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Introduction
The following agreements on SS/PBCH are made in RAN1-88b:
	Agreements:
· Working assumption: Number of PSS sequences: 3
· PSS sequence details:
· [bookmark: _Hlk480454160]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
· FFS modified ZC: 2 ZC sequences concatenation or interleaving in time or freq., 4 ZC sequences concatenation in time
· Number of SSS signals: 1000 post-scrambling
· PSS sequence length: 127 for frequency domain-based pure BPSK M sequence
· Note that PSS will be mapped to consecutive 127 subcarriers
· SSS sequence length: 127
· Subcarrier spacings for PSS/SSS for difference freq. ranges: 15kHz/30kHz for below 6 GHz, and 120kHz/240kHz for above 6 GHz
· Note: RAN1 assumes that RAN4 will decide it depending on frequency ranges
· SSS sequence details: Long M-sequence with scrambling
· SYNC frequency raster: RAN1 assumes that RAN4 will decide it 
· SS burst set periodicity default value for initial cell selection: 20/20 msec
· Note that RAN1 assumes that RAN4 will investigate requirements
· Time index indication: PBCH conditioned that mobility and HO related requirements can be met
· Note: RAN1 assumes that RAN2 will check against to RAN2 requirements
· PBCH BW: 288 subcarriers, 2 OFDM symbols (additional symbols if MIB size larger than assumed)
· PBCH phase reference: DMRS
· PBCH TTI: 80 msec



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 SS burst set composition 
· [2] present the SS time index indication consideration
· [3] presents PBCH design and considerations
· [4] presents our views on remaining system information delivery consideration
[bookmark: _Ref478026256]Physical Cell ID Signalling
In this section, we provide our view on the physical cell id indication. The following related agreements were made in RAN1-88b:
	Agreements:
· Support about 1000 hypotheses provided by NR-PSS/SSS to represent NR physical cell ID for NR-SS design.
· FFS: indication of radio frame boundary by NR-SSS
· In both single beam and multi-beam scenario, support only time division multiplexing of PSS, SSS and PBCH.






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. In principle, this physical cell ID mapping into PSS and SSS for NR is identical to that for LTE.
Primary Synchronization Signal
The working assumptions on PSS can be briefly summarized:
· NR supports 3 PSS sequences of length 127
· Frequency domain-based pure BPSK M sequence 
· One polynomial:  Decimal 145 (i.e. g(x) = x7 + x4 + 1)
· In frequency domain 3 cyclic shifts (0, 43, 86) to get the 3 PSS signals
· Initial poly shift register value: 1110110
· PSS is mapped to consecutive 127 subcarriers

Some important criteria in designing NR-PSS signals are as follow,
· Good auto- and cross-correlation (among NR-PSS signals) properties in the presence of time and frequency offsets
· Low cross-correlation with other reference signals (e.g. NR-SSS)
· Low PAPR
In this section, we show the proposed NR-PSS signals have good auto- and cross-correlation properties (Figure 1). In the next section, we propose a design for NR-SSS to assure low cross-correlation with NR-PSS. 
 [image: ]
[bookmark: _Ref481745841]Figure 1: Auto- and cross-correlation of NR-PSS signals with different CFO and time offsets (TO)

Table 1 provides the PAPR and Cubic Metric (CM) values of the proposed NR-PSS signals. The PAPR and CM values corresponding to another design (with minimal modification of the initial poly shift register value) are also provided. We observe with this minimal change, the worst PAPR and CM values are reduced by 1.5dB and 0.2dB.
[bookmark: _Ref481747892]Table 1: NR-PSS PAPR and CM
	NR-PSS Design
	PAPR (dB)
	CM (dB)

	RAN1 #88bis
	{6.6, 5.8, 5}
	{1.6, 1.1, 1.2}

	Modified RAN1 #88bis
	{5.1, 4.7, 4.5}
	{1.4, 1.2, 1.3}



Proposal 1: RAN1 confirms working assumptions on PSS as agreements, with the following modification
· Initial poly shift register value: 1110110 1011110 

(i.e. )

[bookmark: _Ref478026791]Secondary Synchronization Signal
[bookmark: _Ref478039433]In NR, the roles of NR-SSS may include:
· NR-SSS signals the physical cell ID together with PSS as discussed in Section 2,
· NR-SSS signals 5ms timing boundary when NR supports 5ms sync burst set periodicity as discussed in Subsection 4.2,
· NR-SSS is used for RRM measurements,
· NR-SSS works as demodulation RS for PBCH as discussed in [3].
This section presents our detailed NR-SSS design based on RAN1 agreements.
[bookmark: _Ref478435151]NR-SSS sequence generation
As discussed in the previous section, two important criteria in designing the sync signals are good auto- and cross-correlation (with other sync signals) properties in the presence of time and frequency offsets. In what follows, we propose our NR-SSS design that is aligned with RAN1 88bis agreement and assures low cross-correlation with NR-PSS and also among NR-SSS signals. 



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 ,




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





where , , , is defined by




with initial conditions and . 


