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Introduction
This paper discusses the relationship between UE category and the corresponding maximum data rate. It is further discussed exactly how to choose the UE category in a given implementation.
Discussion
UE category is defined by multiple parameters among which Maximum number of DL-SCH transport block bits received within a TTI (Maximum bits per TTI hereafter) determines the maximum data rate of the category.
Maximum bits per TTI are a function of capabilities related to carrier aggregation, MIMO and Modulation order as shown in the table 1. Note that the maximum data rate is achieved only when the system bandwidth of each serving cell is 20 MHz. 
<Table 1>
	Category
	Carrier Aggregation Capability
	MIMO Capability
(number of layers)
	Modulation Order
	Max. Data Rate

	Cat 6 & Cat 7
	1 CC (20 MHz)
	4
	64 QAM
	≈ 300 Mbps

	
	2 CC (40 MHz)
	2 + 2 
	64 QAM
	≈ 300 Mbps

	Cat 9 & Cat 10
	2 CC (40 MHz)
	4 + 2
	64 QAM
	≈ 450 Mbps

	
	3 CC (60 MHz)
	2 + 2 +2 
	64 QAM
	≈ 450 Mbps

	Cat 11 or 12
	2 CC (40 MHz) 
	4 + 4  
	64 QAM
	≈ 600 Mbps

	
	2 CC (40 MHz)
	4 + 2
	256 QAM
	≈ 600 Mbps

	
	3 CC (60 MHz)
	4 + 2 + 2
	64 QAM
	≈ 600 Mbps

	
	4 CC (80 MHz)
	2 + 2 + 2 + 2
	64 QAM
	≈ 600 Mbps

	Cat 13
	1 CC (20 MHz)
	4
	256 QAM
	≈ 400 Mbps

	Cat 15
	2 CC (40 MHz)
	4 + 4
	256 QAM
	≈ 800 Mbps

	
	3 CC (60 MHz)
	4 + 2 + 2
	256 QAM
	≈ 800 Mbps

	
	3 CC (60 MHz)
	4 + 4 + 2
	64 QAM
	≈ 750 Mbps

	
	4 CC (80 MHz)
	2 + 2 + 2 + 2
	256 QAM
	≈ 800 Mbps

	
	4 CC (80 MHz)
	4 + 2 + 2 + 2
	64 QAM
	≈ 750 Mbps

	Cat 16
	3 CC (60 MHz)
	4 +4 + 2
	256 QAM
	≈ 1000 Mbps

	
	4 CC (80 MHz)
	4 +4 + 4 + 2
	64 QAM
	≈ 1050 Mbps

	
	4 CC (80 MHz)
	4 +2 + 2 + 2
	256 QAM
	≈ 1000 Mbps



Total aggregated bandwidth is not always multiple of 20 MHz. Aggregated bandwidth for a CA configuration is the sum of system bandwidth of each serving cell (or component carrier) which could be any of 1.4, 3, 5, 10, 15 and 20 MHz. 36.101 specifies all possible CA configurations up to date, where one can see that almost all possible combinations between 5, 10, 15 and 20 MHz are specified. 
Table 2 shows the possible aggregated bandwidths of each number of component carriers. For simplicity, 1.4 MHz and 3 MHz are not counted.
<Table 2>
	CA configuration
	Possible aggregated bandwidth

	2 CC
	10, 15, 20, 25, 30, 35, 40 MHz

	3 CC
	15, 20, 25, 30, 35, 40, 45, 50, 55, 60 MHz

	4 CC
	20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80 MHz



Even if UE has sufficient MIMO capability (in terms of the number of layers) and CA capability (in terms of the number of CCs), the maximum data rate cannot be achieved if UE is designed for an operator with smaller system bandwidths (i.e. supported band combination does not fulfil the full bandwidth). Then the question is which category such UE shall declare. 
For example, UE capable of aggregating 2 CCs with 2 layers achieves 225 Mbps in the aggregated bandwidth of 30 MHz. The question is whether this UE is category 4 (150 Mbps in 20 MHz) or category 6 (300 Mbps in 40 MHz). This issue was discussed in RAN2 #77 where the consensus made that UE shall not declare lower category only because it cannot achieve the target data rate due to limitation of the aggregated bandwidth. A CR clarifying it with the following note was agreed at RAN2 #77 [1].
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.
Cat 6 UE and Cat 7 UE can be characterized as capable of either [1 CC, 4 layers, 64 QAM] or [2 CC, 2 layers, 64 QAM]. The actual max data rate per aggregated bandwidth are varying between 75 ~ 300 Mbps as listed in table 3.
<Table 3>
	Category 6 or Category 7

	[1 CC, 4 layers, 64 QAM]
	[2 CC, 2 layers, 64 QAM]

	Aggregated BW
	Max data rate
	Aggregated BW
	Max data rate

	5 MHz
	75 Mbps
	10 (5 + 5) MHz 
	75 Mbps

	10 MHz
	150 Mbps
	15 (10 + 5) MHz
	112.5 Mbps

	15 MHz
	225 Mbps
	20 (10 + 10,…) MHz
	150 Mbps

	20 MHz
	300 Mbps
	25 (15 + 10,…) MHz
	187.5 Mbps

	
	
