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Introduction
There have been discussions in RAN2 and in RAN plenary on the need for UE categories. At the RAN2-AH2 meeting it was agreed that an “NR UE Category is supported and at least associated with a peak data rate”.
In this paper, we discuss additional aspects of the NR category design as well as the need for additional UE categories applicable for EN-DC.
[bookmark: _Ref178064866]Discussion
[bookmark: _Toc485108183][bookmark: _Toc485202884][bookmark: _Ref490251956]UE Category for NR
In LTE Rel-8 the “UE categories” grouped several “capabilities” such as the data rate (number of bits per transport block, number of bits per subframe) for UL and DL, the size of downlink soft-buffer, the L2 buffer size, the UL modulation schemes and the number of supported DL MIMO layers.
[bookmark: _Toc485108184][bookmark: _Toc485202885]In Rel-8 all UEs (from Cat-1 upwards) were required to support all carrier bandwidths up to and including 20 MHz. This would have allowed determining the achievable L1 data rate from the other parameter (MIMO layer, modulation). However, some UEs categories (e.g. Cat. 1, 2, 3) support a L1 data rate that is lower than the 20 MHz carrier offers with the MIMO layers and modulation scheme such UEs shall support:
	Category 1
	10296
	10296
	250368
	1

	Category 2
	51024
	51024
	1237248
	2

	Category 3
	102048
	75376
	1237248
	2



[bookmark: _Toc485108186][bookmark: _Toc485202887]For other categories (e.g. Cat. 4, 6, 7, …) the indicated L1 data rate corresponds to the data rate achievable on a 20 MHz carrier with the MIMO layers and modulation scheme such UEs shall support:
	Category 4
	150752
	75376
	1827072
	2

	Category 5
	299552
	149776
	3667200
	4

	Category 6
	301504
	149776 (4 layers, 64QAM)
75376 (2 layers, 64QAM)
	3654144
	2 or 4

	Category 7
	301504
	149776 (4 layers, 64QAM)
75376 (2 layers, 64QAM)
	3654144
	2 or 4



Some UE categories were designed specifically to match the data rate achievable on a certain number of aggregated 20 MHz carriers, typical number of MIMO layers and certain modulation schemes:
	Category 9
	452256
	149776 (4 layers, 64QAM)
75376 (2 layers, 64QAM)
	5481216
	2 or 4

	Category 10
	452256
	149776 (4 layers, 64QAM)
75376 (2 layers, 64QAM)
	5481216
	2 or 4



	Category 11
	603008
	149776 (4 layers, 64QAM)
195816 (4 layers, 256QAM)
75376 (2 layers, 64QAM)
97896 (2 layers, 256QAM)
	7308288
	2 or 4

	Category 12
	603008
	149776 (4 layers, 64QAM)
195816 (4 layers, 256QAM)
75376 (2 layers, 64QAM)
97896 (2 layers, 256QAM)
	7308288
	2 or 4



