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Introduction
In RAN1#88bis, the following agreement was reached on PBCH carrying the Time Index indication:
	· Time index indication: PBCH conditioned that mobility and HO related requirements can be met



The size of Time Index is determined by the maximum number of SS-blocks, L, within a SS burst set. The agreed value range of L is:
· The considered maximum number of SS-blocks, L, within SS burst set for different frequency ranges are
· For frequency range up to 3 GHz, the maximum number of SS-blocks, L,  within SS burst set is [1, 2, 4]
· For frequency range from 3GHz to 6 GHz, the maximum number of SS-blocks, L,  within SS burst set is [4, 8]
· For frequency range from 6 GHz to 52.6 GHz, the maximum number of SS-blocks, L,  within SS burst set is [64]

In this contribution, we study how to carry Time Index indication with PBCH. Polar codes is used to compare the different methods.
[bookmark: _Ref178064866]Methods for Carrying Time Index via NR-PBCH
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.
The methods to carry Time Index need to consider two receiver scenarios:
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;
· In the simulation of Scenario B, the curves with the accumulation of more than one message is simulated which tests the accumulated LLRs after each received message. If the decoder finds a CRC match earlier than the maximum number of messages, the decoder stops. This means that the curve for, e.g., 8 message test all accumulations after 1, 2 …,8 message.

Info Bit Based
For the information bit based methods, 3 alternatives are possible:
Alternative 1-1. Time Index explicitly carried as a part of info bits
Alternative 1-2. Time Index carried by frozen bits
Alternative 1-3. Time Index carried by color coding the CRC bits
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 (i.e., made all-zero) by applying a cover code, then the bit location occupied by Time Index are effectively frozen bits. This helps with the Polar decoder. 

[image: ]
[bookmark: _Ref481880858]Figure 1.	Alternative 1-1: Time Index explicitly carried as part of the information bits

Alternative 1-2: Time Index carried by frozen bits
This method is illustrated in Figure 2. Since the Time Index is carried by frozen bits, the Time Index is not part of input to CRC encoding, and the CRC bits are not a function of the Time Index. 
In the simulation of Alternative 1-2, all frozen bits are utilized, where the time index is repeated to fill the frozen bits.
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[bookmark: _Ref481880860]Figure 2.	Alternative 1-2: Time Index carried by frozen bits

Alternative 1-3: Time Index carried by color coding the CRC bits
This method is illustrated in Figure 3. In Alternative 1-3, the Time Index bits are used to “color code” the CRC bits, i.e., the Time Index bits are XOR-ed on top of the CRC bits. Since there are 16 CRC bits, but at most 6 Time Index bits, only a fraction of the CRC bits are color coded.
Alternative 1-3 has the benefit of relatively lower code rate in Polar decoding.  On the other hand, hypothesis testing of Time Index value is necessary even when the receiver only attempts to decode one instance of NR-PBCH (i.e., Scenario A). 
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[bookmark: _Ref481880862]Figure 3.	Alternative 1-3: Color code CRC bits by Time Index

Coded bit based
Alternative 2-1: RV index based
One coded bit based method is to carry Time Index by RV indices.  This method is illustrated in Figure 4. In this Alternative 2, Time Index is not part of the MIB, and the Time Index is conveyed via the RV indices in the circular buffer of the Polar code word. 
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[bookmark: _Ref481880865]Figure 4.	Alternative 2-1: Time Index is conveyed via the RV indices

Simulation Results
Simulation Setup
The following simulation assumptions are applied in evaluating the methods:
· 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;

Simulation Results
Based on the simulation results below, the following observations can be made:
Observation 1 Hypothesis testing on Time Index affects NR-PBCH code performance.
Observation 2 Testing each received message after accumulation will increase false alarm and affect performance.
Observation 3 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.

Alternative 1-1: Time Index explicitly carried as a part of info bits
The simulation results of Alternative 1-1 are shown in Figure 5 – Figure 8. 
Figure 5 and Figure 6 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 7 and Figure 8 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.
Thus, it is speculated that this deterioration is due to the hypothesis testing of Time Index value carried by the first NR-PBCH instance. 

Figure 5.	Alternative 1-1: K=31 bits, M=480 bits, 16+3 CRC bits, Time Index 3 bits.


Figure 6.	Alternative 1-1: K=61 bits, M=480 bits, 16+3 CRC bits, Time Index 3 bits.


Figure 7.	Alternative 1-1: K=31 bits, M=480 bits, 16+6 CRC bits, Time Index 3 bits.

Figure 8.	Alternative 1-1: K=61 bits, M=480 bits, 16+6 CRC bits, Time Index 3 bits.

