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1	Background 
There is ongoing RAN task in RAN4 which is called Specification quality improvement (RP-240782) and related to that a dedicated AI “Larger specification structure enhancement” is allocated. In this contribution we discuss how we think that UE RF specifications should be improved when the time scope is beyond REL20. These solutions that we discuss in this contribution are made based on lessons learned on 4G and especially 5G. Without a better word we will call these future enhancements as 6G specifications from now on.
2 	Discussion
We divide the discussion into three chapters. First, we discuss how to define single band operation, then we discuss 6G CA and DC and lastly 6G interworking with other radios.
2.1	Single band specifications
2.1.0	General
Current way of defining single band operation in terms of what requirements are defined is quite good and no big problems are identified. Collection of current requirements and commentary for suitability for 6G is listed in Table 1. Table 1 content mainly is targeted for FR1 spectrum bands, but some aspects are of course applicable for FR2 spectrum bands.
Table 1: Single band operation UE RF requirements
	 
	Requirement 
	6G Spec
	Details

	System 
parameters
	Operating bands
	yes
	Follow the principle of NR. Assing a prefix to band number similarly as in NR where "n" was used. For 6G for example "s" could be used. If band is same as NR or LTE or 3G then same number is used. I=B1=n1=s1. 

	
	UE CH bandwidth
	yes
	What should be avoided is the need to add new channel bandwidths after initial 6G release. Hence, at minimum, NR FR1 channel bandwidths need to be defined from the start of 6G.

	
	Asymmetric CH BWs
	yes
	Built in from the beginning of 6G

	
	Channel spacing
	yes
	Needs discussion how to define

	
	Channel raster
	yes
	Needs discussion how to define
Channel raster is defined in RAN4, though RAN1/RAN2 specs use different reference frequencies. Applicability of channel raster or enhanced channel raster needs to be clarified in a better way if it is about SIB1, UE specific CBW and/or BWP. The relationship with point A and frequency offset should be also clarified.

	
	Sync raster
	yes
	Needs discussion how to define

	
	Tx-Rx separation
	yes
	Similarly, as in NR

	Transmitter 
requirements
	Maximum output power
	yes
	Power class 2 should be the default power class. Support power boosting (beyond the nominal PC class) for low-PAPR waveforms from initial 6G release

	
	MPR
	yes
	NR MPR concept is good baseline, but it should be further optimized

	
	A-MPR
	yes
	NR A-MPR concept is not optimum. It needs rethinking in order to minimize A-MPR.

	
	Pcmax
	yes
	Simplification compared to NR Pcmax should be made.

	
	dTib
	no
	Relaxation is not allowed in order to maximize output power

	
	Min power
	yes
	Similarly as in NR

	
	OFF power
	yes
	Similarly as in NR

	
	ON/OFF time mask
	yes
	Similarly as in NR

	
	Power control
	yes
	Similarly as in NR

	
	Frequency error
	yes
	Similarly as in NR

	
	Error Vector Magnitude
	yes
	Similarly as in NR

	
	Carrier leakage
	yes
	Some enhancement compared to NR to increase output power

	
	IQ Image
	yes
	Some enhancement compared to NR to increase output power

	
	In-band emissions
	yes
	 Room for improvements exist.

	
	Occupied bandwidth
	maybe
	If not needed can be skipped, depends on regulation

	
	Spectrum emission mask
	yes
	Similarly as in NR

	
	Additional spectrum emission mask
	yes
	Similarly as in NR based on regulation

	
	ACLR
	yes
	Similarly as in NR

	
	UTRA ACLR
	no
	Not defined in 6G.

	
	General spurious emissions
	yes
	Similarly as in NR

	
	Spurious emissions for UE co-ex
	yes
	Similarly as in NR

	
	Additional spurious emissions
	yes
	Similarly as in NR based on regulation

	
	Transmit intermodulation
	maybe
	Needs discussion if needed in 6G

	Receiver
requirements
	Reference sensitivity
	yes
	Similarly as in NR

	
	ΔRIB,c
	no
	If relaxation is specified, then single carrier REFSENS needs to be tightened from NR.

