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Introduction
Last RAN meeting and RAN2 meeting, 256QAM in the lower categories was proposed [1] with following two motivations. 
· To meet the target data rate in the fragmented spectrum
· To allow more flexible UE implementation (e.g. lower baseband processing power than the max data rate of the radio configuration)
This contribution discusses validity of above two motivations to facilitate RAN discussion with the full picture taken into account.
Discussion
Recap of the current specification w.r.t fragmented spectrum
UE category is defined by multiple parameters among which Maximum number of DL-SCH transport block bits received within a TTI (max bits per TTI hereafter) determines the maximum data rate of the category.
Max bits per TTI are a function of capabilities like carrier aggregation capability, MIMO capability and Modulation order that are basically per band combination parameters. 
In general, a UE have multiple supportedBandCombination, each of which has different CA and MIMO capability hence different max bit per TTI. The current specification requires that at least one band combination shall meet the max bit per TTI as below.
<Table 1>
	The carrier aggregation and MIMO capabilities indicated for at least one band combination together with modulation scheme shall meet the processing requirements defined by the physical layer parameter values in the UE category (i.e., maximum number of DL-SCH/UL-SCH transport block bits received/transmitted within a TTI, maximum number of bits of a DL-SCH/UL-SCH transport block received/transmitted within a TTI, and total number of soft channel bits for downlink).



Observation 1: According to the current specification, UE shall meet the maximum data rate of its category in at least one supported band combination 
Hereafter the supported band combination meeting the maximum data rate is denoted as reference band combination.
The max bit per TTI is calculated based on the assumption that the system bandwidth of all component carriers of the reference band combination is 20 MHz. It is however not always true due to different spectrum allocation of each operator For example, the reference band combination of certain early CA UE was (20 + 10) MHz. Then even if the MIMO capability and CA capability (in terms of the number of component carriers) are sufficient for category 6 the actual maximum data rate (225 Mbps) is lower than the target maximum data rate of the category (300 Mbps). 
This issue has been discussed during RAN2#77 which made consensus on the principle that whether UE meet the max data rate or not is determined by the max data rate achieved when system bandwidths are 20 MHz. A CR is agreed [2] with adding the following note in 36.306. The intention of the CR is clearly indicated in the Reason for change of the CR.
<Table 2>
	NOTE:      For the purposes of determining whether the carrier aggregation and MIMO capabilities indicated for a band combination meets the processing requirements defined by the physical layer parameter values in the UE category as described above, the carrier aggregation and MIMO capabilities indicated for a band combination is considered to meet the processing requirements if the UE support the maximum processing requirements defined by the UE category assuming 20MHz channel bandwidth is supported on all bands.



Observation 2: According to the current specification, UE not meeting the maximum data rate of its category due to fragmented spectrum problem (i.e. full bandwidth is not provided in the reference band combination) still declare the category if the maximum data rate were reached with 20 MHz per component carrier.
The principle relying on ‘20MHz per CC’ implies that UE category is about what it can do when sufficient radio resource is provided. It is logical because UE category should not be about something affected by deployment scenarios but about UE implementation itself.
There are 3 different aspects in UE category; baseband capability, radio capability and observable maximum data rate. Former two determines the target maximum data rate (i.e. what UE can do if sufficient radio resource is provided). Observable maximum data rate is varying depending on the deployment scenario as seen in table 3 and table 4. 
E-UTRA carrier aggregation configuration and corresponding maximum aggregated bandwidth in the tables are captured from the Table 5.6A.1-1, Table 5.6A.1-2, Table 5.6A.1-2a, Table 5.6A.1-2b and Table 5.6A.1-3 [3].
<Table 3> Actual maximum data rates for 2 CC CA deployments 
	Maximum aggregated 
Bandwidth
	E-UTRA CA configuration
	Actual maximum data rate (Mbps)

	
	
	Radio configuration 1:
2x[2, 64] ** 
	Radio configuration 2:
2x[2, 256]
	Radio configuration 3:
2x[4, 64] 
	Radio configuration 4:
[4,256]+[2,256]

	40 (20, 20)*
	1C, … Set 1
	300
	400
	600
	600

	35 (20, 15)
	39C, …Set 2
	262.5
	350
	525
	550

	30 (20, 10)
	1A-5A, … Set 3
	225
	300
	450
	500

	30 (15, 15)
	
	225
	300
	450
	450

	25 (20, 5)
	3A-31A, … Set 4
	187.5
	250
	375
	450

	25 (15, 10)
	
