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1. Introduction
In RAN1 NR Ad-Hoc#2 [1], the following working assumption is made:
· Sequence type: Gold sequence
· If cross correlation issues are found, other sequences can be considered
· Sequence initialization from cell ID, and 2 or 3 bits from time identification 
· Different sequences in the N NR-PBCH symbols
· FFS: Using longer sequence, different mapping, different initialization etc.
Furthermore, it is also concluded that:
· Companies are encouraged to provide the following information on NR PBCH DMRS sequence until 28th July  in order to finalize the design – Daewon (Intel)
· Sequence generation related parameters
· Gold Code LFSR size
· Gold Code Polynomials
· initial state configuration
· output shift offset (e.g. Nc in LTE)
· Sequence Modulation
· Sequence mapping to NR PBCH DMRS RE positions
· Exact NR PBCH DMRS RE positions within the NR PBCH resource
Regarding to PBCH DMRS carrying SS block index, the following agreement has been reached in RAN1 NR Ad-Hoc#2
· Working assumption: 3 bits of SS block index are carried by changing the DMRS sequence within each 5ms period
· It can be further considered to limit the number of bits carried in this way to 2 if carrying 3 bits is shown to cause problems
· FFS: details of  scrambling of the PBCH which may or may not carry a part of timing information
· FFS: 5 ms half radio frame interval indication
· Remaining bits of the timing information are carried explicitly in the NR-PBCH payload
Base on the above, we will evaluate the properties of various NR PBCH DMRS designs [2] in this contribution. Meanwhile, we will discuss how to carry the remaining SS block index information which is also discussed in a companion paper [3] with more details.
2. NR PBCH DMRS Signal Properties
In this section, we discuss the properties of several NR PBCH DMRS proposals in more detail. Specifically, since SS block timing index is carried by PBCH DMRS, the distance property between DMRS sequences with different SS block timing indexes are evaluated. We also provide simulation results for SS Block timing index detection under various channel conditions. On the receiver side, performance correspond to both coherent and non-coherent detection methods are evaluated.
2.1. Distance Property
In [1], it is agreed that the density of PBCH DMRS is 3 RE/PRB/Symbol. For 2 PBCH symbols and 24 PRBs, a total of 144 REs are used to carry PBCH DMRS. Therefore, depending on the modulation scheme (i.e., BPSK or QPSK), the PBCH DMRS sequence length could be either 144 (for BPSK) or 288 (for QPSK). Since the PBCH DMRS sequences need to carry 3 bits of SS block timing index and 1008 Cell IDs, 8064 distinct sequences are needed. As indicated in the previous section, it is assumed that Gold sequence will be used to construct these 8064 sequences. To construct a sequence of length 144 (or 288), we can either truncate a long Gold sequence or extend a short Gold sequence. We will investigate the following three options for PBCH DMRS sequence construction [2]:
· Option 1: Gold sequence of length 127 cyclically extended to a length 144 sequence, BPSK modulated.
· Option 2: Gold sequence of length 255 truncated to a length 144 sequence, BPSK modulated.
· Option 3: Gold sequence of length  truncated to a length 288 sequence, QPSK modulated.
Since sequence detection is needed to determine the SS block timing index, it is important to evaluate the distance property of the 8 sequences corresponding to different timing indexes, given a specific Cell ID. Specifically, consider two binary sequences  and  of length 144 (or 288), each BPSK (or QPSK) modulated on to a constellation symbol sequence of length 144. If we denote the symbol energy per RE by , the Euclidian distance between the two modulated symbol sequences is given by:
                                                               (1)
Here,  is the normalized cross correlation between  and  defined by:
                                                             (2)
where  is the length of the binary sequences  and , and could be either 144 or 288. Note that equation (1) applies to both BPSK and QPSK modulated sequences, and therefore, can be used to evaluate the distance property of all three options listed above. From equation (1), it is evident that the normalized cross correlation directly determines the Euclidean distance of any modulated symbol sequence pair. Specifically, if we consider non-coherent detection, smaller  leads to larger Euclidean distance between the modulated symbol sequences. Hence, in the following, we will use  as the performance metric to evaluate the performance of the three PBCH DMRS sequence construction options.