	30 (15 + 15,…) MHz
	225 Mbps

	
	
	35 (20 + 15) MHz
	262.5 Mbps

	
	
	40 (20 + 20) MHz
	300 Mbps



Cat 9 UE and Cat 10 UE can be characterized as capable of either [2 CC, 4+2 layers, 64 QAM] or [3 CC, 2 layers, 64 QAM]. The actual max data rate per aggregated bandwidth is listed in table 4. The range is from 112.5 Mbps to 450 Mbps.
<Table 4>
	Category 9 or Category 10

	[2 CC, 4 layers + 2 layers, 64 QAM]
	[3 CC, 2 layers, 64 QAM]

	CA configuration
	Max data rate
	Aggregated BW
	Max data rate

	10 (5 + 5) MHz 
	112.5 Mbps
	15 (5 + 5 + 5) MHz
	112.5 Mbps

	15 (10 + 5) MHz
	187.5 Mbps
	20 (10 + 5 + 5) MHz
	150 Mbps

	20 (10 + 10) MHz
	225 Mbps
	25 (10 + 10 + 5,…) MHz
	187.5 Mbps

	25 (15 + 10) MHz
	300 Mbps
	30 (10 + 10 + 10,…) MHz
	225 Mbps

	25 (20 + 5) MHz
	337.5 Mbps
	35 (15 + 10 + 10,…) MHz
	262.5 Mbps

	30 (15 + 15) MHz
	337.5 Mbps
	40 (20 + 10 + 10,…) MHz
	300 Mbps

	30 (20 + 10) MHz
	375Mbps
	45 (15 + 15 + 15,…) MHz
	337.5 Mbps

	40 (20 + 20) MHz
	450 Mbps
	50 (20 + 20 + 10,…) MHz
	375 Mbps

	
	
	55 (20 + 20 + 15) MHz
	412.5 Mbps

	
	
	60 (20 + 20 + 20) MHz
	450 Mbps



Higher categories have more variants of aggregated bandwidths and hence wider spectrum of actual maximum data rates. Coming back to the question, what kind of relationship is desirable between the actual max data rate and UE category? There would be three approaches.
Approach 1: No relationship between actual max data rate and UE category
· It is the current principle. 
· For a UE to declare to be category x, it shall support the target maximum data rate of the category x in at least one of the supported band combination assuming 20 MHz channel bandwidth is supported on all bands (serving cell would be more appropriate term to cover intra-band carrier aggregation)
· UEs with maximum data rate smaller than the superficial data rate of a category can declare the category. For example, 75 Mbps UE can declare category 6 or 7 if it supports 2 CCs with 2 layers or 1 CC with 4 layers. 
The drawback of the approach 1 is, due to variety of possible aggregated bandwidths, a category may not indicate the maximum data rate the UE can achieve.  
Approach 2: Tightly linking actual data rate and UE category
· If we go for this approach, there will be one to one correspondence between the maximum data rate the UE can achieve and the data rate mapped with the category
· It is not in line with the current specification and TS 36.306 should be updated. How to achieve the backward compatibility will be one issue.   
· For a UE to declare category x, it shall support the target maximum data rate of the category x in at least one of the supported band combinations with the actual aggregated bandwidth.
· If the actual maximum data rate of the UE is lower than category n but higher than category [n-1], then UE shall declare its category as category [n-1] (i.e. downgraded category) 
The drawback of the approach 2 is, due to variety of possible aggregated bandwidths, considerable portion of UEs shall downgrade its category only because of its limitation on aggregated bandwidth.
Approach 3: Defining lower bound of actual data rate per category that shall be achieved regardless of limitation in aggregated BW
· If we go for this approach, category could provide, to some extent, the information regarding the maximum data that the user can expect.
· It is not in line with the current specification and TS 36.306 should be updated. How to achieve the backward compatibility will be one issue.   
· The question is how to define the lower bound. One straightforward way would be to use the maximum data rate of the immediate lower category (e.g. the lower bound of the max data rate of category x is the upper bound of the max data rate of category x+1) as the lower bound. Table 5 shows the upper bound and lower bound of each category
<Table 5>
	