	187.5
	250
	375
	400

	20 (10, 10)
	7B, … Set 5
	150
	200
	300
	300

	20 (15, 5)
	
	150
	200
	300
	350

	15 (10, 5)
	12B
	112.5
	150
	225
	250

	13 (10, 3)
	27B
	97.5
	130
	195
	230

	UE category according to the current specification
	Category 6/7
	Category 13
	Category 11/12
	Category 11/12


* (n, m) denotes the 2CC CA with each of bandwidth being n and m MHz
** k x [l, m] + o x [p, q] denotes the radio configuration where k component carriers with l layers and m QAM and o component carriers with p layers and q QAM are configured  
Set 1: 1C, 2C, 3C, 7C, 7C,7C, 38C, 40C, 41C, 42C, 1A-3A, 1A-7A, 1A-20A, 1A-28A, 1A-40A, 1A-41A, 1A-42A, 2A-4A, 2A-28A, 3A-7A, 3A-20A, 3A-28A, 3A-38A, 3A-40A, 3A-42A, 4A-28A, 7A-20A, 7A-22A, 7A-28A, 7A-40A, 20A-42A, 25A-41A, 38A-40A, 39A-41A, 41A-42A
Set 2: 39C, 1A-18A, 1A-19A, 1A-21A, 1A-26A, 3A-19A, 3A-26A, 7A-28A, 19A-42A, 21A-42A, 25A-26A, 26A-41A
Set 3: 1A-5A, 1A-8A, 1A-11A, 2A-5A, 2A-12A, 2A-13A, 2A-29A, 2A-30A, 3A-5A, 3A-8A, 3A-20A, 3A-27A, 4A-5A, 4A-7A, 4A-12A, 4A-13A, 4A-27A, 4A-29A, 4A-30A, 5A-7A, 5A-25A, 5A-40A, 7A-8A, 7A-12A, 7A-20A, 8A-40A, 8A-41A, 12A-25A, 19A-21A, 20A-2A, 23A-29A
Set 4: 3A-31A, 11A-18A, 18A-28A, 19A-28A, 20A-31A
Set 5: 7B, 23B, 1A-5A, 1A-8A, 1A-18A, 1A-26A, 1A-28A, 2A-4A, 2A-5A, 2A-12A, 2A-13A, 2A-17A, 2A-29A, 3A-5A, 3A-8A, 3A-26A, 4A-5A, 4A-12A, 4A-12A, 4A-13A, 4A-17A, 4A-29A, 5A-12A, 5A-13A, 5A-17A, 5A-29A, 5A-30A, 8A-11A, 8A-20A, 12A-30A, 23A-29A, 25A-26A, 29A-30A
When all component carriers are 20 MHz (cases in the first row of the table), observable maximum data rate and target maximum data rate are same. Otherwise, they are different. Since UE category is not deployment scenario dependent, it is logical to separate the observable maximum data rate and the UE category. With the ‘20 MHz per CC’ principle, all the cases in the first column are category 6/7, in the second column category 13, in the third and fourth column category.
<Table 4> Actual maximum data rates for 3 CC CA deployments 
	Maximum aggregated 
bandwidth
	E-UTRA CA configuration
	Actual maximum data rate (Mbps)

	
	
	Radio configuration 5:
3x[2,64]  
	Radio configuration 6:
3x[2,256]
	Radio configuration 7:
[4,64]+2x[2, 64] 
	Radio configuration 8:
2x[4, 64]+[2, 64]

	60 (20,20,20)
	Set 6
	450
	600
	600
	750

	55 (20,20,15)
	Set 7
	412.5
	550
	562.5
	712.5

	50 (20,20,10)
	Set 8
	375
	500
	525
	675

	50 (20,15,15) 
	
	375
	500
	525
	637.5

	45 (20,20,5)
	1A-18A-28A, 1A-19A-28A
	337.5
	450
	487.5
	637.5

	45 (20,15,10)
	
	337.5
	450
	487.5
	600

	45 (15,15,15)
	
	337.5
	450
	450
	562.5

	40 (20,10,10)
	Set 9
	300
	400
	450
	525

	40 (20,15,5)
	
	300
	400
	450
	562.5

	40 (15,15,10)
	
	300
	400
	412.5
	525

	35 (20,10,5) 
	2A-12B, 
4A-12B
	262.5
	350
	412.5
	487.5

	35 (15,15,5)
	
