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Introduction
3GPP RAN1 #89 meeting made the following agreements about the time index and the SS burst set:
Agreement:
· Polar coding is adopted for NR-PBCH
· Using same polar code construction as for the control channel
· Nmax = 512
· Working assumption that the data, including time index if carried by NR-PBCH excluding DMRS, is transmitted explicitly	
· Can be revisited if significant benefit is shown from partial implicit transmission of time index if allowed by the polar code design
Agreements:
· The transmission of SS blocks within SS burst set is confined to a 5 ms window regardless of SS burst set periodicity
· Within this 5 ms window, number of possible candidate SS block locations is L
· The maximum number of SS-blocks within SS burst set, L, for different frequency ranges are
· For frequency range up to 3 GHz, L is 4
· For frequency range from 3 GHz to 6 GHz, L is 8
· For frequency range from 6 GHz to 52.6 GHz, L is 64
Note that RAN1 assumes minimum number of SS blocks transmitted within each SS burst set is one to define performance requirements


[bookmark: _Ref178064866]In this contribution, we will discuss the timing index indication approaches. 
Discussion
[bookmark: _Ref480811488]Required number of bits to indicate SS block timing  
[bookmark: _Toc481063475][bookmark: _Toc481071807][bookmark: _Toc481077299][bookmark: _Toc481520290]The SS block timing index is needed by UE to obtain the boundary of a series of system frames after successful detection on the NR-PSS/SSS. To indicate the SS block timing index, it is necessary to determine how many bits are needed. In this section, the maximum possible number of bits to indicate an SS block location within a NR-PBCH TTI is discussed according to the agreement. 
· Half frame indication
Since the transmission of SS blocks within a SS burst set is confined to a 5ms window, i.e., half frame, regardless of SS burst set periodicity. For an 80ms NR-PBCH TTI, there are 16 half-frames in total, which needs 4 bits to indicate one of them. 
· Slot/slot pair indication within a half frame
Within a 5ms half frame, there are different number of slots for different subcarrier spacings, e.g., 5 slots for 15kHz, 10 slots for 30kHz and 40 slots for 120kHz with the assumption of 14 OFDM symbols per slot. If the SS block can be flexibly allocated in any slot, the number of bits to indicate the slot index is 3, 4 and 6 for 15kHz, 30kHz and 120kHz, respectively. For 240kHz, though there are 80 slots in total, it has been agreed to map SS blocks across two consecutive slots. Thus, 6 bits are needed to indicate the consecutive slots as the same as that for 120kHz. 
· SS block indication within a slot/slot pair
Since it has been agreed that at most two possible SS block time locations are mapped to one slot of 14 symbols for 15kHz, 30kHz and 120kHz, only 1 bit is needed to indicate which of slots. For 240kHz, there are at most four SS block positions in a slot pair, which needs 2 bits.
With the indications above, a UE is expected to derive the position or boundary within a NR-PBCH TTI after the successful detection on the NR-PSS/SSS and demodulation on the NR-PBCH in a SS block.
[bookmark: _Toc485218034][bookmark: _Toc485225525][bookmark: _Toc485226423][bookmark: _Toc485475635][bookmark: _Toc485475673][bookmark: _Toc485479783][bookmark: _Toc485485035][bookmark: _Toc485551612][bookmark: _Toc485559192][bookmark: _Toc485641245][bookmark: _Toc485676431]The timing indication includes half-frame indication, slot/slot pair indication within a half-frame and the SS block indication within a slot/slot pair.
If the SS blocks can be arbitrary mapped to the possible position within the slots belonging to a half frame window, the number of bits to indicate the SS block time index would be 8, 9, 11 and 12 for 15kHz, 30kHz, 120kHz and 240kHz, respectively. 
However, the maximum number of SS-blocks within SS burst set for different frequency ranges have been agreed to be 4, 8 and 64 for below 3GHz, above 3GHz and above 6GHz, respectively. There is some restriction on the slots selection for SS block mapping in a 5ms half frame window as presented in [1]. Therefore, the number of bits needed can be reduced with such restriction. 
A group of slots with at most four SS block locations is proposed as the unified concept for all frequency ranges. Thus, for the frequency range above 6GHz, there are 16 slot groups locations to support maximum 64 SS block positions, and the slot group can be regarded as two consecutive slots, such as for 240kHz subcarrier spacing, and dis-consecutive for 120kHz to support possible gaps among them. For the frequency range below 6GHz, 1 or 2 slot group location(s) should be indicated to support maximum 4 or 8 SS block positions, respectively. 