With the introduction of carrier aggregation, UEs could not only achieve higher data rates by increasing the number of MIMO layers on a certain carrier but also by increasing the number of serving carriers. Hence, a UE could reach a DL data rate of 300 MBps either by supporting 4-layer MIMO on a 20 MHz carrier or by supporting 2 layer MIMO on two carriers. This made it difficult to specify the number of MIMO layers in the category table and led to the unclear notation of “2 or 4”. But since the network needs to know whether the UE supports 2 or 4 MIMO layers, it was agreed to introduce also an explicit capability bit by which the UE may indicate that it supports more MIMO layers than its category requires. 
[bookmark: _Toc485108188][bookmark: _Toc485202889][bookmark: _Toc485384846][bookmark: _Toc485384870][bookmark: _Toc485384908][bookmark: _Toc485403609][bookmark: _Toc485403889][bookmark: _Toc485404029][bookmark: _Toc485404041][bookmark: _Toc485424240][bookmark: _Toc490146249][bookmark: _Toc490252012]Since Rel-10 the UE indicates the number of supported MIMO layers explicitly in the UE capabilities
The situation was complicated further with the introduction of 256 QAM for which also a new capability bit was introduced. Nevertheless, 3GPP agreed also to introduce new categories to make better use of the new modulation scheme.
[bookmark: _Toc485108189][bookmark: _Toc485202890][bookmark: _Toc485384847][bookmark: _Toc485384871][bookmark: _Toc485384909][bookmark: _Toc485403610][bookmark: _Toc485403890][bookmark: _Toc485404030][bookmark: _Toc485404042][bookmark: _Toc485424241][bookmark: _Toc490146250][bookmark: _Toc490252013]Since Rel-12 the UE indicates the supported modulation scheme (256 QAM) explicitly in UE capabilities. 
Considering the problems, discussions and confusion that the duplication of MIMO and modulation capabilities both in the category table as well as in separate capability IEs caused, we propose the following simplification. 
[bookmark: _Toc485402990][bookmark: _Toc485403602][bookmark: _Toc485403643][bookmark: _Toc485403894][bookmark: _Toc485404034][bookmark: _Toc485404046][bookmark: _Toc485424245][bookmark: _Toc485424252][bookmark: _Toc490146252][bookmark: _Toc485108193][bookmark: _Toc485202894][bookmark: _Ref485383943][bookmark: _Toc485384851][bookmark: _Toc485384875][bookmark: _Toc485384913][bookmark: _Toc485387513][bookmark: _Toc490252015]In NR, the number of supported MIMO layers is signalled as explicit capability (possibly per band) and not part of a UE category.
[bookmark: _Toc485402991][bookmark: _Toc485424246][bookmark: _Toc485424253][bookmark: _Toc490146253][bookmark: _Toc485403603][bookmark: _Toc485403644][bookmark: _Toc485403895][bookmark: _Toc485404035][bookmark: _Toc485404047][bookmark: _Toc490252016]In NR, the modulation schemes are signalled as explicit UE capability and not part of a UE category. 
RAN2 agreed that an “NR UE Category is supported and at least associated with a peak data rate”. However, the recently introduced categories 15, 16, 18 and 19 reveal that it is difficult to specify a single L1 data rate that matches a larger set of features. Hence, these categories do not specify a single L1 data rate but rather a range:
	DL Category 15
	749856-798800 (Note 3)
	149776 (4 layers, 64QAM)
195816 (4 layers, 256QAM)
75376 (2 layers, 64QAM)
97896 (2 layers, 256QAM)
	9744384
	2 or 4

	DL Category 16
	978960 -1051360 (Note 3)
	149776 (4 layers, 64QAM)
195816 (4 layers, 256QAM)
75376 (2 layers, 64QAM)
97896 (2 layers, 256QAM)
	12789504
	2 or 4

	DL Category 18
	1174752-1206016 (Note 3)
	[299856 (8 layers, 64QAM)
391656 (8 layers, 256QAM)]
149776 (4 layers, 64QAM)
195816 (4 layers, 256QAM)
75376 (2 layers, 64QAM)
97896 (2 layers, 256QAM)
	14616576
	2 or 4 [or 8]

	DL Category 19
	1566336 -1658272 (Note 3)
	[299856 (8 layers, 64QAM)
391656 (8 layers, 256QAM)]
149776 (4 layers, 64QAM)
195816 (4 layers, 256QAM)
75376 (2 layers, 64QAM)
97896 (2 layers, 256QAM)
	19488768
	2 or 4 [or 8]


Table 1: New DL categories specifying a L1 data rate range rather than a single value. 
The “note 3” clarifies what DL L1 data rate a UE indicating any such a category shall support: 
“NOTE 3: The UE indicating category x shall reach the value within the defined range indicated by “Maximum number of DL-SCH transport block bits received within a TTI” of category x. The UE shall determine the required value within the defined range indicated by “Maximum number of DL-SCH transport block bits received within a TTI” of the corresponding category, based on its capabilities (i.e. CA band combination, MIMO, Modulation scheme). If the UE capability of CA band combination, MIMO and modulation scheme supported can exceed the upper limit of the defined range, the UE shall support the maximum value of the defined range indicated by “Maximum number of DL-SCH transport block bits received within a TTI” of the corresponding category.”

