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Introduction
The following agreement and working assumption on synchronization signal design are made in RAN1-89:
	PSS

	Agreements: 
· Confirm following working assumptions on NR-PSS as agreements
· Number of PSS sequences: 3
· PSS sequence details:
· Frequency domain-based pure BPSK M sequence (fixing the time/freq. offset ambiguity)
· 1 polynomial: Decimal 145 (i.e. g(x) = x7 + x4 + 1)
· In freq. domain 3 cyclic shifts (0, 43, 86) to get the 3 PSS signals
· Initial poly shift register value: 1110110 



	SSS

	Working assumption: 
· NR-SSS sequence design is 1 polynomial with 127 cyclic shifts, and 1 another polynomial with 9 cyclic shifts
· Two generator polynomials will be defined for m-sequences, and cyclic shift according to NR-cell ID is applied to each m-sequence
· Two polynomials are generated by g0(x) = x7 + x4 + 1 and g1(x) = x7 + x + 1
· Initial state is [0000001]
· The cyclic shift values  and  are jointly determined by the cell IDs carried by NR PSS (i.e., ) and NR SSS (i.e., )), where the cell ID is given by 
· 
·  



This contribution identifies and discusses the remaining aspects of NR-PSS and NR-SSS design. In summary, we will cover the following:
· Clarification of the initial state values to generate the m-sequences for NR-PSS and NR-SSS
· Using NR-SSS to carry, in addition to the cell id, some timing information
· Using NR-SSS phase to opportunistically transmit some information 
[bookmark: _Ref478026256]Initial State values of NR-PSS and NR-SSS 
In the current agreement/working assumption, the initial states of the m-sequences to generate NR-PSS and NR-SSS are proposed to be respectively 1110110 and 0000001. We think further clarification is needed in order to map these values to x(0), x(1),…, x(6). There are two options:
1. Option 1: x(0) maps to the left most bit 
0. NR-PSS, initial value x(0) = 1, x(1) = 1, x(2) = 1, x(3) = 0, x(4) = 1, x(5) = 1, x(6) = 0
0. NR-SSS, initial value x(0) = 0, x(1) = 0, x(2) = 0, x(3) = 0, x(4) = 0, x(5) = 0, x(6) = 1
1. Option 2: x(0) maps to the right most bit
1. NR-PSS, initial value x(0) = 0, x(1) = 1, x(2) = 1, x(3) = 0, x(4) = 1, x(5) = 1, x(6) = 1
1. NR-SSS, initial value x(0) = 1, x(1) = 0, x(2) = 0, x(3) = 0, x(4) = 0, x(5) = 0, x(6) = 0

Our evaluation shows that option 2 provides better PAPR for NR-PSS.
	NR-PSS initial value mapping
	PAPR (dB)
	CM (dB)

	Option 1
	{6.6, 5.8, 5}
	{1.6, 1.1, 1.2}

	Option 2
	{5.7,5.5,5.4} 
	{1.3,1.4,1.4}



Proposal 1: RAN1 clarifies the initial state values of NR-PSS and NR-SSS sequences, as follows:
· NR-PSS, initial value x(0) = 0, x(1) = 1, x(2) = 1, x(3) = 0, x(4) = 1, x(5) = 1, x(6) = 1
· NR-SSS, initial value x(0) = 1, x(1) = 0, x(2) = 0, x(3) = 0, x(4) = 0, x(5) = 0, x(6) = 0

[bookmark: _Ref478026791]Secondary Synchronization Signal
[bookmark: _Ref478039433]As mentioned in Section 1, RAN1 #89 agreed on the design of NR-SSS as a working assumption. In this section, we discuss how NR-SSS can carry some timing information, in addition to the cell id. We also provide simulation results evaluating the proposed designs.
Timing indication using NR-SSS frequency domain mapping
Similar to LTE and as discussed in our companion paper [1], NR-SSS may also carry some timing information (part of the subframe-level timing). Considering the SS burst set periodicity (20 msec) and BCH TTI (80msec), [1] proposes to carry one additional bit in NR-SSS. 
With the current NR-SSS design, one additional bit can be signalled through frequency domain (FD) resource mapping. More specifically, 
· Option 1: The FD resource mapping of the NR-SSS corresponding to bit “1” is a cyclic shift of the FD resource mapping of the NR-SSS corresponding to bit “0”, which is described in Figure 2a.
· Option 2: The FD resource mapping of the NR-SSS corresponding to bit “1” is the reversed FD resource mapping of the NR-SSS corresponding to bit “0” as described in Figure 2b.

