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1. [bookmark: OLE_LINK57][bookmark: OLE_LINK58]Introduction
[bookmark: OLE_LINK98][bookmark: OLE_LINK99]In RAN#77 it was discussed and decided to down-scope the work plan for RAN1 and RAN4 [1]. The primary intent was to finish the release for non-standalone in December. During the plenary down-scoping discussions, not all the impact on the RAN1 specifications could be foreseen and some freedom was also given to RAN1 to include essential cases that have been left out. 
In this contribution we discuss different numerologies within one PUCCH group. This issue is included in [1] in the Scheduling/HARQ category. We analyze its implications on important use cases and also describe how it is addressed in the current RAN1 specification.       
	From [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



In this contribution it is concluded that the current RAN1 specification and the corresponding agreements already include different numerologies within the same PUCCH group. No extra specification effort is therefore needed from the RAN1 perspective. 
With consideration of the important use cases it is proposed to reconsider the sub-bullet from [1] above and to state that “Same and different numerology within the same PUCCH group, including both DL and UL” already is supported from the RAN1 perspective. For the non-standalone case (Dec 2017), multiple numerologies in one PUCCH group are therefore supported and should be allowed for the network configuration.    
2. Implications of only having the same numerology in one PUCCH group
It has been agreed in [2] that the number of DL carriers is 2 in the case of inter-band CA and, furthermore, that UL CA is not supported in NR release 15 for both intra-band and inter-band CA. This means that there is only one PUCCH group available. If only the same numerology per PUCCH group 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-CA that all DL CCs need to use the same numerology. 
Being forced to use the same numerology in all CCs implies severe constraints on the availability of band combinations and on the performance and coverage.
A) Limited availability of band combinations: In RAN4, it has been agreed that bands above 24 GHz (frequency range 2) need to use a sub-carrier spacing of at least 60 kHz (the corresponding RAN4 agreement is copied below). On the other hand, the current RAN4 assumption below 1 GHz is that 15 kHz and 30 kHz are used. Thus, being forced to use a common numerology for all CCs in one PUCCH group precludes band combinations of sub 1 GHz and above 24 GHz. An example would be the band combination n71+n257 (600 MHz + 26.5-29.5 GHz) which already was agreed in RAN#77. 
	Agreement from RAN4
SCS supported for bands below 1 GHz
· 15kHz, 30kHz
· The decision of supporting 60kHz is pending RAN1 check
SCS supported for bands between 1GHz and 6GHz
· 15kHz, 30kHz, 60kHz
SCS supported for bands above 24GHz and below 52.6GHz
· 60 kHz, 120kHz
· 240kHz is not applicable for data
· 240 for data can be further considered if a clear benefit is shown



Observation 2: With the current RAN4 agreements and assumptions, being forced using the same numerology in all CCs precludes band combinations below 1 GHz + above 24 GHz.
B) Performance and Coverage: Band combinations below 6 GHz are in theory still supported with the same numerology according to the RAN4 agreement above. 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 explained in detail in the following sections 3 and 4 where 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 provide sufficient protection against the channel delay spread.
3. [bookmark: OLE_LINK71][bookmark: OLE_LINK72]Use case example for carrier aggregation
An attractive and well recognized scenario for NR carrier aggregation is to use 2DL CCs and one 1 UL CC. One example configuration could be to operate the UL on F1=700 MHz (n28) and the DL on F1 and F2 = 3.5 GHz (n78).

The high frequency band will mainly be used to provide capacity boosts and low latency in hot spots whereas the low frequency contributes with coverage but also with reasonable capacity. As it is illustrated in Figure 1 below, the coverage of the high frequency band will not be contiguous, especially not during the network roll-out. Therefore, also the low frequency must also be able to provide data capacity and the possibility for low latency services. 

The high frequency band must employ a sub-carrier spacing of 30 kHz in order achieve low latency and sufficient protection against phase noise ([3]). Using a higher SCS in this band is also beneficial for implementation since it reduces the number of required FFT points by half. In the next part of the contribution it is therefore focused on the low frequency band, and it is investigated whether 15 kHz or 30 kHz should be used as sub-carrier spacing.

	

	



Figure 1 – Deployment scenarios for CA with 3.5 GHz and 700 MHz - In the left-hand figure, F1 and F2 cells are co-located and overlaid, but F2 has smaller coverage due to larger path loss. Only F1 provides sufficient coverage and F2 is used to improve throughput. Mobility is performed based on F1 coverage. In the right-hand figure, F1 provides macro coverage and on F2 Remote Radio Heads (RRHs) are used to improve throughput at hot spots. Mobility is performed based on F1 coverage 

4. Comparison of 15 kHz and 30 kHz SCS
Simulations have been performed to compare the throughput between 15 kHz and 30 kHz. The results are illustrated in Figure 2 below and the simulation assumptions are shown in the Appendix. The carrier frequency that is chosen as example is 700 MHz, but similar result are expected for other low frequency bands. 
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. To overcome this, slot bundling or slot aggregation can be used which reduces the resource utilization.
[image: ]
Figure 2 - Performance of comparison between 15 kHz and 30 kHz SCS @ band n28
Figure 3 below shows the widely accepted geometry curve for the rural macro environment. It can be seen that a significant number of UEs is located in the SNR regions in which the 15 kHz SCS offers great performance gains. 
[image: ]
Figure 3 – Geometry curve for Rural Macro Environment. About 25% of the UE enjoy an SNR of 12 dB or more

Observation 3: For a macro deployment example at 700 MHz, a large number of UEs (about 25% according to our simulation results) experience such a high SNR that 15 kHz SCS offers clear performance gains over 30 kHz SCS.