	
	Maximum input level
	yes
	Similarly as in NR

	
	Adjacent channel selectivity
	yes
	Similarly as in NR

	
	In-band blocking
	yes
	Blocking requirements are needed. Are those divided as in-band and out of band and narrow band can be discussed or is one set of requirements enough

	
	Out-of-band blocking
	yes
	Blocking requirements are needed. Are those divided as in-band and out of band and narrow band can be discussed or is one set of requirements enough

	
	Narrow band blocking
	maybe
	Blocking requirements are needed. Are those divided as in-band and out of band and narrow band can be discussed or is one set of requirements enough

	
	Spurious response
	yes
	Could be combined with blocking requirement

	
	Wide band Intermodulation
	yes
	Similarly as in NR

	
	Spurious emissions
	yes
	Similarly as in NR



Next, we will talk through also some key requirements if we think that some deviation from LTE/NR style is needed.
2.1.1 Operating band numbers
NR concept for band numbering has proven successful and very usable. This concept means that 3G, 4G, and 5G use same band number if frequency arrangement is same but NR has prefix on “n”. For 6G we could re-use prefix concept and just pic a new letter, for example “s”.
	Band number space
	4G FR1-1
	5G FR1-1
	6G FR-1 and FR1-2
	5G/6G FR2-1

	
	Band #
	Duplex
	Band #
	Duplex
	Band #
	Duplex
	Band #
	Duplex

	Legacy FR-1 FDD
	1 - 32
	FDD
	n1 - n32
	FDD re-farm
	s1 - s32
	FDD re-farm
	N/A

	Legacy FR-1 TDD
	33 - 64
	TDD
	n33 - n64
	TDD re-farm
	s33 - s64
	TDD re-farm
	

	New 4G/5G/6G
FR1-1 and FR1-2
	65 - 256
	all duplex modes
	n65 - n256
	all duplex modes
	s65 - s256
	all duplex modes + re-farm
	

