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Introduction
In RAN#77 the RAN1 working scope for the December NSA specifications was reduced. Among other decisions, following guidance was given for NR-NR Carrier Aggregation [1]: 

	· By December 2017
· NR-NR CA with the same and different numerologies
· Same numerology within the same PUCCH group, including both DL and UL



However, the above decision, together with the RAN4 agreement to only specify one uplink in R15, implies that in Carrier aggregation all Component Carriers (CCs) need to use the same numerology. This is a strong constraint and limits both the performance of carrier aggregation and, even worse, precludes certain already agreed band combinations.

The reason to decide on the plenary meeting in Sapporo (RAN#77) to only allow the same numerology in one PUCCH group was to simplify the HARQ A/N codebook design. However, this was a misjudgment during the plenary meeting. The codebook design is not really affected by different numerologies, it is instead the PDCCH monitoring periodicities that could make an impact and should be studied. For RAN1#91 and RAN#78, we submitted contributions ([2], [3]) that analyze the impact of different numerologies and different PDCCH monitoring periodicities. It is found that from the RAN1 perspective different numerologies in one PUCCH group do not add any extra specification effort. Therefore, it is proposed that the network should be allowed to configure different numerologies in the same PUCCH group.

In RAN#78 in Lisbon, most companies supported to allow multiple numerologies in one PUCCH group. However, there was no consensus on if the RAN1 specification already completely supports different numerologies in one PUCCH group or if there still was some impact. But the use case was considered to be very important and the expected specification impact, if any, is expected to be very small. Therefore, it was then decided to allow up to two numerologies in one PUCCH group for the NSA specifications. Below, the corresponding agreement from the RAN Chairman’s summary is shown [3]:

	· In Q1: RAN1 shall continue to focus on stabilizing basic and essential functionality for the scope of the December drop that was defined at RAN#77 in RP-172108, with two additions: 
· Scope for URLLC work for Rel-15 in H1 for the June drop endorsed in RP-172817 
· For NR-NR CA: finalization of the work to enable up to 2 different numerologies within the same PUCCH group (PUCCH sent on the CC with smaller SCS) in RAN1 in Q1, and in RAN4 (Core) for Q2, for the December drop.
· Note: Situation to be re-assessed at RAN#79 in March


     
In this contribution, different aspects are discussed with the intention to identify possible remaining issues for the RAN1 specification.







Discussion
Motivation for different numerologies in on PUCCH group
It has been agreed in [5] that in case of the CA the number of DL carriers is 2 and that UL CA is not supported in R15, both for intra-band and inter-band CA. If only the same numerology per PUCCH is supported, then all cells will have to use the same numerology in different bands.

Observation 1: Allowing only the same numerology in one PUCCH group implies for NR-NR CA that all DL CCs need to use the same numerology. This would have severe impact on the availability of band combinations as well as on the performance and coverage.

Limited availability of band combinations: In RAN4, it has been agreed that bands above 24 GHz (FR2) need to use an SCS of at least 60 kHz. On the other hand, the current RAN4 assumption below 1 GHz is that 15 kHz or 30 kHz SCS are used. Thus, being forced to use a common numerology for all CCs in one PUCCH group precludes band combinations of sub 1GHz and above 24 GHz. An example would be the already agreed band combination n71+n267 (600 MHz + 25.5-29.5 GHz). 

Observation 2: With the current RAN4 agreements and assumptions, being forced using the same numerology in all CCs, precludes band combinations below 1GHz + above 24 GHz.