An alternative to specifying ranges of data rates and complex conditions would be to specify a category as the number of supported code-blocks per TTI and/or per carrier. A code-block has a maximum size and UEs are likely limited in terms of the number of code-blocks they can store in parallel and process in a TTI. The UE would indicate the total number of code-blocks that it supports for UL and DL. As suggested above (Proposal 1) the UE should also indicate the supported number of carriers, modulations and MIMO layers in separate capabilities. 
Advertising a number of code blocks would also avoid the need to indicate the supported amount of soft-buffer explicitly. Instead, the network could derive it from the number of supported code-blocks. 
[bookmark: _Ref485384406][bookmark: _Toc485384853][bookmark: _Toc485384877][bookmark: _Toc485384915][bookmark: _Toc485387515][bookmark: _Toc485402993][bookmark: _Toc485403605][bookmark: _Toc485403646][bookmark: _Toc485403897][bookmark: _Toc485404037][bookmark: _Toc485404049][bookmark: _Toc485424248][bookmark: _Toc485424255][bookmark: _Toc490146254][bookmark: _Toc490252017]The UEs indicate the total number of supported code blocks separately for UL and DL instead of a L1-bit-rate.
[bookmark: _Toc485402994][bookmark: _Toc485384854][bookmark: _Toc485384878][bookmark: _Toc485384916][bookmark: _Toc485387516][bookmark: _Toc485402995][bookmark: _Toc485403606][bookmark: _Toc485403647][bookmark: _Toc485403898][bookmark: _Toc485404038][bookmark: _Toc485404050][bookmark: _Toc485424249][bookmark: _Toc485424256][bookmark: _Toc490146255][bookmark: _Toc490252018]The NW derives the UE’s amount of supported soft buffer from the total number of supported code blocks in DL (hence, there is no need to specify and signal the soft-buffer size explicitly).
[bookmark: _Toc490146256][bookmark: _Toc485108194][bookmark: _Toc485202895][bookmark: _Toc485384855][bookmark: _Toc485384879][bookmark: _Toc485384917]UE categories for EN-DC
If an EN-DC capable UE reports an LTE category and an NR category, an easy approach would be that the UE supports (the sum of) those two also when configured with EN-DC. This may be appropriate for a UE implementing NR and LTE in two separate modems/basebands. However, it may not fit well to a UE that implements NR and LTE on a tightly integrated hardware. In the latter case, the UE may not be able to reach the LTE performance according to its LTE category nor the NR performance according to its NR category when configured with EN-DC. 
[bookmark: _Ref490145520][bookmark: _Toc490146251][bookmark: _Toc490252014]A UE that implements NR and LTE on a tightly integrated hardware (single baseband) may not able to reach the LTE performance according to its LTE category nor the NR performance according to its NR category when configured with EN-DC. 
[1] and [3] therefore suggested that an EN-DC UE may provide a combined peak LTE+NR category (expressing the total LTE+NR data rate) and two additional LTE- and NR categories that are applicable when configured with EN-DC. [2] also supported the idea that an EN-DC UE may advertise two additional LTE- and NR-categories applicable only for EN-DC operation. But [2] did not see a need for a third category reflecting the aggregate LTE+NR data rate.
With Observation 3 in mind, we tend to agree with [1] and [3] that there may be a need to advertise a total aggregate “category” for EN-DC. We see however less need to advertise also additional per-RAT categories applicable for EN-DC: For an implementation with separate basebands, the separate standalone LTE- and NR categories should suffice also for EN-DC. And for a single-baseband implementation an additional single EN-DC category value in combination with the existing per-RAT categories can be used.
As explained in section 2.1, a category should only express a data rate and not any other capabilities since that would create undesirable dependencies between the RATs and require introducing many new categories in the future. 
Like the per-RAT categories, also the aggregated EN-DC category may be split into an UL- and a DL category.
[bookmark: _Toc490146258][bookmark: _Toc490252019]An EN-DC capable UE advertises an UL- and a DL- EN-DC category by which it advertises its aggregated LTE+NR data rates. In addition to these aggregate EN-DC categories the network also respects the existing (standalone) per-RAT categories.
Conclusion
In section 2 we made the following observations:
Observation 1	Since Rel-10 the UE indicates the number of supported MIMO layers explicitly in the UE capabilities
Observation 2	Since Rel-12 the UE indicates the supported modulation scheme (256 QAM) explicitly in UE capabilities.
Observation 3	A UE that implements NR and LTE on a tightly integrated hardware (single baseband) may not able to reach the LTE performance according to its LTE category nor the NR performance according to its NR category when configured with EN-DC.

Based on the discussion in section 2 we propose the following:
Proposal 1	In NR, the number of supported MIMO layers is signalled as explicit capability (possibly per band) and not part of a UE category.
Proposal 2	In NR, the modulation schemes are signalled as explicit UE capability and not part of a UE category.
Proposal 3	The UEs indicate the total number of supported code blocks separately for UL and DL instead of a L1-bit-rate.
Proposal 4	The NW derives the UE’s amount of supported soft buffer from the total number of supported code blocks in DL (hence, there is no need to specify and signal the soft-buffer size explicitly).
Proposal 5	An EN-DC capable UE advertises an UL- and a DL- EN-DC category by which it advertises its aggregated LTE+NR data rates. In addition to these aggregate EN-DC categories the network also respects the existing (standalone) per-RAT categories.

References
R2-1707453, On UE Category, MediaTek Inc
R2-1706603, UE categories for LTE-NR DC, Nokia, Alcatel-Lucent Shanghai Bell
R2-1707022, UE category for LTE-NR DC, Intel Corporation
	3/5	