	5G/6G NTN
	N/A
	<--n256
	
	<--s256
	
	 <-n512
 

	5G/6G FR2-1
	N/A
	n257 ->
s257 ->
	TDD



2.1.2	UE channel bandwidths
The need of listing individual applicable channel bandwidths needs to be discussed. Earlier it has been seen necessary to bound some limits for amount on necessary specifications hence fully arbitrary bandwidths are not allowed. What should be avoided is the need to add new channel bandwidths after initial 6G release as this has been somewhat problematic in NR. Hence at least NR FR1 channel bandwidths widths need to be specified i.e.3, 5, 10, 15…90, 95 and 100 MHz, in increments of 5 MHz (with 3MHz being the exception to the rule needed for specific low-bandwidth deployments). What to define beyond 100 MHz needs discussion but for FR1 up to 200 MHz can be foreseen. Additionally, no other table should list channel bandwidths, but reference the only table that contains the definitions.
2.1.3	Asymmetric CH BWs
There is clearly an operator need for asymmetric CH BWs based on experience of NR and LTE. This should be made possible in 6G without a need for asymmetric channel bandwidth combination sets.
2.1.4	Maximum output power i.e. Power classes
Power class 2 should be the default power class. Support power boosting (beyond the nominal PC class) for low-PAPR waveforms from initial 6G release as native feature. Power Class framework should be enhanced at least to enable better clarity/knowledge at the gNB.
2.1.5	MPR/A-MPR
NR MPR concept with inner and outer is quite good although the table listing MPR values gives excessive reduction especially for CP-OFDM. Further work on maximizing output power is deemed necessary for 6G.
A-MPR concept is largely inherited from 4G and is not good anymore. It is too complex and still do not maximize the output power, so the A-MPR concept must be enhanced.
One big enhancement on improving the quality of MPR and especially A-MPR is that number of possible waveforms is reduced from NR. DFT-S-OFDM is for coverage and CP-OFDM is for MIMO. There is no need to have such a big overlap with DFT-S-ODFM and CP-OFDM in terms of SNR/PAPR. Hence DFT-S-ODFM should be specified only for low PARP waveforms such as PI/2-PBSK and QPSK and not 16-QAM and higher.
2.1.6	Pcmax
Very complex in LTE and NR partly because new features/functionalities are added afterwards which breaks the fluent structure of the clause. Improvement needed.
2.1.7	dTib (and the band edge relaxation, note3)
Should not be defined in 6G because of specification simplicity and UE performance point of view. More effort is needed from UE implementation to meet the requirements without relaxation to output power in single CC mode in order not to reduce coverage.
2.1.8	Carrier leakage and IQ-Image
Important for modulator impairments. Improvement over NR is necessary, similarly as from LTE to NR.
2.1.8	ALCR/SEM
Spectrum emission mask is needed for regulator purposes and ACLR is needed for co-existence. UTRA ACLR should not be defined anymore.
2.1.9	REFSENS and dRib
This can be seen as a package. From specification simplicity and UE performance point of view dRib should be avoided. If dRib is not defined then there is less pressure to tighten the baseline REFSENS. If dRib is allowed, then big improvement to LTE/NR REFSENS must happen.
2.1.10	In-band blocking, out-of-band blocking, narrow-band blocking and spurious response
Discussion should happen if In-band blocking, out-of-band blocking, narrow band blocking and spurious response clauses can be combined into one clause in 6G. 
2.2	Carrier aggregation and dual connectivity
2.2.1	General
NR carrier aggregation and dual connectivity requirements are defined in same specifications as single band requirements i.e. 38.101-1 and 38.101-2. This is good arrangement as carrier aggregation clauses refer often to single carrier requirement clauses and dual connectivity clauses refers to carrier aggregation requirement clauses.
Current way of defining CA/DC operation in terms of what requirements are defined is quite good in some respects but there are also some big problems identified. Collection of current requirements and commentary for suitability for 6G is listed in Table 2.

	 
	Requirement 
	6G Spec
	Details

	System 
parameters
	Operating bands for CA
	yes
	Is useful for necessary band combination restrictions etc.

	
	NR CA bandwidth classes
	yes
	Unless new naming convention is established for CA Configurations

	
	Channel spacing for CA
	yes
	Needs discussion how to define

	
	Channel raster
	yes
	Refers to single CC

	
	Sync raster
	yes
	Refers to single CC

	
	Tx-Rx separation
	yes
	Refers to single CC

	
	CA Configurations Intraband
	yes
	No BCSs, BW capabilities are signalled.

	 
	CA configurations Interband
	no/maybe
	Band combinations and BW capabilities per band are signalled.

	Transmitter 
requirements
	Maximum output power
	yes
	Needs discussion how to define

	
	MPR
	yes
	NR MPR concept is good baseline, but it should be further optimized

	
	A-MPR
	yes
	NR A-MPR concept is not optimum. It needs rethinking to minimize A-MPR.

	
	Pcmax
	yes
	Simplification compared to NR Pcmax should be made.

	
	dTib
	no
	Relaxation is not allowed in order to maximize output power

	
	Min power
	yes
	Refers to single CC

	
	OFF power
	yes
	Refers to single CC

	
	ON/OFF time mask
	yes
	Refers to single CC

	
	Power control
	yes
	Refers to single CC

	
	Frequency error
	yes
	Refers to single CC

	
	Error Vector Magnitude
	yes
	Similarly, as in NR

	
	Carrier leakage
	yes
	Some enhancement compared to NR in order to increase output power

	
	IQ Image
	yes
	Some enhancement compared to NR in order to increase output power

	
	In-band emissions
	yes
	 

	
	Occupied bandwidth
	maybe
	If not needed can be skipped, depends on regulation

	
	Spectrum emission mask
	yes
	Similarly, as in NR

	
	Additional spectrum emission mask
	yes
	Similarly, as in NR based on regulation

	
	ACLR
	yes
	 

	
	UTRA ACLR
	no
	Not defined in 6G.