 
Performance and Coverage: Band combinations below 6 GHz can be in theory still supported with the same numerology according to the earlier mentioned RAN4 agreement. However, in practice, the performance and coverage loss is significant if always the same numerology has to be used for all CCs. The high frequency band typically needs a larger SCS than the low frequency band. This is shown below where the sub-carrier spacings of 15 kHz and 30 kHz are compared. As an example the 700 MHz and 3.5 GHz are chosen, but similar results are of course expected for other band combinations as well. In general, at lower frequency, a smaller sub-carrier spacing is needed in order to provide sufficient protection against the channel delay spread. It can be seen that from medium SNR values onwards, the 15 kHz SCS clearly outperforms the higher sub-carrier spacing. This performance difference is due to the insufficient CP protection of the shorter 30 kHz symbols. Additionally, due to the short slot duration of the 30 kHz SCS, the UL coverage would also be decreased. The simulation assumptions and results are only briefly recited in this document. For a more detailed discussion on the assumptions and results, it is referred to the previously submitted contributions [2], [3]. 

[image: ]
Figure 1 - Performance of comparison between 15 kHz and 30 kHz SCS @ band n28
Observation 3: For band combinations below 6 GHz the performance degradation is significant if all bands are forced to use the same numerology. For example, the higher frequency band would need to use 30 kHz for latency and performance reasons whereas in a low frequency band (e.g. 700 MHz), for the commonly used channel model TDL A with DS=1000ns, the 15 kHz SCS clearly outperforms the 30 kHz, in coverage and throughput for medium to high SNR regions. 

Discussion
In the following it is discussed if any further specification impact is identified in order to support multiple numerologies in the same PUCCH group. The aspects that are discussed are:

· Semi-static codebook design
· Dynamic HARQ-A/N codebook design, including the size of the dynamic codebook and the DAI reliability
· HARQ A/N timing, including the UE processing time
· Power control

Furthermore, it is discussed if any other issues, not necessarily related to different numerologies, for Carrier Aggregation need to be clarified. 
1.1.1 Semi-static codebook design
The size of the semi-static codebook is predetermined, thus no matter if a DCI is missed or not, both the gNB and the UE have the same understanding about the HARQ A/N codebook size. For the semi-static codebook design we could not identify any issue particular to the usage of different numerologies. 

Observation 4: For the semi-static codebook design no particular issue related to different numerologies in the same PUCCH group has been identified.

As mentioned in the introduction, at RAN#78 it has been agreed that different numerologies in one PUCCH group are supported. In order to avoid misunderstanding it would be good to capture this agreement for clarification in the corresponding text for the Type-1 HARQ-ACK codebook determination. Therefore, we make the following text proposal for section 9.1.2 in 38.213:

	Text Proposal 1 – Modify the text in section 9.1.2 of 38.213 as follows
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]“….. For a serving cell and for a HARQ-ACK codebook determination, PDCCH monitoring occasions are indexed in an ascending order in time, regardless if the same or different subcarrier spacings are applied in different serving cells.




What we found, however, is that more clarifications are needed when a CC is configured with CBG-based transmissions. This clarification is needed regardless if different CCs are using the same or a different numerology. 

Assume in the following example that two CCs are configured in DL (CC1 and CC2). CC1 is configured with CBG-A/N and CC2 is configured with TB-A/N. It has been agreed in RAN1#91 [6], that in case of CBG-based transmission in one CC, the HARQ-A/N codebook is constructed out of two sub-codebooks, one for the TB-A/N and the other for the CBG-A/N, see below:

	Agreements:
· Generate 2 HARQ-ACK sub-codebooks (sub-CBs) 
· First sub-CB is for transmissions with TB-based HARQ-ACK, second sub-CB is for transmissions with CBG-based HARQ-ACK
· The sub-CBs are combined in a single HARQ-ACK codebook (sub-CB for TB-based HARQ-ACK is placed first)
· No additional reliability enhancements





For the above mentioned example, TBs in CC1 can either be scheduled with the “normal DCI” or alternatively with the “fallback DCI”. The scheduling DCI switch can happen dynamically and since the “fallback DCI” does not support CBG-A/N, the TB-A/N also needs to be supported for a CC that is configured for CBG based transmission, like CC1 in the above example.

Observation 5: A TB transmitted in a CC that is configured with CBG-A/N can be scheduled by the “fallback DCI”. In that case this TB would have to be acknowledged with TB-A/N.

We see two possibilities how the HARQ-ACK could be operated for a CC that is configured for CBG based transmission.
 