[image: ]                             [image: ]
(a) Option 1:th cyclic shift )                               (b) Option 2: reversed RE mapping
[bookmark: _Ref481584514]Figure 1. RE mapping for signaling one timing information bit 

Figure 2 shows the cross-correlation properties of different NR-SSS designs: (a) [WA] the current NR-SSS design with 1008 sequences, (b) [WA+CS] Option 1 with 2016 sequences, and cyclic shift (63 samples) FD mapping of NR-SSS for bit “1”, and (c) [WA+RM] Option 2 with 2016 sequences, and reversed RE mapping of NR-SSS for bit “1”. 
We observe Option 2 generally leads to higher maximum cross-correlation, while Option 1 achieves almost similar performance as the current working assumption design. 
[image: cid:image001.png@01D2CF0B.1079E6E0]
[bookmark: _Ref485226173]Figure 2. NR-SSS cross-correlation, comparing the current design (WA), option 1 (WA+CS), and option 2 (WA+RM)
Although Figure 2 suggests Option 2 has higher SSS cross-correlation, the link-level study shows the effect on the overall sync performance is marginal. Table 1 provides the sync miss-detection probability (1 – successful NR-PSS and NR-SSS detection probability) for a single-cell scenario at 30GHz. The details of the simulation configuration are provided in the Appendix.
[bookmark: _Ref485227115]Table 1: Synchronization miss-detection probability (CDL-C, 30GHz)
	SNR
	-6dB
	-9dB

	Delay spread (nsec)
	30
	100
	1000
	30
	100
	1000

	RAN1 #89 SSS design
	0.11
	0.12
	0.16
	0.38
	0.39
	0.51

	Option 2 SSS design
	0.11
	0.13
	0.16
	0.39
	0.40
	0.53



Proposal 2: One timing information bit can be signaled in NR-SSS through frequency domain (FD) resource mapping. More specifically, RAN1 adopts one of the following resource mapping options:
· Option 1: The FD resource mapping of the NR-SSS corresponding to bit “1” is a cyclic shift of the FD resource mapping of the NR-SSS corresponding to bit “0”.
· Option 2: The FD resource mapping of the NR-SSS corresponding to bit “1” is the reversed FD resource mapping of the NR-SSS corresponding to bit “0”.

One extra information bit through the phase of NR-SSS 
RAN1 #89 agreed on using the same antenna port for the transmission of NR-PSS and NR-SSS within a SS block. This will allow for coherent detection of NR-SSS, using NR-PSS as a phase reference. In this case, at least 1-bit of information can be transmitted through the phase of NR-SSS signal. That is, the gNB transmits NR-SSS  as follows,