	
	Spurious emissions 
	yes
	Similarly, as in NR based on regulation

	
	Spurious emissions for UE co-ex
	yes
	Similarly, as in NR i.e. listing regulator requirements only or just define as normative text.

	
	Additional spurious emissions
	yes
	Similarly, as in NR based on regulation

	
	Transmit intermodulation
	maybe
	Needs discussion if needed in 6G

	Receiver
requirements
	Reference sensitivity
	yes
	Similarly, as in NR

	
	ΔRIB,c
	no
	If relaxation is specified then single carrier REFSENS needs to tightened from NR.

	
	MSD due to UL harmonic interference 
	no
	Not defined in 6G.

	
	MSD due to intermodulation interference due to 2UL CA
	no
	Not defined in 6G.

	
	MSD due to cross band isolation for CA
	no
	Not defined in 6G.

	
	Lower-MSD requirements for inter-band CA
	no
	Not defined in 6G.

	
	Maximum input level
	yes
	How to define depends on if CA bandwidth classes are used

	
	Adjacent channel selectivity
	yes
	How to define depends on if CA bandwidth classes are used

	
	In-band blocking
	yes
	Blocking requirements are needed. Are those divided as in-band and out of band can be discussed or is one set of requirements enough and depends on if CA bandwidth classes are sued

	
	Out-of-band blocking
	yes
	Blocking requirements are needed. Are those divided as in-band and out of band can be discussed or is one set of requirements enough and depends on if CA bandwidth classes are sued