Option 1 – The TB-based A/N sub-codebook takes all CCs into account, i.e. all the CCs that are configured with TB-based transmissions and also the CCs that are configured with CBG based transmission. Depending on if a TB on a CBG-CC is then scheduled with “normal DCI” or “fallback DCI”, the UE either sends the A/N on the TB-level sub-codebook or on the CBG-level sub-codebook.

Option 2 – The partitioning between the TB-based and CBG-based codebook is done according to the configuration of the CCs. A TB that is scheduled in a CC that is configured for TB-based transmission uses the TB-HARQ sub-codebook and a TB that is scheduled in a CC that is configured for CBG-based transmission uses the CBG-HARQ sub-codebook. In the latter case, the CBG-based HARQ sub-codebook is used regardless if the TB is scheduled with “normal DCI” or “fallback DCI”.     

The above option 1 would work fine as long as the UE always detects a DCI. But what would happen if the UE misses a DCI? In such a case the UE cannot know if the missed DCI was a “normal DCI” or “fallback DCI” and therefore it does not know where to transmit the feedback.

Observation 6: For a CC configured with CBG-based transmissions, in case of a missed DCI it is unknown to the UE whether the scheduling DCI was a “normal DCI” or a “fallback DCI”. This could result in an ambiguity for the HARQ feedback, i.e. whether the CBG-A/N or TB-A/N sub-codebook shall be used.  

Proposal 1: for the semi-static codebook, a clarification is needed how to handle the A/N feedback in case of a missed DCI for a TB that is scheduled on a CC which is configured for CBG-based transmission.
   
The above mentioned option 2, on the other hand, does not have the problem that is pointed out in Observation 6. This option is also is in-line with the agreements, since for the semi-static codebook; the HARQ-A/N is based on configuration.  

Proposal 2: For the semi-static codebook, 
· The partitioning of the sub-codebooks is according to the configured CCs. A CC that is configured for TB-based transmission always uses the TB-A/N sub-codebook and a CC that is configured for CBG-based transmission always uses the CGG-A/N sub-codebook, regardless if scheduled with “normal DCI” or “fallback DCI . 
· If a TB is scheduled with “fallback DCI” on the CC that is configured for CBG based transmission, the corresponding TB-A/N is transmitted using the sub-codebook for CBG-A/N. 
· The TB-A/N bit for a TB is repeated and using the bits that are reserved for the CBG-A/N of the same TB.   

1.1.2 Dynamic codebook design
The dynamic codebook design was the reason why it was decided in the RAN#77 meeting in Sapporo to focus for the December drop of the specification on the same numerology within one PUCCH group. The specification impact of multiple numerologies was unknown at that point of time and TSG RAN did not want to risk the completion date of December 2017. It was assumed that the crucial part is the codebook design for the HARQ-A/N is for the case of mixed numerologies. However, during the discussions in RAN1#91 it became clear, that the issue is not about multiple numerologies, but the crucial part for the codebook is to have different monitoring periodicities in different CCs. Different monitoring periodicities are supported within the same PUCCH group for the same scheduling type [6]:

	Conclusion:
It is understood that different PDCCH monitoring periodicities per PUCCH cell group are supported for same scheduling “type” (i.e. ‘slot-based scheduling’ or “non-slot-based” scheduling)