For a given Cell ID, the performance of SS block timing index detection is dominated by the minimum distance (or equivalently, the largest normalized cross correlation, denoted by ) between the corresponding 8 sequences. Figure 1 provides the distributions of  for all 1008 Cell IDs. As can be seen from the figure, when the sequences are constructed via cyclically extending the length 127 Gold sequences (option 1), we obtain the lowest  at 0.04 for all Cell IDs, and hence, the best distance property. On the other hand, when the sequences are constructed via truncating the length  Gold sequences (option 3), we observe a  of around 0.4 for all Cell IDs. This leads to the worst distance property among all three options. 
Observation 1: For SS Block timing index detection, PBCH DMRS sequence constructed by cyclically extending a short Gold sequence provides better distance property compared to sequence constructed by truncating a long Gold sequence.
Proposal 1: Gold sequence of length 127 with cyclic extension should be used for NR PBCH DMRS design.
[image: ] 
[bookmark: _Ref484440690]Figure 1: Distribution of  for various PBCH DMRS sequence designs.
Next, we consider the mapping between SS block timing index  (3 bits) and the initialization vectors of the Gold sequences. Assume the first component m-sequence of the Gold sequence has initialization vector , and the second component m-sequence has initialization vector . It can be shown that when two gold sequences  and  are generated by the same , but different , the normalized cross correlation of the two sequences are given by , where  is the length of the sequences. In fact, this is the smallest cross correlation (in absolute value) we could achieved between any Gold sequence pairs. To achieve maximum timing index detection rate, and to reduce inter-cell interference from co-located cells, we propose to take advantage of the above property when mapping the timing index and Cell ID to the initialization vectors  and . Specifically,  (3 bits) and  (2 bits) are mapped to initialization vector , while  (9 bits) are mapped to  and the remaining bits of . As an example, the following mapping could be used:
                                  (3)

Note when the above mapping is used,  for all Cell IDs if we ignore the cyclically extended part of the sequence. This makes the mapping scheme robust to Cell ID assignment. When  is mapped to both  and , the resulting  and its variation for different Cell IDs would be larger in general, as demonstrated in Figure 1. 
Observation 2: Embedding the SS Block timing index  within a single initialization vector of the component m-sequence provides the minimum  (i.e., optimal distance property).
[bookmark: _GoBack]Proposal 2: The mapping of , , and  to initialization vectors  and  should follow Equation (3) above.
2.2. Simulation Results
In this section, we provide the simulation results for the three PBCH DMRS sequence constructions described above. Specifically, the performance of  detection is simulated under various channel conditions (AWGN & flat Fading channel) with different receiver architectures (coherent & non-coherent receiver), as shown in Figure 2. From the figure, we can see that consistent with their corresponding distance properties, the sequences constructed via cyclically extending the length 127 Gold sequences (option 1) exhibits the best detection performance. On the other hand, when the sequences are constructed via truncating the length  Gold sequences (option 3), we observe a performance degradation of 0.7dB under AWGN channel (0.5dB under flat fading channel), when compared to option 1.
[image: ] [image: ]
[bookmark: _Ref490230749]Figure 2: Performance of  detection under various channel conditions.
In [2], some proposals suggest to use only part of PBCH DMRS sequence to carry . This would allow the receiver to first conduct channel estimation based on the partial sequence that does not carry , and then coherent detection could be performed based on the remaining part of the sequence that carries . However, since the number of REs used to carry  is reduced in such scheme, performance trade-offs are expected. In fact, under AWGN channel, if only half of the PBCH DMRS are used to carry , assuming coherent detection, the performance would degrade by 2dB as compared to the case when all PBCH DMRS are used to carry , assuming non-coherent detection is performed at the receiver (see Figure 2). A similar conclusion can be observed under flat fading channel, as also shown in Figure 2.