	
	Narrow band blocking
	maybe
	Needs discussion if needed in 6G

	
	Spurious response
	yes
	Could be combined with blocking requirement

	
	Wide band Intermodulation
	yes
	Similarly, as in NR

	
	Spurious emissions
	yes
	Similarly, as in NR

	
	Power imbalance for CA
	yes
	Part of 6G specifications from the beginning



2.2.2	Operating bands for CA
Is a useful tool to have as conditions or restrictions can be added for a band combination level instead of CA configuration level.
2.2.3		CA bandwidth classes
Was useful and usable in LTE, was needed in NR but it turned out that due to many reasons in the end far too many CA bandwidth classes had to be defined due to limitation on UE and BS hardware capabilities. This led to long tables of CA configurations. Especially bad the situation is in 38.101-2 as spectrum blocks are wide, for example 800 MHz or 1600 MHz but CA configurations must be specified with 100 MHz carriers. This leads to long list of necessary fallbacks that must be captured into specifications.
Would be good if simpler solution is established for capturing requirements for individual CA configurations.
2.2.4 	Bandwidth combination set
Bandwidth combination set were introduced in REL10 for LTE due to chipset limitations to support some larger channel bandwidth combinations. It has also been used to limit possible bandwidth combinations in order to reduce testing burden. This may have worked in a beginning but later and especially in NR where new/additional channel bandwidths were introduced also new BCSs had to be introduced. Additionally, due to the concept of fallback band combinations in RAN2, UE has to anyway always support compatible bandwidths in all of its fallback BCs than it does with the parent BC, which makes the process of defining the BCSs in specifications somewhat error-prone. To overcome before mentioned issues a BCS4/5 concept was introduced i.e. if UE signals BCS4 or 5 it supports all bandwidth combinations which are relevant to the bands in question. Note some additional maximum/minimum signalling is associated with BCS4/5.
In 6G no BCSs should be defined, instead UE (minimum/maximum bandwidth) capabilities are signalled to the network.
2.2.5	Maximum output power for CA
Similarly, as for single band operation PC2 should be the baseline per band. No artificial band combination power classes should be introduced, instead power classes apply per band and can be used to the maximum given that SAR is met. Power Class framework should be enhanced at least to enable better clarity/knowledge at the gNB.
2.2.6	MPR/A-MPR/Pcmax/dTib
What was written for single band operation hold also here with an emphasis that MPR and A-MPR needs to be defined better in order not to restrict output power unnecessarily.
2.2.7	REFSENS and dRib
This can be seen as a package. From specification simplicity and UE performance point of view dRib should be avoided. If dRib is not defined, then there is less pressure to tighten the baseline REFSENS. If dRib is allowed then big improvement compared to LTE/NR REFSENS must happen.
2.2.8		REFSENS exception
NR specifications have many different forms of reference sensitivity exceptions which we will call MSD from now on. There are many MSD tables which are in following clauses in 38.101-1: MSD due to UL harmonic interference, MSD due to intermodulation interference due to 2UL CA, MSD due to cross band isolation for CA, Lower-MSD requirements for inter-band CA. There are also some MSDs that need separate relaxation value for higher UE power classes.
Defining MSD is complicated and time consuming. It has also a price tag which is not small as a lot of effort is put into defining MSD number which needs also to be tested. This MSD number is based usually on an allocation that produces worst-case MSD. These allocations are for example 1RB+1RB which are not used in real deployments. For all other allocations UEs perform better than defined MSD, note that also for allocation that is exactly defined for MSD test case UEs will typically perform much better than the requirement. We do not see any value on having this number in the specifications.
2.2.9	Power imbalance for CA
RAN4 has defined non-collocated requirements for some overlapping bands combinations. It is foreseen that this kind of optional capabilities are needed from the start for 6G. By doing it from the beginning confusing signalling extensions can be avoided.
2.3 Multi-RAT interworking
2.3.1	General
It is not known what kind of multi-RAT connectivity options will be standardized for 6G. From RAN4 specifications point of view especially the NSA band combinations have been difficult from various aspects merely because of the huge number of combinations including EN-DC, NE-DC, FR1-FR2 CA. Big number of combinations have created issues and workload because of numerous WIs, avalanche of TRs, request process, block approval process, post meeting process etc. Some NSA combinations are  also technically very challenging (Intraband EN-DC) to define although benefits are highly questionable. Quite many NSA combinations also need tedious MSD work.
We know for a fact that number of NR SA and NSA combinations are counted in tens of thousands at the time of writing. If RAN4 would need to combine all those with new 6G bands that would multiply number of combinations into hundreds of thousands. Not even the ongoing effort for database solution would save RAN4 from stagnation.
In our opinion no NSA RAN4 requirements are needed for 6G.  Current NR requirements including EN-DC apply for NR part in case of NSA with 6G and 6G SA requirements would apply for 6G part but no NR+6G requirements such as MSD, BCS, dTib, dRib etc are defined.
3	Conclusion