The UE can decode this 1-bit by evaluating the phase of the received NR-SSS signal using NR-PSS as a phase reference. 
How reliable is this 1-bit?
One may argue NR-PSS cannot provide a reliable phase reference for NR-SSS due to (1) large re-use factor of NR-PSS signals (e.g. 1/3), (2) residual estimated frequency offset and/or Doppler spread. Although the concern is valid, we note the following, 
(1) Rel-8 LTE studies already have shown the feasibility and benefits of using PSS as a phase reference for SSS. Additionally, NR will likely adopt a multi-beam scheme (for above-6GHz and potentially even for sub-6 GHz), that will provide additional spatial separation. Hence, we expect coherent SSS detection is very likely feasible in most cases. 
(2) A residual CFO equal to ¼ subcarrier spacing (SCS) would result in  rotation over 2 OFDM symbols. Our studies shows that the residual estimated CFO using PSS (using only one-shot estimation) is less than 10% SCS at very low SNR (e.g. -6dB). 
Therefore, we believe UE can reliably detect the phase shift (0 or ) of NR-SSS signal in most cases. Our link-level and system-level simulations confirm this (please see Figure 3 and Figure 4).
There might still be some extreme cases that the UE cannot reliability detect this 1-bit information. Hence, we propose to convey some non-essential and opportunistic information that is also available to acquire through other means (e.g. PBCH RV).
UE can simply perform a reliability test; if it passes the test, the estimated SSS phase can be used confidently to acquire the corresponding information, otherwise if it fails the reliability test, UE may discard the estimated SSS phase.
Reliability test: UE can test the following:
· If the estimation error, Err := min(|estPhase|, |estPhase - |), is greater than a threshold , then discard the estimated phase, e.g.  
· If the estimated SNR (using the detected SSS) is less than a threshold, then discard the estimated phase.
What can this 1-bit be used for?
The purpose of this 1-bit can be just simplifying the UE receiver processing, by providing opportunistic information. That is, if the UE can reliably acquire this 1-bit, it can potentially reduce its processing complexity in receiving other signals/channels. Otherwise if the UE cannot reliably acquire this information, it has to follow its baseline algorithm (with potentially 2X more complexity). An example is discussed below.
PBCH index within the BCH TTI: RAN1 agreed on 20msec PBCH tx periodicity (for initial acquisition) and 80msec BCH TTI. Therefore, similar to LTE, PBCH transmitted four times within the BCH TTI. The index of PBCH within TTI should be provided to the UE to fully acquire the system timing. Similar to LTE, NR-PBCH may use multiple redundancy versions (RV) that require to be decoded blindly by the UE. NR-SSS phase can carry some information about PBCH timing, and reduce the number of PBCH blind decodes by a factor of 2. In case the UE cannot reliably and confidently acquire this 1-bit, the fall-back solution is to perform the baseline PBCH processing. At bare minimum, the UE, based on the acquired information through NR-SSS phase, can prioritize multiple hypotheses to process in the order of likelihood. 
What is the effect on the complexity and performance of NR-SSS detection?
There is no effect on NR-SSS detection performance. For SSS detection, the UE completely ignores the potential phase shift of the signal, runs its correlator against all SSS candidates, and selects the best SSS candidate(s) in terms of the correlation power. 
After detecting the SSS, the UE may then choose to evaluate the phase of the received signal (after descrambling with the detected sequence), using NR-PSS as the phase reference, to acquire the 1-bit information. Therefore, the additional complexity is also negligible, since it is conditioned on detecting PSS and SSS. 
Simulation Results
In this section, we evaluate the reliability of using NR-SSS phase to carry 1-bit of information. 
Figure 3 shows the SSS phase estimation error for a single-cell scenario at 30GHz, at very low SNRs (-6dB, -9dB), high Doppler (3kmph, 30kmph), and large Delay spread (1000 nsec). The initial CFO is randomly selected in (-5ppm,+5ppm) range. 
For the very worst case, we observe if the UE only use the estimated phase when
· Err := min(|estPhase|, |estPhase - |)<
With probability 66%, the error lies within the range, out of which 62% the phase is correctly detected, and 4% is false detection probability (please see Table 2).
[image: ]
[bookmark: _Ref485291539]Figure 3: Reliability of SSS phase detection – single-cell scenario (link-level) 
[bookmark: _Ref485292185]Table 2: SSS phase detection probability -- single-cell
	Err Threshold
	0.3 pi
	0.4 pi