The same “scheduling type” in the above conclusion means for example that the UE could monitor PDCCH every slot in one CC and every second slot in another CC (all slot based scheduling). It also means that a UE could monitor every second symbol in one CC and every seventh symbol in another CC (non-slot base scheduling). Thus, for the codebook design, it is already supported that the PDCCHs in different CCs can be monitored at different time instances. The PDCCH monitoring of CCs with different numerologies is nothing different, the PDCCH in different CCs is simply monitored at different time instances. The monitoring time instances for e.g. SCS = 15 kHz with a monitoring periodicity of 2 slots are exactly the same as for SCS = 30 kHz with a monitoring periodicity of 4 slots. For the codebook design, these two cases are equivalent. This is illustrated in Figure 2 below. It includes the already agreed counter DAI (downlink assignment index) and total DAI. The first 3 CCs are using SCS = 30 kHz, where the PDCCH in CC#0 is monitored every slot, in CC#1 every second slot and in CC#2 every fourth slot. This is indicated by the red arrows in the first three CCs in Figure 2 below. The last two CCs (CC#3 and CC#4) are using 15 kHz SCS with a monitoring periodicity of every slot in CC#3 and every second slot in CC#4. It is observed that the PDCCH monitoring occasions in CC#1 are identical with those in CC#3 and the monitoring occasions in CC#2 are identical with the occasions in CC#4. Thus, the codebook design is not affected and transparent to the numerology that is used on a certain CC.

We have studied the corresponding section in 38.213 [7] and found that it implements different monitoring periodicities as such, regardless the numerology being used for the CCs. 


Figure 2 – HARQ-A/N codebook design for different monitoring periodicities and numerologies.

Observation 7: The dynamic codebook specified in 38.213 supports different monitoring periodicities on different CCs, this is includes the case where different numerologies are used on different CCs.   

As mentioned in the introduction, at RAN#78 it has been agreed that different numerologies in one PUCCH group are supported. In order to avoid misunderstanding it would be good to capture this agreement for clarification in the corresponding text for the Type-1 HARQ-ACK codebook determination. Therefore, we make the following text proposal for section 9.1.3 in 38.213:

	Text Proposal 2 – Modify the text in section 9.1.3 of 38.213 as follows:


[bookmark: OLE_LINK7][bookmark: OLE_LINK3]If a UE is configured with higher layer parameter HARQ-ACK-codebook=dynamic, with higher layer parameter CBG-DL = OFF or is not configured higher layer parameter CBG-DL, a value of the counter downlink assignment indicator (DAI) field in DCI format 1_0 or DCI format 1_1 denotes the accumulative number of {serving cell, PDCCH monitoring occasion}-pair(s) in which PDSCH reception(s) associated with DCI format 1_0 or DCI format 1_1 or DCI format 1_0 indicating downlink SPS release is present, up to the current serving cell and current PDCCH monitoring occasion, first in increasing order of serving cell index and then in increasing order of PDCCH monitoring occasion index , where . Note that different sub-carrier spacings can be applied in different serving cells.




Issues that still need to be discussed for the codebook design are the size of the dynamic codebook and the reliability for the counter DAI.  But these issues are independent from the numerologies and need to be discussed in any case. Aspects that need to be taken into account are possible differences in the codebook design for slot based and non-slot based scheduling as well as TB DAI for the case that on CC is configured with CBG-based transmission.

Proposal 3:  The size of the dynamic codebook needs to be decided. 
· This issue is not related to the used numerologies but could be dependent on other aspects, e.g. if the same or different codebook sizes are needed for slot based and non-slot based scheduling.

Another minor issue in section 9.1.3.1 for the Type-2 HARQ-ACK is that we believe that there is a reference to a wrong sub-clause. Instead of referring to the sub-clause 9.1.1 at two occasions it should be referred to sub-clause 9.1.2 instead, because this section is describing how to determine the HARQ-ACK bit information. The corresponding CR is give below:
	CR for section 9.1.3.1










Instead of generating one HARQ-ACK information bit per transport block for a serving cell from the  serving cells, the UE generates  HARQ-ACK information bits per transport block as described in Subclause 9.1.12 for two transport blocks if a monitoring occasion includes PDCCH with DCI format 1_1 and the value of higher layer parameter Number-MCS-HARQ-DL-DCI is 2, or generates  HARQ-ACK information bits for one transport block if a monitoring occasion includes PDCCH with DCI format 1_0 and does not include PDCCH with DCI format 1_1 or if the value of higher layer parameter Number-MCS-HARQ-DL-DCI is 1 as described in Subclause 9.1.12, where  is the maximum value of  across all  serving cells and, if for a serving cell  it is , the UE generates NACK for the last  HARQ-ACK information bits for serving cell ;