	262.5
	350
	375
	487.5

	35 (15,10,10)
	
	262.5
	350
	375
	450

	UE category according to the current specification
	UE category 9/10
	Category 11/12
	Category 11/12
	Categor77y 15


Set 6: 40D, 41D, 42D, 1A-3C, 1A-41C, 1A-42C, 2A-2A-4A, 2A-4A-4A, 3A-7C, 3C-7A, 3A-40C, 3A-42C, 7C-28A, 7A-40C, 20A-42A-42A, 25A-41C, 38A-40A-40A, 38A-40C, 39A-41C, 41A-42C, 1A-3A-20A, 1A-3A-28A, 1A-3A-42A, 3A-7A-20A, 3A-7A-28A
Set 7: 19A-42C, 21A-42C, 26A-41C, 39C-41A, 1A-3A-19A, 1A-7A-28A, 1A-19A-42A, 1A-21A-42A, 3A-19A-42A 
Set 8: 2A-2A-5A, 2C-5A, 2A-2A-12A, 2C-12A, 2A-2A-13A, 2C-29A, 2C-30A, 3C-5A, 3A-3A-8A, 4A-4A-5A, 4A-4A-12A, 4A-4A-13A, 8A-41C, 1A-3A-5A, 1A-3A-8A, 1A-3A-26A, 1A-5A-7A, 1A-7A-20A, 1A-19A-21A, 2A-4A-5A, 2A-4A-12A, 2A-4A-13A, 2A-4A-29A, 2A-4A-30A, 3A-7A-8A, 3A-8A-40A, 19A-21A-42A 
Set 9: 3A-7B, 3A-3A-8A, 4A-4A-7A, 7B-28A, 1A-3A-5A, 1A-3A-8A, 1A-5A-7A, 1A-8A-11A, 1A-18A-28A, 2A-5A-12A, 2A-5A-13A, 2A-5A-29A, 2A-5A-30A, 2A-12A-30A, 2A-29A-30A, 3A-7A-8A, 4A-5A-12A, 4A-5A-13A, 4A-5A-29A, 4A-5A-30A, 4A-7A-12A, 4A-12A-30A, 4A-29A-30A, 7A-8A-20A
The principle of relying on ‘20 MHz per CC’ unambiguously classifies that the first column belongs to cat 9/10, the second and the third column cat 11/12 and the last column cat 15. So there is no issue with the fragmented spectrum in the current UE category classification.
Observation 3: UE category is not determined by observable maximum data rate
Observation 4:  UE category is about baseband capability and radio capability
Above observations do not mean that UE is allowed to declare a fake category. If UE declares itself category 11, it shall be able to handle 600 Mbps even when its observable maximum data rate is e.g. 450 Mbps due to fragmented spectrum. When larger spectrum is provided in the future or in the visited PLMN, the observable maximum data rate of the UE shall reach to 600 Mbps. 
Discussion on the scenarios in [1] w.r.t lower baseband processing power
One of the acclaimed benefits in supporting 256QAM for lower category is that the target data rate with narrower bandwidth is possible as captured in the table 5.  
<Table 5>
		The support of 256QAM in the existing UE categories offers several benefits particularly for operators’ planning in conjunction with available spectrum. It is worthwhile noting that the assigned spectrums for the operators may not have a shape in the unit of 20MHz. In general, the operators need a tool to overcome such fragmented spectrum allocated in order to provide the best service for the customer. By using 256QAM, the target maximum data rate associated with UE category can be achieved by using 25% less aount of spectrum. 1More specifically, the target maximum data rate 450Mbps supported by UE Cat-9/10 in 2x2 MIMO configuration can be provided by aggregating 45MHz of spectrum instead of 60MHz spectrum when 256QAM is not supported, which can provide more flexible deployment scenarios for operators. For 2x2 MIMO and 256QAM on all CCs, the possible bandwidth combinations resulting into 45MHz aggregated bandwidth are {20,20,5}, {20,15,10}, {15,15,15}, {20,10,10,5}, {20,15,5,5}, {15,15,10,5}, to name a few. If 256QAM in such bandwidth combinations are not supported, the maximum data rate that would be limited to approximately 337Mbps instead of possible 450Mbps if 256QAM is supported.