The scrambling sequences  which depend on the primary synchronization signal are defined by a cyclic shift of the m-sequence  according to




where , , is defined by



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





where  is the physical-layer identity within the physical-layer cell identity group. 
Note that the cyclic shift steps () of the scrambling sequence  are chosen large enough to avoid confusion in the presence of any large initial CFO. 
Proposal 2: NR adopts the NR-SSS sequence design explicitly described in Section 4.1.

[bookmark: _Ref481584222]5ms timing boundary indication
NR may support 5ms sync signal burst set periodicity. Furthermore, RAN1 agreed that “Number of SSS signals: 1000 post-scrambling”. As a result, we have the following proposals to enable 5ms timing indication:
· NR-SSS is used to carry the 5ms timing boundary (e.g., pre-amble SSS and mid-amble SSS)
· Pre-amble and mid-amble SSS are signaled through frequency domain (FD) resource mapping. More specifically, 
· Option 1: The FD resource mapping of mid-amble SSS is a cyclic shift of the FD resource mapping of pre-amble SSS, which is described in Figure 2a.
· Option 2: The FD resource mapping for mid-amble SSS is the reversed FD resource mapping for pre-amble SSS as described in Figure 2b.



(a) Option 1: th cyclic shift ()




(b) Option 2: reversed RE mapping
[bookmark: _Ref481584514]Figure 2. RE mapping for mid-amble and pre-amble SSS 
Figure 3 and Figure 4 show the cross-correlation properties of the proposed NR-SSS and NR-PSS signals. The amount of cyclic shift in Option 1 is chosen as x=63.
Proposal 3: The 5ms timing indication can be signaled in NR-SSS through frequency domain (FD) resource mapping when sync burst set periodicity is 5ms. More specifically, RAN1 adopts one of the following resource mapping options:
· Option 1: The FD resource mapping of mid-amble SSS is a cyclic shift of the FD resource mapping of pre-amble SSS.
· Option 2: The FD resource mapping for mid-amble SSS is the reversed FD resource mapping for pre-amble SSS.
[image: ]
[bookmark: _Ref481759083]Figure 3: NR-SSS cross-correlation

[image: ][image: ]
(a)  														(b)
[bookmark: _Ref481759092]Figure 4: NR-SSS-NR-PSS cross-correlation, (a) small CFO, (b) large CFO
NR-SSS transmission scheme
RAN1 agreed that both PSS and SSS use a single port transmission. In addition, NR supports a single antenna port for NR-PBCH as RAN1 WA:
	Working assumption:
· For NR-PBCH transmission, NR supports a single antenna port based transmission scheme only. 
· FFS: Same or different antenna port(s) are defined for NR-PSS, NR-SSS and NR-PBCH within an SS block
· Companies are encouraged to further evaluate NR-PBCH performance



Furthermore, NR-PBCH is always transmitted together with NR-PSS/NR-SSS in a SS block. As the result, it is more efficient if NR-SSS can be used for demodulating NR-PBCH. To enable NR-SSS as phase reference for NR-PBCH, the antenna port used for transmitting the secondary synchronization signal should be identical to the antenna port used for the physical broadcast channel within a synchronization signal block. 
We further note that there should be a channel (and beam, in multi-beam schemes) correspondence between the received PSS and SSS symbols. Such that a UE, that detects a PSS symbol in a SS block, can likely receive and detect SSS within the same SS block. Therefore, it is proposed that NR-PSS and NR-SSS, transmitted in the same SS block, use the same antenna port as well. This will further be beneficial to enable coherent SSS detection. 
Proposal 4: The antenna port used for transmitting NR-PSS, NR-SSS and the physical broadcast channel within a synchronization signal block are identical. 
One extra information bit through the phase of NR-SSS 
As discussed before, using the same antenna port for NR-PSS and NR-SSS potentially allows for coherent detection of SSS by using PSS as a phase reference. In this case, at least 1-bit 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. The studies (please refer to our previous RAN1 contributions) showed 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. 
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 via NR-SSS 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. Alternatively, as discussed in [3] this index may be explicitly conveyed through MIB. Although the alternative design does not require any blind decode when processing one instance of PBCH, UE will need to check multiple hypotheses when combining 2 or multiple PBCH channels within or across burst sets. In either case, 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. 
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 5: 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 unified across both sub-6GHz and above-6GHz bands. More specifically, 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 confirms working assumptions on PSS as agreements, with the following modification
· Initial poly shift register value: 1110110 1011110 

(i.e. )
Proposal 2: NR adopts the NR-SSS sequence design explicitly described in Section 4.1.
Proposal 3: The 5ms timing indication can be signaled in NR-SSS through frequency domain (FD) resource mapping when sync burst set periodicity is 5ms. More specifically, RAN1 adopts one of the following resource mapping options:
· Option 1: The FD resource mapping of mid-amble SSS is a cyclic shift of the FD resource mapping of pre-amble SSS.
· [bookmark: _GoBack]Option 2: The FD resource mapping for mid-amble SSS is the reversed FD resource mapping for pre-amble SSS.
Proposal 4: The antenna port used for transmitting NR-PSS, NR-SSS and the physical broadcast channel within a synchronization signal block are identical. 
Proposal 5: 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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