[bookmark: _Toc485218035][bookmark: _Toc485225526][bookmark: _Toc485226424][bookmark: _Toc485475636][bookmark: _Toc485475674][bookmark: _Toc485479784][bookmark: _Toc485485036][bookmark: _Toc485551613][bookmark: _Toc485559193][bookmark: _Toc485641246][bookmark: _Toc485676432]The slot group with consecutive or nonconsecutive slots to cover four possible SS block locations is proposed to unify the time indication design for all frequency ranges.
Hierarchical approach to indicate SS block timing index
In this section, the hierarchical approach to indicate SS block timing index within a NR-PBCH TTI, including the three kinds of time information introduced in Section 2.1, is discussed in detail. 
Half-frame indication
To indicate the 16 half-frames in the NR-PBCH TTI, the scrambling sequence on the coded bits of a NR-PBCH payload can be applied, and the scrambling sequence can be selected from a pseudo-random sequence initialized by the cell ID and the half subframe index as
, 
where  is the system frame number and  denotes the first or the second half of a frame.
[image: ]
Figure 1 Illustration of one SS burst set allocation locations in a half frame, i.e., 5ms windows, with different SS burst set periodicities in an 80ms NR-PBCH TTI
This way, the scrambling sequences would be used to descramble the demodulated soft bits before channel decoding. Once detecting an SS block, there are maximum 16 attempts before successfully decoding the half frame indication.  
[bookmark: _Toc485218037][bookmark: _Toc485225528][bookmark: _Toc485226426][bookmark: _Toc485475637][bookmark: _Toc485475675][bookmark: _Toc485479785][bookmark: _Toc485485037][bookmark: _Toc485551614][bookmark: _Toc485559194][bookmark: _Toc485641247][bookmark: _Toc485676433]The half-frame specific scramble sequence is applied on the coded bits of NR-PBCH payload to indicate the half frame number .
Slot group indication within a half frame
To have a unified design, a slot group with at most four possible SS block locations is defined for all frequency ranges. For the frequency range from 6GHz to 52.6GHz, there are maximum 64 SS blocks, which needs 16 groups to be indicated within one half-frame, i.e., 4 bits are needed. The extra bits (i.e., 3 bits) for the frequency range below 6GHz can be pre-defined to avoid unnecessary hypothesis when decoding.
We propose to include four explicit bits in the NR-PBCH bits before channel coding as illustrated in Figure 2, which is fully discussed and evaluated in our Polar coding contribution [3].
[image: ]
[bookmark: _Ref485381933]Figure 2 Explicit bits to indicate the slot pair are attached to the MIB bits
For the frequency range up to 3GHz, only one slot group is needed to support maximum 4 SS block locations, the 4 bits can be fixed as {“0000”}. In this range, there is only one slot group, so no soft-combing over slot groups is needed. The single decoding of the NR-PBCH payload is needed for the single instance. 
For the frequency range from 3GHz to 6GHz, two slot groups are needed to support maximum 8 SS block locations, the 4 bits can be selected from {“0000”, “0001”}. In this range, there are two possible groups, one attempt to soft combine the detected slot groups is needed. The single decoding of the NR-PBCH payload is needed for the single instance if there is pre-defined order of the two groups.
For the frequency range from 6GHz to 52.6GHz, 16 groups are needed to support maximum 64 SS block locations, the 4 bits can be selected from {“0000”, “0001”, …, “1111”}. In this range, to support soft combining over the groups, there needs more hypothesis on the various bits as explained in [3]. 
In this way, the slot group location indication would be decoded together with NR-PBCH decoding with different hypothesis on the bits to support possible soft combination.
[bookmark: _Toc485218038][bookmark: _Toc485225529][bookmark: _Toc485226427][bookmark: _Toc485475638][bookmark: _Toc485475676][bookmark: _Toc485479786][bookmark: _Toc485485038][bookmark: _Toc485551615][bookmark: _Toc485559195][bookmark: _Toc485641248][bookmark: _Toc485676434]The explicit bits attached with the NR-PBCH MIB are used to indicate the slot group location.
SS block indication within a slot group
To indicate the four possible SS block positions in a slot group, we propose an implicit way using the specific element-wise cover sequence on the two NR-PBCH symbols for the NR-PBCH RE mapping Alt.2, or on the NR-PBCH DMRS REs for the NR-PBCH RE mapping Alt.1[2]. 
