams for different sub-symbols of a SS block.
As discussed in [1] in the TDM design, the BS may transmit MRS instead of PBCH in some SS blocks. In one example, the PBCH may not be transmitted as frequently as PSS/SSS, and MRS is transmitted in the SS block instances where PBCH is not present. TDM design further gives the flexibility to transmit MRS using a different beam than PSS/SSS. For example, this will allow BS to potentially sweep PSS/SSS in all directions in different SS bursts, while transmitting MRS more frequently in the directions where some connected UEs are present.


Figure 3 -- multiplexing PBCH or MRS with sync signals in a SS block

Other aspects
Note 4: the small CP size of the TDM approach can increase the sensitivity to the delay spread. However at low operating SNR, the corresponding degradation is expected to be marginal. Our study results also confirm this.
Note 5: transmitting the sync signals over a wider bandwidth in the TDM approach can be beneficial by providing more frequency diversity. 

Performance evaluation
As discussed in the previous section, TDM is the preferred method to multiplex the transmission of PSS/SSS/PBCH signals within a SS block for various reasons (Table 1). In what follows, we compare the performance of the two designs in terms of sync latency and the residual timing and frequency errors. The simulation follows the configuration agreed in [3] (summarized in Table 6), and for
· CDL-C channel model and 30 GHz carrier frequency
· Initial acquisition (up to 5ppm CFO at UE) and non-initial acquisition (up to 0.1ppm of CFO at UE)
 The detection thresholds are chosen to achieve ~1% false alarm probability. The latency is the time to declare a successful detection of the cell id (not including the PBCH decoding).

Initial acquisition
Table 2 and Table 3 compare the TDM and FDM designs in terms of respectively the FA and missed detection probabilities, and the initial sync latency (also shown in Figure 3). Figure 4 provides the distribution of the residual timing and frequency errors.
It is seen that the TDM design outperforms the FDM design. We note in this study the effect of PAPR is not considered, that is the PSS could potentially be transmitted with higher power in the TDM case to provide even further improvement in the sync performance. 
We further note that the number of coarse CFO hypotheses applied for TDM and FDM cases are respectively 3 and 11. 

Observation 1: TDMing the sync signals within a SS block provides better performance compared to an FDM approach.

Proposal 2: NR-PSS, SSS and PBCH (and/or MRS) signals are TDMed within a SS block. 

[bookmark: _Ref463016993][bookmark: _Ref466043922]Table 2 – Initial acquisition False alarm and missed detection probabilities: 30GHz
	Multiplexing method
	TDM
	FDM

	(ASD,ASA)
	(5,30)
	(5,60)
	(5,30)
	(5,60)

	FA prob
	<0.25%
	<0.25%
	1.26%
	1.01%

	Missed detection prob
	<0.25%
	<0.25%
	0.75%
	0.75%

	(ASD,ASA)
	(15,30)
	(15,60)
	(15,30)
	(15,60)

	FA prob
	<0.25%
	<0.25%
	1.27%
	0.75%

	Missed detection prob
	<0.25%
	<0.25%
	1.25%
	0.5%




[bookmark: _Ref463016746]Table 3-- Initial acquisition latency (sync periods=5msec): 30GHz
	Multiplexing method
	TDM
	FDM

	(ASD,ASA)
	(5,30)
	(5,60)
	(5,30)
	(5,60)

	Mean latency
	1.01
	1.008
	1.312
	1.368

	90% latency
	1
	1
	2
	1

	(ASD,ASA)
	(15,30)
	(15,60)
	(15,30)
	(15,60)

	Mean latency
	1.01
	1.008
	1.357
	1.4

	90% latency
	1
	1
	1
	2
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[bookmark: _Ref466044191]Figure 4-- initial sync latency: 30 GHz FDM vs TDM

[image: ][image: ]
[bookmark: _Ref466044217]Figure 5 -- (initial acquisition) frequency and timing error: 30 GHz FDM vs TDM


Non-initial acquisition

Table 4 -- non-initial acquisition False alarm and missed detection probabilities: 30GHz, (ASD,ASA)=(15,30)
	Multiplexing method
	TDM
	FDM

	SNR
	-18dB
	-20dB
	-18dB
	-20dB

	FA prob
	<0.25%
	<0.25%
	<0.25%
	<0.25%

	Missed detection prob
	<0.25%
	0.5%
	<0.25%
	<0.25%



Table 5—non-initial acquisition latency (sync periods=5msec): 30GHz, (ASD,ASA)=(15,30)
	Multiplexing method
	TDM
	FDM

	SNR
	-18dB
	-20dB
	-18dB
	-20dB

	Mean latency
	1.01
	1.015
	1.022
	1.093

	90% latency
	1
	1
	1
	1




Conclusions
In this contribution, we compared different multiplexing methods to transmit the sync signals within a SS block and made the following observation,
Observation 1: TDMing the sync signals within a SS block provides better performance compared to an FDM approach.

We also proposed,
Proposal 1: NR-PBCH is transmitted along with NR-PSS and SSS within a SS block.
· NR-PSS, SSS, and PBCH within a SS block have the same subcarrier spacing.
· NR-PSS, SSS, and PBCH within a SS block are transmitted using the same beam.
Proposal 2: NR-PSS, SSS and PBCH (and/or MRS) signals are TDMed within a SS block. 
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Appendix 

[bookmark: _Ref466021687]Table 6 -- link-level evaluation assumptions [3]
	 
	Below 6GHz
	Above 6GHz

	Carrier Frequency
	4 GHz
	30, 70 GHz

	Channel Model
	CDL-C (other CDL models are not precluded), AWGN
· with delay scaling values of 100 ns (mandatory),  300 ns (optional)  and 1000 ns (optional) for 4 GHz, 30 ns for 30/70 GHz
· with all combination of ASA and ASD scaling values in sec. 7.7.5.1 in 38.900, for above 6 GHz cases
· 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)
	15, 30, 60, 120, 240, or 480 kHz (to be clarified by each proponent; other values are not precluded)

	SNR range
	> -6dB
	> -18dB

	UE speed
	3 km/h and 120 km/h  (mandatory)
 30km/h and 500km/h (optional)
	3 km/hr

	Search window
	The time window to search (correlate) NR-PSS. It depends on the periodicity of NR-SS transmission. The value needs to be provided by each proponent

	Antenna Configuration at the TRP
	(1,1,2) with omni-directional antenna element
	(4,8,2), with directional antenna element (HPBW=650, directivity 8dB)
Optional: (M,N,P,Mg,Ng) = (4,8,2,2,2). (dV,dH) = (0.5, 0.5)λ. (dg,V,dg,H) = (2.0, 4.0)λ

	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
	Clarified by each proponent in simulation assumptions 
(e.g. the beamforming method, beam directions, number of beams)

	Frequency Offset
	· Initial acquisition
· TRP: uniform distribution +/- 0.05 ppm
· UE: uniform distribution +/- 5, 10, 20  ppm (each company to choose one)
· 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 
	1. 0 TRP: mandatory
2. 2 interfering TRPs (1st SIR = 0dB, 2nd SIR = -3dB; SIR is defined as the ratio of power between a reference cell and interfered cell) – timing arrival differences from TRPs are provided by each proponent: optional
	1. 0 TRP
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