Alternative 1-2: Time Index carried by frozen bits
The simulation results of Alternative 1-2 are shown in Figure 9 – Figure 10.  Figure 9 and Figure 10 shows that with (16+6) CRC bits, the code performance still deteriorate noticeably at higher SNR when more than 4 instances of NR-PBCH are soft combined.


Figure 9.	Alternative 1-2: K=31 bits, M=480 bits, 16+6 CRC bits, Time Index 3 bits.


Figure 10.	Alternative 1-1: K=61 bits, M=480 bits, 16+6 CRC bits, Time Index 3 bits.

Alternative 1-3: Time Index carried by color coding the CRC bits
The simulation results of Alternative 1-3 are shown in Figure 11 – Figure 15. 
Figure 11 and Figure 12 show that Alternative 1-3 exhibit similar performance trend as Alternative 1-1 when (16+3) CRC bits are attached. That is, if multiple instances of NR-PBCH are soft combined before Polar decoding, then the code performance deteriorates at higher SNR. 
Figure 13 and Figure 14 shows that with (16+5) CRC bits, the code performance still deteriorate noticeably at higher SNR when more than 4 instances of NR-PBCH are soft combined.
In Figure 15, Alternative 1-3 is tested for 8 received messages comparing: 
· CRC vs path metric -based selection, and 
· Testing all messages (after accumulating 1, 2,…,8 message) vs only testing the last (i.e., accumulate 8 messages).
In path metric -based selection, when all hypothesis have been tested, the hypothesis with the smallest Path metric is selected. Then CRC checking is applied to the surviving hypothesis only.
The results show that path metric -based method can be used to limit the effect of the hypothesis testing on the CRC length. Testing only after accumulating all messages will remove the impact of various amount of soft combining, thus the CRC length is only dependent on the number of CRC test in the hypothesis testing of Time Index in the first received NR-PBCH instance.


Figure 11.	Alternative 1-3: K=31 bits, M=480 bits, 16+3 CRC bits, Time Index 3 bits.

Figure 12.	Alternative 1-3: K=61 bits, M=480 bits, 16+3 CRC bits, Time Index 3 bits.

Figure 13.	Alternative 1-3: K=31 bits, M=480 bits, 16+5 CRC bits, Time Index 3 bits.

Figure 14.	Alternative 1-3: K=61 bits, M=480 bits, 16+5 CRC bits, Time Index 3 bits.

[bookmark: _Ref482516333]Figure 15.	Alternative 1-3: K=61 bits, M=480 bits, 16+3 CRC bits, Time Index 3 bits.

Alternative 2-1: Time Index carried by color coding the CRC bits
The simulation results of Alternative 2-1 are shown in Figure 16 – Figure 20. 
Figure 16 – Figure 17 show that for Alternative 2-1 also, when using (16+3) CRC bits, code performance deteriorates at higher SNR, if multiple instances of NR-PBCH are soft combined before Polar decoding.
Figure 18 and Figure 19 show that the code performance with (16+6) CRC bits does not exhibit severe error floor problem.
In Figure 20, the performance comparison of attaching different number of CRC bits are shown. This figure clearly illustrates how the error floor of (16+3) CRC bits can be improved by using more CRC bits.


Figure 16.	Alternative 2-1: K=31 bits, M=480 bits, 16+3 CRC bits, Time Index 3 bits.


Figure 17.	Alternative 2-1: K=61 bits, M=480 bits, 16+3 CRC bits, Time Index 3 bits.


Figure 18.	Alternative 2-1: K=31 bits, M=480 bits, 16+6 CRC bits, Time Index 3 bits.


Figure 19.	Alternative 2-1: K=61 bits, M=480 bits, 16+6 CRC bits, Time Index 3 bits.

Figure 20.	Alternative 1-3: Comparison for 8 messages accumulated for different CRC length (19-25).


Comparison

[image: C:\Users\eyufbla\AppData\Local\Microsoft\Windows\Temporary Internet FilesContent.Word\Fig 21 - K31 M480 CRC19-25 8Msg - RV-index_vs_Info-bit.png]
Figure 21.	Alternative 1-1 vs Alternative 2-1: 8 messages accumulated for different CRC (19-25).
[image: C:\Users\eyufbla\AppData\Local\Microsoft\Windows\Temporary Internet FilesContent.Word\Fig 19 - K31 M480 CRC22 - All Variants.png]
Figure 22.	Comparison of 4 alternatives: 1-8 messages accumulated for 16+6 CRC.

Conclusions
In this contribution, methods for carrying Time Index indication with PBCH are studied. The following observations are made:
Observation 1 Hypothesis testing on Time Index affects NR-PBCH code performance.
Observation 2 [bookmark: _GoBack]Testing each received message after accumulation will increase false alarm and affect performance.
Observation 3 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.
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