  
1.1.3 HARQ-A/N timing
The following agreement was made in RAN1 about the HARQ timing:
	Agreements:
•       Confirm the WA at RAN1 NR AH#2
–      HARQ-ACK transmission related to multiple DL component carriers is supported for DL component carriers operating with the same and different numerology
•       The time granularity of a HARQ-ACK transmission on PUCCH, indicated in the DCI scheduling the PDSCH, is based on the numerology of PUCCH transmission



All timings (k1 values) are defined per CC and relatively to the numerology being used for the PUCCH in the uplink and all timings can be set individually in for each cell. An example with for 4 DL slots at SCS = 30 kHz being acknowledged in one UL slot at SCS = 15 kHz is given below. In the first two slots K1=2 is indicated and in the second two slots K1=1 is indicated. The same concept is also applied for SUL and has no specification impact.


Figure 3 – HARQ-A/N timing
One issue that was discussed during the plenary meeting in Lisbon is which SCS to use for the PUCCH transmission. There were concerns that in case of mixed numerologies the requirement on the UE processing time (N1 value) would become too tough if the PUCCH has to be transmitted with the higher SCS. Therefore, it was decided during the plenary meeting that the PUCCH should only be allowed to use the lower sub-carrier spacing. Another concern that motivated for this RAN plenary decision was the increased testing complexity if multiple SCS for the PUCCH should be supported.
In our view, from the RAN1 perspective it is not necessary to have such a restriction. A UE that supports a short processing time can also handle this for CA and could therefore also use the higher SCS. The increased testing complexity is a valid argument but applicable to RAN4.
On the other hand, it would be beneficial to have the flexibility to send the PUCCH on the CC with the SCS in order to off-load the other band in situations where this is feasible. 
Observation 8: In case of mixed numerologies in one PUCCH group, there is no clear need to restrict the PUCCH SCS to the lower value. 
Proposal 4:  RAN1 should evaluate if the restriction on the applicable SCS for the SCS can be removed from the RAN1 specification. 
1.1.4 [bookmark: OLE_LINK5]Power Control
The following Working Assumption was made in RAN1#91 ([6], section 7.6.2) for Power Control to facilitate different numerologies in Carrier Aggregation. It can also be applied for different numerologies in one PUCCH group.
 Observation 9: The Working Assumption from RAN1#91on Power control can also be applied to the case of multiple numerologies one PUCCH group. 
Conclusions
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]In this contribution, we analyzed the specification impact of the RAN#78 plenary agreement to support up to two numerologies in one PUCCH group. We did not find any major issue except that it could be clarified in the corresponding sections of 38.213 (9.1.2 Type-1 HARQ-ACK codebook, 9.1.3 Type-2 HARQ-ACK codebook) that multiple numerologies should be supported. In order to reflect this, we make two text proposals for 38.213.


	Text Proposal 1 – Modify the text in section 9.1.2 of 38.213 as follows
“….. For a serving cell and for a HARQ-ACK codebook determination, PDCCH monitoring occasions are indexed in an ascending order in time, regardless if the same or different subcarrier spacings are applied in different serving cells.


   

	Text Proposal 2 – Modify the text in section 9.1.3 of 38.213 as follows


If a UE is configured with higher layer parameter HARQ-ACK-codebook=dynamic, with higher layer parameter CBG-DL = OFF or is not configured higher layer parameter CBG-DL, a value of the counter downlink assignment indicator (DAI) field in DCI format 1_0 or DCI format 1_1 denotes the accumulative number of {serving cell, PDCCH monitoring occasion}-pair(s) in which PDSCH reception(s) associated with DCI format 1_0 or DCI format 1_1 or DCI format 1_0 indicating downlink SPS release is present, up to the current serving cell and current PDCCH monitoring occasion, first in increasing order of serving cell index and then in increasing order of PDCCH monitoring occasion index , where . Note that different sub-carrier spacings can be applied in different serving cells.