But as discussed above, it is not a valid motivation. Category is determined by ‘20MHz per CC’ principle; it is not determined by observable maximum data rate in a given deployment scenario. If a UE achieves 450 Mbps in 45MHz bandwidth with 3CCs and 256QAM, the UE is just category 11/12 provided that its baseband processing power meets 600 Mbps.
Observation 5: The support of 256QAM in the existing UE categories does not provide benefit for operator’s planning in conjunction with available spectrum. 
Observation 6: The operators unable to provide the target maximum data rate of a category due to insufficient spectrum are allow to use the category because observable maximum data rate and UE category are independent.   
The second motivation, as shown in the table 6, is to allow the implementation to provision the baseband processing power lower than the maximum data rate its radio capability can provide.
<Table 6>
	if an UE has the baseband processing capability designed for 450Mbps and supports up to 3CCs + 2x2 MIMO + 256QAM, the UE will have to choose to report either UE Cat-9/10 (450Mbps) or UE DL Cat-13 (400Mbps) without knowing the network capabilities. 
Scenario 1: The deployment scenario is 2CCs + 2x2 MIMO + 256QAM (400Mbps), there are two cases:
· Case 1a: If UE reports UE Cat-9/10, the achievable data rate will be 300Mbps since the current Cat-9/10 cannot support 256QAM.
· Case 1b: If UE reports UE DL Cat-13, the achievable data rate will be 400Mbps according to the achievable data rate for DL Cat-13.
Scenario 2: The deployment scenario is 3CCs + 2x2 MIMO + 64QAM (450Mbps), there are two cases:
· Case 2a: If UE reports UE Cat-9/10, the achievable data rate will be 450Mbps.
· Case 2b: If UE reports UE DL Cat-13, the achievable data rate will be 300Mbps since the network 47does not support 256QAM. 




In radio perspective, UE supporting 3 CC + 2x2 MIMO + 256QAM is category 11/12. If such UE supports 600 Mbps baseband processing power as normal category 11/12 UE there is no problem; UE just report category 11/12 and UE can get the maximum data rate in whatever deployment scenarios. 
If 256QAM is allowed for 450 Mbps baseband capable UE, baseband capability and radio capability are not same anymore. So far, as least for CA categories (i.e. cat 6 ~ 16), radio capability (CA capability, MIMO capability and modulation order) is same as baseband capability as in table 7.
<Table 7> 
	Category
	Baseband
	Radio

	
	Baseband processing power
	Possible radio configurations
	Maximum data rate of the radio configuration

	
	
	Max. # of CCs
	Max # of supported layers of each CC
	Highest modulation order of each CC
	

	6/7
	301504 bit per TTI
	1  
	4
	64
	≈ 300 Mbps

	
	
	2  
	2, 2 
	64, 64
	

	9/10
	452256 bit per TTI
	2
	4, 2
	64, 64
	≈ 450 Mbps

	
	
	3 
	2, 2,2  
	64, 64, 64
	

	11/12
	603008 bit per TTI
	2 
	4, 4  
	64, 64
	≈ 600 Mbps

	
	
	2 
	4, 2
	256, 256
	

	
	
	3 
	4, 2, 2
	64, 64, 64
	

	
	
	3
	2, 2, 2
	256, 256,256 
	

	
	
	4 
	2, 2, 2, 2
	64, 64, 64, 64
	

	13
	391632 bit per TTI
	1 
	4
	256
	≈ 400 Mbps

	
	
	2
	2
	256
	


Observation 7: For CA UE categories, the baseband processing power and the maximum data rate of the radio configuration are same 
By allowing 256QAM for category 9/10, radio configurations of category 9/10 are extended as below (one can put it as combination of category 9/10 baseband and category 11/12 radio).
<Table 7> 
	Category
	Baseband
	Radio

	
	Baseband processing power
	Possible radio configurations
	Maximum data rate of the radio configuration

	
	
	Max. # of CCs
	Max # of supported layers of each CC
	Highest modulation order of each CC
	

	9/10

	452256 bit per TTI
	2
	4, 2
	64, 64
	≈ 450 Mbps

	
	
	3 
	2, 2,2  
	64, 64, 64
	

	
	
	2 
	4, 4  
	64, 64
	≈ 600 Mbps

	
	
	2 
	4, 2
	256, 256
	

	
	
	3 
	4, 2, 2
	64, 64, 64
	

	
	
	3
	2, 2, 2
	256, 256,256 
	

	
	
	4 
	2, 2, 2, 2
	64, 64, 64, 64
	


Observation 8:  If 256QAM is allowed for category 10 and lower categories, baseband processing power becomes lower than the maximum data rate of the radio configuration  
Figure 1 depicts the cases possible in the current category definition and those to be possible if 256QAM allowed in the lower categories.