Observation 4: 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.

5. Discussion on specification impact
5.1 HARQ-A/N Codebook
The reason why it was decided in [1] to focus until December on the same numerology within one PUCCH group was that the specification impact of multiple numerologies was unknown at that point of time. TSG RAN did not want to risk the completion date December 2017. It was assumed that the crucial part is the codebook design for the HARQ-A/N in 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. 
Since the CORESET monitoring periodicity is configurable per cell, it is natural for NR to support different monitoring periodicities in different CCs and the following conclusion was made in RAN1#91 [4]:

	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 could also mean that a UE would monitor every second symbol in one CC and every seventh symbol in the other CC (non-slot based 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. Furthermore, the monitoring times 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 below in the Figure 4 for the example of the dynamic codebook design. It includes the already agreed counter DAI (downlink assignment index) and total DAI [5]. 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 CC3 every fourth slot. This is indicated by the red arrows in the first three CCs in Figure 4 below. The last two CCs in Figure use 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 whether different monitoring periodicities of the same or different numerology are used.  
.  


Figure 4 – HARQ-A/N codebook design for different monitoring periodicities. The codebook remains unchanged if different numerologies are included in PUCCH group

Observation 5: The HARQ-A/N codebook design already includes mixed numerologies. It is equivalent to having different monitoring occasions for the same numerology.     
5.2 HARQ timing
Although the crucial issue to be addressed in this discussion is the HARQ –A/N codebook design, for completeness we consider the HARQ-A/N timing. The following agreements were made in RAN1:
	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 5 – HARQ timing with different UL and DL numerologies
Observation 6: The HARQ timing is not affected when different numerologies are included in one PUCCH group.     
6. Conclusions
In this contribution we discuss the necessity of CA with mixed numerologies. If not supported, different already agreed band combinations of mmW and below 1 GHz would be precluded and other typical band combinations below 6 GHz suffer a large performance loss. A precondition to operate CA with mixed numerologies is to allow different numerologies within the same PUCCH group. It is shown that this is already supported from the RAN1 perspective. Therefore the network should be allowed to configure NR CA with mixed numerologies in downlink. 

For the necessity to operate CA with different numerologies we make the following observations:
Observation 1: Allowing only the same numerology in one PUCCH group implies for NR-CA that all DL CCs need to use the same numerology. 
Observation 2: With the current RAN4 agreements and assumptions, being forced using the same numerology in all CCs precludes band combinations below 1 GHz + above 24 GHz.
Observation 3: For a macro deployment example at 700 MHz, a large number of UEs (about 25% according to our simulation results) experience such a high SNR that 15 kHz SCS offers clear performance gains over 30 kHz SCS.

Observation 4: 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.

After we have observed that different numerologies need to be used in one PUCCH group, we discuss how this is captured in the standard and make the following observations:
Observation 5: The HARQ-A/N codebook design already includes mixed numerologies. It is equivalent to having different monitoring occasions for the same numerology.     

Observation 6: The HARQ timing is not affected when different numerologies are included in one PUCCH group

Based on the above observations and the analysis in the document, we make the following conclusion and proposal:

	Conclusion:
· Different numerologies in the same PUCCH group are already supported by the RAN1 specification  
Proposal:
· The network shall be allowed to configure NR CA with different numerologies in one PUCCH group
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Appendix – Simulation assumptions
	[bookmark: _Hlk462826262]Parameter
	Value

	Coding, modulation, etc
	LTE PDSCH 

	Subcarrier spacing (kHz)
	15

	CP duration (us)
	5.2/4.7 for 15kHz
2.6/2.35 for 30kHz

	Symbols per 1 ms subframe 
	14 for 15kHz
28 for 30kHz

	Waveform
	CP-OFDM 

	Tx/Rx antennas 
	1 Tx / 2 Rx antennas

	Channel estimation 
	Genie-based

	# of used PRBs in frequency 
	6

	subframe length (ms)
	1

	Carrier Frequency (GHz)
	0.7GHz

	Channel model 
	TDL A with DS = 1000,Speed:  30 km/h 

	Link adaptation 
	Fixed resource allocation with MCS adaptation. OLLA enabled

	Performance metric 
	Spectral efficiency = Throughput/BWu , where BWu is the bandwidth for data transmission
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