In this contribution we have discussed larger future specification structure enhancements for UE RF.
Observation 1: Current way of defining single band operation in terms of what requirements are defined is quite good and no big problems are identified.
Observation 1-1: NR concept for band numbering has proven successful and very usable. This concept means that 3G, 4G, and 5G use same band number if frequency arrangement is same but NR has prefix on “n”. For 6G we could re-use prefix concept and just pic a new letter, for example “s”.
Observation 1-2: At least NR FR1 channel bandwidths need to be specified i.e. 3, 5, 10, 15…90, 95 and 100 MHz, in increments of 5 MHz (with 3MHz being the exception to the rule needed for specific low-bandwidth deployments). What to define beyond 100 MHz needs discussion but for FR1 up to 200 MHz can be foreseen. Additionally, no other table should list channel bandwidths, but reference the only table that contains the definitions.
Observation 1-3: There is clearly an operator need for asymmetric CH BWs based on experience of NR and LTE. This should be made possible in 6G without a need for asymmetric channel bandwidth combination sets.
Observation 1-4: Power class 2 should be the default power class. Support power boosting (beyond the nominal PC class) for low-PAPR waveforms from initial 6G release as native feature.
Observation 1-5: NR MPR concept with inner and outer is quite good although the table listing MPR values gives excessive reduction especially for CP-OFDM. Further work on maximizing output power is deemed necessary for 6G. A-MPR concept is largely inherited from 4G and is not good anymore. It is too complex and still do not maximize the output power, so the A-MPR concept must be enhanced.
Observation 1-6: Very complex in LTE and NR partly because new features/functionalities are added afterwards which breaks the fluent structure of the clause. Improvement needed.
Observation 1-7: Important for modulator impairments. Improvement over NR is necessary, similarly as from LTE to NR.
Observation 1-8: Spectrum emission mask is needed for regulator purposes and ACLR is needed for co-existence. UTRA ACLR should not be defined anymore.
Observation 1-9: This can be seen as a package. From specification simplicity and UE performance point of view dRib should be avoided. If dRib is not defined then there is less pressure to tighten the baseline REFSENS. If dRib is allowed, then big improvement to LTE/NR REFSENS must happen.
Observation 1-10: Discussion should happen if In-band blocking, out-of-band blocking, narrow band blocking and spurious response clauses can be combined into one clause in 6G. 
Observation 2: NR carrier aggregation and dual connectivity requirements are defined in same specifications as single band requirements i.e. 38.101-1 and 38.101-2. This is good arrangement as carrier aggregation clauses refer often to single carrier requirement clauses and dual connectivity clauses refers to carrier aggregation requirement clauses.
Observation 2-1: Operating bands for CA is a useful tool to have as conditions or restrictions can be added for a band combination level instead of CA configuration level.
Observation 2-2: 	CA bandwidth classes: would be good if simpler solution is established for capturing requirements for individual CA configurations.
Observation 2-3: In 6G no BCSs should be defined, instead UE (minimum/maximum bandwidth) capabilities are signalled to the network.
Observation 2-4: Similarly, as for single band operation PC2 should be the baseline per band. No artificial band combination power classes should be introduced, instead power classes apply per band and can be used to the maximum given that SAR is met.
Observation 2-5: MPR/A-MPR/Pcmax/dTib: What was written for single band operation hold also here with an emphasis that MPR and A-MPR needs to be defined better in order not to restrict output power unnecessarily.
Observation 2-6: REFSENS and dRib can be seen as a package. From specification simplicity and UE performance point of view dRib should be avoided. If dRib is not defined, then there is less pressure to tighten the baseline REFSENS. If dRib is allowed, then big improvement compared to LTE/NR REFSENS must happen.
Observation 2-7: Defining MSD is complicated and time consuming. It has also a price tag which is not small as a lot of effort is put into defining MSD number which needs also to be tested. This MSD number is based usually on an allocation that produces worst-case MSD. These allocations are for example 1RB+1RB which are not used in real deployments. For all other allocations UEs perform better than defined MSD, note that also for allocation that is exactly defined for MSD test case UEs will typically perform much better than the requirement. We do not see any value on having this number in the specifications.
Observation 2-8: Power imbalance for CA from non-collocated requirements for some overlapping bands combinations should be defined from the beginning so that confusing signalling extensions can be avoided.
Observation 3: We know for a fact that number of NR SA and NSA combinations are counted in tens of thousands at the time of writing. If RAN4 would need to combine all those with new 6G bands that would multiply number of combinations into hundreds of thousands. Not even the ongoing effort for database solution would save RAN4 from stagnation. In our opinion no NSA RAN4 requirements are needed for 6G. Current NR requirements including EN-DC apply for NR in case of NSA with 6G and 6G SA requirements would be specified but no NR+6G requirements such as MSD, BCS, dTib, dRib etc are defined.
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