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Introduction
In RAN1#89, the following agreement was reached on PBCH, [1].
	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, 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:
· Following contents are carried in NR-MIB
· …
· Timing information within radio frame: [0 - 7] bits
· E.g., SS block time index: [0 - 6] bits
· E.g., half radio frame timing: [0 - 1] bit
· …
Agreements:
· 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
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According to the agreement above, Alternative 1-1 from [2] is further investigated in this contribution. 
Time Index Carried Explicitly via NR-PBCH
As discussed in initial access context, [0-7] bits are carried in NR-MIB to indicate Timing information within radio frame, which can be, for example, SS block time index and/or half radio frame timing. In this contribution, we focus on SS block Time Index, which is a field that varies from one SS block to another SS block within the SS burst set. In general, the same analysis applies for any field in NR-MIB that increments among multiple NR-PBCH instances, while soft combining is needed among the multiple NR-PBCH instances. In this sense, “Time Index” is a stand-in for any of such fields.
 There are two types of methods for carrying the Time Index indication on NR-PBCH. 
· One type of methods is information bit based, i.e., carry the Time Index by the encoder input. 
· The other type of methods is coded bit based, i.e., carry the Time Index by the encoder output.
Contribution [2] investigated four different methods for carrying the Time index on the NR-PBCH. Three of them are typed as Information bit based and the fourth is for the other types. The agreement and the working assumption at last meeting [1] is interpreted as that the Time index is included as part of the information bit and protected by the CRC. This corresponds to Alternative 1-1 in [2].  Alternative 1-1 in [2] is the only option where the message can be decoded directly without making a hypothesis testing, when one instance of NR-PBCH is received (i.e., no soft combining). The hypothesis testing is only applied when doing soft combining as this is needed to combine two or more NR-PBCH before decoding the MIB.
This contribution investigates the impact of the soft combining and the hypothesis testing for decoding the time index together with the rest of MIB. Two receiver scenarios are investigated:
Scenario A. Single instance of NR-PBCH. Only one instance of NR-PBCH is received, and the UE performs direct decoding of the one instance;
Scenario B. Soft combining of multiple instances of NR-PBCH. Multiple instances of NR-PBCH are received by the UE. The UE performs soft combining of the multiple instances of NR-PBCH, then the UE performs polar decoding of the combined channel LLR vector. For Scenario B there are two variants: 
· Scenario B1: where each soft combining is tested to stop the decoding when there is a match (minimizing the latency) and 
· Scenario B2: where n message are first combined before attempting to decode the message.
Between receiver Scenario B1 and B2, Scenario B1 is a more likely scenario for actual receiver implementation, since in real-life scenario, how many (value ‘n’) messages can be combined is not known to the receiver. The receiver has to perform ‘blind decoding’ incrementally like Scenario B1. In this sense, Scenario B2 is an idealized case, and should be used only as a reference curve representing the best possible receiver performance for a given value ‘n’.

Alternative 1-1: Time Index explicitly carried as a part of info bits
This method is illustrated in Figure 1.  Time Index is explicitly carried as a part of info bits, and the CRC bits is generated based on the Time Index and the rest of MIB bits.
When decoding one instance of NR-PBCH (i.e., Scenario A), CRC protects the Time Index. When try to soft combine multiple instances of NR-PBCH (i.e., Scenario B), the cover code removes the Time Index and the CRC vector corresponding to it. In this scenario, CRC bits do not protect the Time Index.
After Time Index field is removed by applying a cover code, the Time Index field is made to be all-zero from the perspective of the Polar decoder. This can help with the hypothesis testing as the right hypothesis should have an all zero Time Index. 
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[bookmark: _Ref484174792]Figure 1. Alternative 1-1: Time Index explicitly carried as part of the information bits.

Simulation Results
Simulation Setup
The following simulation assumptions are applied in evaluating Alternative 1-1:
· Information block size K = 31 or 61 bits, respectively, where CRC bits are excluded. 
· If 16+3 CRC bits are attached, then the number of information bits from Polar encoder perspective is Kencoder= 50 or 80 bits, respectively.
· Number of coded bits is: M = 480 bits [1]. 
· Polar code size: N= 512 bits.
· SCL list size L = 8;
As discussed earlier, 2 receiver scenarios exist, with Scenario B further characterized as Scenario B1 and B2:
· Scenario A: Equivalent to decode one message – for Alternative 1-1 this means no hypothesis testing
· Scenario B1: Soft combining of n messages and do hypothesis testing after each received message and combining. Thus a total of n decoding is done for n messages.
· Scenario B2: Soft combining of n messages and only do hypothesis testing after reception and combining all the n messages. Thus 1 decoding is done for n messages.
Simulation Results
Simulation results are presented below in sections 3.2.1-3.2.3. Based on the simulation results below, the following observations can be made:
Observation 1 [bookmark: _Hlk485660818]Using an explicit Time index carried as information bits will enable a single decoding of one received message (scenario A) without hypothesis testing.
Observation 2 Hypothesis testing with explicit time index will enable two tests of the final candidate using the CRC and that the decoded time index should be zero, thus reducing the false positives in the hypothesis testing.
Observation 3 Hypothesis testing on Time Index affects NR-PBCH code performance.
Observation 4 Testing each received message after accumulation will increase false alarm and affect performance.
Observation 5 When Polar code is used for NR-PBCH, consider increasing the number of CRC bits attached to account for the hypothesis testing of Time Index, as well as the testing of each received message after accumulation.
Observation 6 Implementation-based method (e.g. path metric) for selecting the candidate in the hypothesis testing will reduce the need to increase the CRC length.