	SNR (dB)
	-6
	-9
	-6
	-9

	Correct Detection prob (A)
	0.7
	0.62
	0.83
	0.79

	False Detection prob (B)
	0.02
	0.04
	0.04
	0.09

	Detection prob (A+B)
	0.72
	0.66
	0.87
	0.88



Figure 4 provides results of a system-level study, with urban macro (ISD=500m) deployment with 57 cells and 570 UEs. The network is assumed to be synchronized. The wireless channel for each UE-cell link is generated using the system-level simulation, and then for each UE, the 15 strongest links are simulated in the link-level simulation. The cells are assumed to sweep 7 beams to cover a 120 degree region within a sync burst set, and are scheduled to transmit along a random direction during each non-sync slot. The provided sim result is for one-shot detection (20 msec), and the SSS phase estimation error is shown in, Figure 4, for those UEs for which the time estimation error (w.r.t. detected cell) is more than half a CP length. 
We observe that SSS phase can be reliably estimated, mostly thanks to the spatial separation of neighbor cells’ transmissions in a multi-beam scheme. 
 [image: ]
[bookmark: _Ref485292294]Figure 4: Reliability of SSS phase detection – multi-cell scenario (system-level)

Observation 1: 1-bit of information can be transmitted via the phase of NR-SSS.
· The UE can acquire this information by evaluating the phase of the received NR-SSS signal and using NR-PSS as a phase reference. 
· The UE can reliably acquire this information in most cases (especially in multi-beam schemes).
· The opportunistic acquisition of this 1-bit can significantly reduce the complexity of UE’s future processing.
· There is no effect on the performance of SSS detection.
· [bookmark: _GoBack]The additional complexity to acquire this 1-bit is negligible.
Proposal 3: NR considers transmitting one opportunistic bit via the phase of the NR-SSS signal.
· FFS: the usage of this 1-bit, for example a part of the system timing (e.g. part of PBCH RV, or burst set index within BCH TTI)
[bookmark: _Ref478031322]Conclusion
This contribution discusses the synchronization signal design. We made the following observation and proposals:
Observation 1: 1-bit of information can be transmitted via the phase of NR-SSS.
· The UE can acquire this information by evaluating the phase of the received NR-SSS signal and using NR-PSS as a phase reference. 
· The UE can reliably acquire this information in most cases (especially in multi-beam schemes).
· The opportunistic acquisition of this 1-bit can significantly reduce the complexity of UE’s future processing.
· There is no effect on the performance of SSS detection.
· The additional complexity to acquire this 1-bit is negligible.

Proposal 1: RAN1 clarifies the initial state values of NR-PSS and NR-SSS sequences, as follows:
· NR-PSS, initial value x(0) = 0, x(1) = 1, x(2) = 1, x(3) = 0, x(4) = 1, x(5) = 1, x(6) = 1
· NR-SSS, initial value x(0) = 1, x(1) = 0, x(2) = 0, x(3) = 0, x(4) = 0, x(5) = 0, x(6) = 0

Proposal 2: One timing information bit can be signaled in NR-SSS through frequency domain (FD) resource mapping. More specifically, RAN1 adopts one of the following resource mapping options:
· Option 1: The FD resource mapping of the NR-SSS corresponding to bit “1” is a cyclic shift of the FD resource mapping of the NR-SSS corresponding to bit “0”.
· Option 2: The FD resource mapping of the NR-SSS corresponding to bit “1” is the reversed FD resource mapping of the NR-SSS corresponding to bit “0”.

Proposal 3: NR considers transmitting one opportunistic bit via the phase of the NR-SSS signal.
· FFS: the usage of this 1-bit, for example, part of the system timing (e.g. part of PBCH RV, or burst set index within BCH TTI)
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Appendix 
	Link-level configuration

	Carrier Frequency
	30GHz

	# cells 
	1 (no interferer)

	SCS
	120KHz

	Sync periodicity
	20 msec

	Channel
	CDL-C with delay spread= 30,100,1000nsec

	UE speed
	3kmph, 30kmph

	Initial CFO
	Up to 5 ppm

	Number of SS blocks in a burst set
	7 (covering 120 degrees)

	NR-PBCH
	Transmitted, but not used in sync results

	Target FA probability
	1%
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