In section 9.1.3.1, there is a minor mistake in our view, a cross-reference to the wrong sub-clause. Instead of refereeing to 9.1.1 it should be referred to 9.1.2. We propose a CR to fix this issue:
	CR for section 9.1.3.1










Instead of generating one HARQ-ACK information bit per transport block for a serving cell from the  serving cells, the UE generates  HARQ-ACK information bits per transport block as described in Subclause 9.1.12 for two transport blocks if a monitoring occasion includes PDCCH with DCI format 1_1 and the value of higher layer parameter Number-MCS-HARQ-DL-DCI is 2, or generates  HARQ-ACK information bits for one transport block if a monitoring occasion includes PDCCH with DCI format 1_0 and does not include PDCCH with DCI format 1_1 or if the value of higher layer parameter Number-MCS-HARQ-DL-DCI is 1 as described in Subclause 9.1.12, where  is the maximum value of  across all  serving cells and, if for a serving cell  it is , the UE generates NACK for the last  HARQ-ACK information bits for serving cell ;


 
Furthermore, we studied other issues that need to be clarified for CA, regardless if multiple or different numerologies are used in one PUCCH group. These issues are related to the CBG feedback and DAI. 
In summary, we are making the following observations and proposals:
Observation 1: Allowing only the same numerology in one PUCCH group implies for NR-NR CA that all DL CCs need to use the same numerology. This would have severe impact on the availability of band combinations as well as on the performance and coverage.

Observation 2: With the current RAN4 agreements and assumptions, being forced using the same numerology in all CCs, precludes band combinations below 1GHz + above 24 GHz.

Observation 3: For band combinations below 6 GHz the performance degradation is significant if all bands are forced to use the same numerology. For example, the higher frequency band would need to use 30 kHz for latency and performance reasons whereas in a low frequency band (e.g. 700 MHz), for the commonly used channel model TDL A with DS=1000ns, the 15 kHz SCS clearly outperforms the 30 kHz, in coverage and throughput for medium to high SNR regions. 

Observation 4: For the semi-static codebook design no particular issue related to different numerologies in the same PUCCH group has been identified.
Observation 5: A TB transmitted in a CC that is configured with CBG-A/N can be scheduled by the “fallback DCI”. In that case this TB would have to be acknowledged with TB-A/N.
Observation 6: For a CC configured with CBG-based transmissions, in case of a missed DCI it is unknown to the UE whether the scheduling DCI was a “normal DCI” or a “fallback DCI”. This could result in an ambiguity for the HARQ feedback, i.e. whether the CBG-A/N or TB-A/N sub-codebook shall be used.  

Proposal 1: for the semi-static codebook, a clarification is needed how to handle the A/N feedback in case of a missed DCI for a TB that is scheduled on a CC which is configured for CBG-based transmission.

Proposal 2: For the semi-static codebook, 
· The partitioning of the sub-codebooks is according to the configured CCs. A CC that is configured for TB-based transmission always uses the TB-A/N sub-codebook and a CC that is configured for CBG-based transmission always uses the CGG-A/N sub-codebook, regardless if scheduled with “normal DCI” or “fallback DCI . 
· If a TB is scheduled with “fallback DCI” on the CC that is configured for CBG based transmission, the corresponding TB-A/N is transmitted using the sub-codebook for CBG-A/N. 
· The TB-A/N bit for a TB is repeated and using the bits that are reserved for the CBG-A/N of the same TB.   
Observation 7: The dynamic codebook specified in 38.213 supports different monitoring periodicities on different CCs, this is includes the case where different numerologies are used on different CCs.
Observation 8: In case of mixed numerologies in one PUCCH group, there is no clear need to restrict the PUCCH SCS to the lower value. 
Proposal 4:  RAN1 should evaluate if the restriction on the applicable SCS for the SCS can be removed from the RAN1 specification.
Observation 9: The Working Assumption from RAN1#91on Power control can also be applied to the case of multiple numerologies one PUCCH group.
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