Alternative 1-1: Time Index explicitly carried as a part of info bits
The simulation results of Alternative 1-1 for Scenario A and Scenario B1 are shown in Figure 2 - Figure 5. 
Figure 2 and Figure 3 show that with (16+3) CRC bits, if more than 4 instances of NR-PBCH are soft combined before Polar decoding, then the code performance deteriorates at higher SNR. 
Figure 4 and Figure 5 shows that with (16+6) CRC bits, then code performance does not deteriorate at higher SNR even when more than 4 instances of NR-PBCH are soft combined.
Figure 6 shows the difference between Scenario B1 and Scenario B2 for 8 instances of NR-PBCH are soft combined. This plots indicates that there is a performance loss due to the repeated CRC testing between each soft combining for Scenario B1.
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[bookmark: _Ref484165893]Figure 2. Scenario A & B1: K=31 bits, M=480 bits, 16+3 CRC bits, Time Index 3 bits.
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[bookmark: _Ref484165941]Figure 3. Scenario A & B1: K=61 bits, M=480 bits, 16+3 CRC bits, Time Index 3 bits.
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[bookmark: _Ref484165961]Figure 4. Scenario A & B1: K=31 bits, M=480 bits, 16+6 CRC bits, Time Index 3 bits.
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[bookmark: _Ref484165904]Figure 5. Scenario A & B1: K=61 bits, M=480 bits, 16+6 CRC bits, Time Index 3 bits.
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[bookmark: _Ref484165999]Figure 6. Scenario B1 vs. Scenario B2, K=31 bits, M=480 bits, 16+3 CRC bits Time index 3 bits
Using Path Metric instead of CRC to select the Hypothesis
As shown in Section 3.2.1, Polar decoder performance may deteriorate at low BLER region when more than 4 messages are soft combined. The degradation of the performance can come from two sources:
CRC testing when selecting from the candidates in the hypothesis testing,
Repeated testing in-between the reception of each message to stop as soon as the decoding is successful.
Increase the CRC length to compensate for this is one solution, see Figure 4 and Figure 5. Another alternative is to select the candidate using another method and only test the CRC on the selected candidate
Figure 7 shows a plot when the candidate is selected using the resulting Path Metric (PM) from the decoding of each candidate in the hypothesis testing. The Path Metric based selection method is punished if the decoding of a candidate does not have a matching CRC.
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[bookmark: _Ref484164686]Figure 7. Scenario B1 vs. B2: Selection with CRC vs. Selection with PM.
Longer Time Index (6 bits)
In this section, the simulation for K=31 is made with a longer Time Index, i.e. increasing the Time Index from 3 to 6 bits. This results in a hypothesis testing with 64 candidates. The result is shown in Figure 8. Figure 8 shows that the length of Time Index field has no great effect on the performance, rather receiver Scenario B1 vs B2 makes a big difference for low BLER region. 
The length of Time Index field has no great effect on the performance for the hypothesis testing as we know that the right Time index should be zero when testing the hypothesis. This means that for an explicit Time Index carried as information bits there are two tests that a candidate must pass, both passing CRC and that the Time Index must equal zero in the hypothesis testing. This will reduce some of the false positives in the hypothesis testing when using the passing CRC as selection criteria.
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[bookmark: _Ref484172463]Figure 8. Scenario B1 vs. B2 when Time index is increased from 3 bits to 6 bits.
Conclusions
In this contribution, methods for carrying Time Index indication with PBCH are studied. The following observations are made:
Observation 1 Using an explicit Time index carried as information bits will enable a single decoding of one received message (scenario A) without hypothesis testing.
Observation 2 Hypothesis testing with explicit time index will enable two tests of the final candidate using the CRC and that the decoded time index should be zero, thus reducing the false positives in the hypothesis testing.
Observation 3 Hypothesis testing on Time Index affects NR-PBCH code performance.
Observation 4 Testing each received message after accumulation will increase false alarm and affect performance.
Observation 5 When Polar code is used for NR-PBCH, consider increasing the number of CRC bits attached to account for the hypothesis testing of Time Index, as well as the testing of each received message after accumulation.
Observation 6 Implementation-based method (e.g. path metric) for selecting the candidate in the hypothesis testing will reduce the need to increase the CRC length.
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