The element-wise multiplication with the cell- and time index-specific cover sequences is illustrated in Figure 3, where , denotes the cover sequence of cell  on the -th OFDM symbol in a SS block. The cover sequence needs to be designed for simple and good detection, e.g., auto-correlation between the two OFDM symbols to guarantee better performance than NR-PSS/SSS detection and NR-PBCH. 
[image: ]
[bookmark: _Ref485225820]Figure 3 SS block position indication with cover sequence in a slot pair
We assume there is no phase rotation on the first OFDM symbol, and the phase rotation on the second OFDM symbol in the th SS block is defined as , where  is the total number of SS blocks to be implicitly indicated. With four SS blocks to be indicated, the phase rotation values and application on the two OFDM symbols are illustrated as Figure 6.
[image: ]
Figure 4 Illustration on the pre-defined phase rotations on the two NR-PBCH OFDM symbols to implicitly indicate four SS blocks
To evaluate the performance, the NR-PBCH RE mapping Alt.2 is assumed, where the contents in the multiple OFDM symbols are the same, including the NR-PBCH DMRS sequence. The cover sequences are generated from the predefined phase rotation between the two OFDM symbols. In the receiver, the phase rotation between the two NR-PBCH OFDM symbols would be firstly estimated and the corresponding cover sequence can be detected according to the phase rotation values between them. The miss detection rate of the SS block time index within the slot group is shown in Figure 5 with the same simulation assumption in [2]. 
[image: ]
[bookmark: _Ref485226331]Figure 5 Miss detection rate of SS block time index indication 
The simulation results show that the four cover sequences to indicate four SS block positions can have better performance than the cell-ID miss detection rate[4] the NR-PBCH BLER performance[2]. 
[bookmark: _Toc485218039][bookmark: _Toc485225530][bookmark: _Toc485226428][bookmark: _Toc485475639][bookmark: _Toc485475677][bookmark: _Toc485479787][bookmark: _Toc485485039][bookmark: _Toc485551616][bookmark: _Toc485559196][bookmark: _Toc485641249][bookmark: _Toc485676435]The cover sequence can be used to implicitly indicate the four possible SS block positions within a slot group.
The whole procedure to indicate the timing information on the different levels are illustrated in Figure 6. The NR-PBCH MIB from the higher layer would be firstly attached with the explicit 4 bits, which is used to indicate different slot groups. 
If there is only one slot group, i.e., frequency range up to 3GHz, the pre-defined bits (e.g., 0000) are attached. If there are two possible slot groups, i.e., frequency range from 3GHz to 6GHz, the corresponding bits are attached to indicate the slot group(s), i.e., slot group #0 and/or slot group #1. If more possible slot groups needed, i.e., frequency range larger than 6GHz, the required number of slot groups, , and the corresponding bits to indicate the location will be attached, thus, there are  copies of NR-PBCH MIB with different explicit bits attached to be fed into the Polar encoder after CRC attachment.
After channel coding, the coded bits would be scrambled by the half-frame specific scramble sequence when being mapped to the corresponding half frame. After modulation, the modulated symbols of each slot group would be mapped to the four possible SS block locations with the specific cover sequences.
[image: ]
[bookmark: _Ref485481096]Figure 6 Illustration to indicate the SS block timing index in a hierarchical approach
In the receiver, UE would firstly detect NR-PSS/SSS to derive the time/frequency synchronization and the cell ID. After that, the SS block index within a slot pair can be estimated from the auto-correlation between the two NR-PBCH OFDM symbols. If multiple SS blocks within a slot pair are detected, the received data can be combined. If multiple slot groups are detected, the hypothesis on the different bits for the corresponding pair index will be used for the possible soft combination. After combination, the NR-PBCH is demodulated and within such half frame based on the channel estimation from the DMRS. The soft demodulated symbols are de-scrambled by the sequence selected from the 16 candidates and fed into the channel decoding and CRC check. 
Conclusion
Based on the discussion in Section 2 we propose the following:
Proposal 1	The timing indication includes half-frame indication, slot/slot pair indication within a half-frame and the SS block indication within a slot/slot pair.
Proposal 2	The slot group with consecutive or nonconsecutive slots to cover four possible SS block locations is proposed to unify the time indication design for all frequency ranges.
Proposal 3	The half-frame specific scramble sequence is applied on the coded bits of NR-PBCH payload to indicate the half frame number .
Proposal 4	The explicit bits attached with the NR-PBCH MIB are used to indicate the slot group location.
Proposal 5	The cover sequence can be used to implicitly indicate the four possible SS block positions within a slot group.
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