	Lower bound
	Upper bound

	…
	…
	…

	Category 4
	100 Mbps
	150 Mbps

	Category 6 & 7
	150 Mbps
	300 Mbps

	Category 13
	300 Mbps
	400 Mbps

	Category 9 & 10
	400 Mbps
	450 Mbps

	Category 11 & 12
	450 Mbps
	600 Mbps

	Category 15
	600 Mbps
	750 ~ 800 Mbps

	Category 16
	750 ~ 800 Mbps
	950 ~ 1050 Mbps

	Category 8
	
	3000 Mbps

	Category 16
	
	4000 Mbps


· If the actual maximum data rate of the UE is higher than the lower bound of a certain category x, UE shall declare category x 
To go for the approach 3 lower bound should be defined for each category, which would be artificial and a difficult task. Also, lower bound of a certain category may change in the future due to new category.
Linking the maximum data rate with the UE category has been a nice idea for the legacy system where the bandwidth is fixed. It is no more applicable in LTE system where flexible bandwidth was adopted from the beginning. It is already observed in some countries that UE category and its data rate are advertised separately (i.e. Cat 6 UE with maximum data rate of 225 Mbps). 
Even though approach 1 breaks the one to one correspondence (which hasn’t been existing in LTE) between the maximum data rate and the category, we don’t see any other feasible approach.
Proposal 1: It is proposed to keep the current principle (i.e. to go for approach 1). 
Then the next question is exactly how UE category is determined. As shown in the table 1, each category has corresponding combination of [number of CCs, number of MIMO layers, highest modulation order], which can be used for criteria in declaring UE category. For example, if a UE supports aggregation of 3 CCs and 64 QAM and 4 layers on each CC, it can declare itself as category 11 (or 12) regardless of the actual maximum data rate (and aggregated bandwidth) it supports. 
Proposal 2: It is proposed to declare UE category based on the CA capability, MIMO capability of each CC and highest modulation order of each CC. 
To avoid any ambiguity between implementations, it would be nice to capture the possible combinations per category in the informative annex of TS 36.306. The table is non-exhaustive and can be updated based on the need in the future. Note that the table does not need to list non-CA categories.
Example of such table is shown in table 6. 
<Table 6>
	Category
	# of CCs
	Max # of supported layers of each CC
	Highest modulation order of each CC

	Category 6 & Category 7
	1  
	4
	64

	
	2  
	2, 2 
	64, 64

	Category 8
	5
	8
	64, 64, 64, 64, 64

	Category 9 & Category 10
	2
	4, 2
	64, 64

	
	3 
	2, 2,  
	64, 64, 64

	Category 11 & Category 12
	2 
	4, 4  
	64, 64

	
	2 
	4, 2
	256, 256

	
	3 
	4, 2, 2
	64, 64, 64

	
	3
	2, 2, 2
	256, 256 

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

	Category 13
	1 
	4
	256

	Category 14
	5
	8, 8, 8, 8, 8
	256, 256, 256, 256, 256

	Category 15
	2 
	4, 4
	256, 256

	
	3 
	4, 4, 2
	64, 64, 64

	
	3 
	4, 4, 2
	64, 64, 256

	
	3 
	4, 2, 2
	256, 256, 256

	
	4 
	2, 2, 2, 2
	256, 256, 256, 256

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

	
	4
	4, 2, 2, 2
	64, 256, 64, 64

	
	5
	2, 2, 2, 2, 2
	64, 64, 64, 64, 64

	
	5
	2, 2, 2, 2, 2
	256, 64, 64, 64, 64

	Category 16
	3
	4, 4, 2
	256, 256, 256

	
	3
	4, 4, 4
	256, 64, 64

	
	4
	4, 4, 2, 2
	256, 64, 64, 64

	
	4
	4, 2, 2, 2
	256, 256, 256, 256

	
	5
	4, 2, 2, 2, 2
	256, 64, 64, 64, 64

	
	4
	4, 4, 2, 2
	64, 64, 256, 256

	
	5
	4, 2, 2, 2, 2
	64, 256, 256, 64, 64

	
	5
	2, 2, 2, 2, 2
	256, 256, 256, 256, 256

	
	4
	4, 4, 2, 2
	256, 64, 256, 64

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

	
	5
	4, 4, 2, 2, 2
	64, 64, 64, 64, 64



Conclusion
In the current specification, the maximum data rate (and processing requirement) of a UE category is achieved only when 20 MHz channel bandwidth is supported on all bands. It effectively makes impossible to link the category and maximum data rate. 
RAN2 is requested to confirm above understanding.
[bookmark: _GoBack]Proposal 1: It is proposed to keep the current principle that the actual maximum data rate of category x UE is not always equal to the maximum data rate delivered from the processing requirement of category x. 
With introduction of more and more categories, it may not be easy for a certain UE implementation to determine its category since maximum data rate does not tell the category. To give the clear guideline for UE implementations on how to declare the category;
Proposal 2: It is proposed to declare UE category based on the CA capability, MIMO capability of each CC and highest modulation order of each CC. 
To capture the proposal 2 in the specification, table listing the legitimate combinations could be defined in the TS 36.300. 
	Category
	# of CCs
	Max # of supported layers of each CC
	Highest modulation order of each CC

	…
	…
	…
	…

	Category n
	1  
	Max number of layers of the 1st CC
	Highest Modulation Order of the 1st CC 

	
	2
	Max number of layers of the 1st CC,
Max number of layers of the 2nd CC
	Highest Modulation Order of the 1st CC
Highest Modulation Order of the 2nd CC

	
	…
	…
	…

	Category m
	…
	…
	…
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