Observation 3: For  detection, coherent detection using only half of the DMRS performs worse than non-coherent detection using all available DMRS.
Proposal 3:  should be carried by all DMRS.
3. Remaining SS Block Index Information Indication
For the case of above 6GHz, 6 bits are needed to indicate up to 64 SS blocks. Even though 3 bits have been carried in PBCH DMRS sequence, the remaining 3 bits have to be carried somewhere for indication.
It should be noted that SS block index acquisition is typically required in RRM measurement phase while the other MIB information is only required when UE is camping or handover to the cell. So it is too complicated and power consuming for UE to decode the whole MIB with up to 8 hypothesis just for acquisition of SS block index during the measurement phase.
Observation 4: SS block index acquisition for RRM measurement can be performed independently with acquisition of other MIB information for camping or handover.
There could be two options for carrying the remaining 3 bits of SS block index
Option 1: PBCH data scrambling
It is similar to LTE PBCH carrying SFN 2 LSB bits by different RV versions. However, it always requires some hypothesis, i.e., 8 hypothesis to determine the 3bits SS block index. On the other hand, the decoding for the whole MIB can’t be avoided due to the need of CRC check for verification.
Considering multiple detected cells per frequency layer and multiple frequency layers for RRM measurement with the need of SS block index acquisition, the UE complexity and power consumption will be quite high.
Observation 5: PBCH data scrambling carrying 3bits SS block index information is complicated and power consuming considering that 8 hypothesis are always required and decoding of whole MIB. 
Option 2: Explicitly in MIB with optimized coding design.
In this case, the 3 bits of SS block index is explicated carried in MIB as a part of MIB content. Then at least in the most case with sufficient channel quality, the UE can decode it directly without any hypothesis, which reduce the complexity and save the UE power.
Furthermore, to reduce the decoding complexity for measurement, it is desirable to reduce Polar code size for decoding SS block index. Also to eliminate the hypothesis decoding complexity with soft combining across SS burst sets under SFN uncertainty, it is useful to decouple SS block index from SFN. On the other hand, for the UE flexibility of exploiting CRC for integrity check on SS block index, it is necessary for SS block index and the other MIB bits to be jointly encoded by a CRC. To fulfill all the demands, a nested Polar code structure is suggested as discussed in a companion paper [3].
Proposal 4: The remaining 3 bits of SS block index should be carried in MIB explicitly with optimized channel coding for complexity reduction and UE power saving. 
4. Conclusion
In this contribution, we evaluate various NR PBCH DMRS sequence designs proposed in [2]. Based on our study and evaluation results, we have the following observations and proposals:
Observation 1: For SS Block timing index detection, PBCH DMRS sequence constructed by cyclically extending a short Gold sequence provides better distance property compared to sequence constructed by truncating a long Gold sequence.
Observation 2: Embedding the SS Block timing index  within a single initialization vector of the component m-sequence provides the minimum  (i.e., optimal distance property).
Observation 3: For  detection, coherent detection using only half of the DMRS performs worse than non-coherent detection using all available DMRS.
Observation 4: SS block index acquisition for RRM measurement can be performed independently with acquisition of other MIB information for camping or handover.
Observation 5: PBCH data scrambling carrying 3bits SS block index information is complicated and power consuming considering that 8 hypothesis are always required and decoding of whole MIB. 
Proposal 1: Gold sequence of length 127 with cyclic extension should be used for NR PBCH DMRS design.
Proposal 2: The mapping of , , and  to initialization vectors  and  should follow the equation below:

Proposal 3:  should be carried by all DMRS.
Proposal 4: The remaining 3 bits of SS block index should be carried in MIB explicitly with optimized channel coding for complexity reduction and UE power saving. 
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