Figure 1 implication of allowing 256QAM in the lower categories
Conclusion
Regarding UE categories, following observations are made.
Observation 1: According to the current specification, UE shall meet the maximum data rate of its category in at least one supported band combination
Observation 2: According to the current specification, UE not meeting the maximum data rate of its category due to fragmented spectrum problem (i.e. full bandwidth is not provided in the reference band combination) still declare the category if the maximum data rate were reached with 20 MHz per component carrier.
Observation 3: UE category is not determined by observable maximum data rate
Observation 4:  UE category is about baseband capability and radio capability of the UE
Regarding UE categories and fragmented spectrums, following observations are made.
Observation 5: The support of 256QAM in the existing UE categories does not provide benefit for operator’s planning in conjunction with available spectrum. 
Observation 6: The operators unable to provide the target maximum data rate of a category due to insufficient spectrum are allow to use the category because observable maximum data rate and UE category are independent.   
Regarding UE categories with lower baseband processing power, following observations are made.
Observation 7: For CA UE categories, the baseband processing power and the maximum data rate of the radio configuration are same 
Observation 8:  If 256QAM is supported for category 10 and lower categories, baseband processing power becomes lower than the maximum data rate of the radio configuration  
Table below summarizes the pros and cons of such UE category (baseband processing power < maximum data rate of the radio configuration)
	Pros
	Cons

	Cheaper modem chip (by downgrading baseband processing power)*
	Market fragmentation (the variants of UE implementations would increase)
eNB scheduling complexity (ENB shall put scheduling constraints for such UEs to not schedule them with full bandwidth) 


* The cost-down from having less baseband processing power is marginal comparing to that of radio part (e.g. number of RF paths). 
Based on the observations, followings are proposed.
Proposal 1: RAN is requested to confirm that UE category is not determined by observable maximum data rate.
Proposal 2: RAN is requested to confirm that UE category is determined by baseband capability (e.g. Maximum number of DL-SCH transport block bits received within a TTI) and radio capability (e.g. CA capability, MIMO capability and the highest modulation order).
Proposal 3: RAN is requested to discuss whether UE implementation with lower baseband processing power than its radio capability should be allowed in 3GPP. 
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[1]		R2-156199	Support of 256QAM for UE categories 10 and below		Intel
[bookmark: _GoBack][2]	R2-121005	Clarification on physical layer parameter values requirement	Samsung, NTT DOCOMO, INC., Qualcomm Incorporated
[3]		TS 36.101	User Equipment (UE) radio transmission and reception
Page 7
image1.emf
Radio Capability = e.g.600 Mbps

(e.g. # of RF paths)

Baseband Capability = e.g. 600 Mbps

(BB processing power, soft channel bits)

Observable maximum data rate = e.g. 600 

Mbps

Case 1) Full spectrum

(current specification)

Radio Capability = e.g. 600 Mbps

Baseband Capability = e.g. 600 Mbps

Observable maximum data rate

Case 2) Fragmented spectrum

(current specification)

Observable maximum data rate

Case 3) Full spectrum

(256QAM in lower categories)

Case 4) Fragmented spectrum

(256QAM in lower categories)

Radio Capability & Baseband capability are UE internal implementation 

determining target maximum data rate.

Observable  maximum data rate is spectrum dependent.

Radio Capability = e.g. 600 Mbps

Baseband Capability = e.g. 450 Mbps

Radio Capability = e.g. 600 Mbps

Baseband Capability = e.g. 450 Mbps

Observable maximum data rate

Observable max data rate = radio capability = 

BB capability

Observable max data rate < radio capability = 

BB capability;  limited by bandwidth

Observable max data rate = BB capability < 

radio capability; limited by BB capability

Observable max data rate < BB capability < 

radio capability; limited by bandwidth


oleObject1.bin
Radio Capability = e.g.600 Mbps
(e.g. # of RF paths)


Baseband Capability = e.g. 600 Mbps
(BB processing power, soft channel bits)


Observable maximum data rate = e.g. 600 Mbps


Case 1) Full spectrum
(current specification)


Radio Capability = e.g. 600 Mbps


Baseband Capability = e.g. 600 Mbps


Observable maximum data rate


Case 2) Fragmented spectrum
(current specification)


Observable max data rate < radio capability = BB capability;  limited by bandwidth



