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Introduction
[bookmark: _Hlk525462591]In Rel-17 WI for reduced capability devices [1], UE complexity reduction features are to be specified. One component of complexity reduction is the reduced number of Rx branches –
· Reduced minimum number of Rx branches:
· For frequency bands where a legacy NR UE is required to be equipped with a minimum of 2 Rx antenna ports, the minimum number of Rx branches supported by specification for a RedCap UE is 1. The specification also supports 2 Rx branches for a RedCap UE in these bands.
· For frequency bands where a legacy NR UE (other than 2-Rx vehicular UE) is required to be equipped with a minimum of 4 Rx antenna ports, the minimum number of Rx branches supported by specification for a RedCap UE is 1. The specification also supports 2 Rx branches for a RedCap UE in these bands.
· A means shall be specified by which the gNB can know the number of Rx branches of the UE.
In RAN1#104e, the following agreement was made with respect to this issue –
Agreements:
· For reduced minimum number of Rx branches in FR1 and FR2 frequency bands where a legacy NR UE is required to be equipped with a minimum of 2 Rx antenna ports:
· FFS: need for solutions to reduced PDCCH blocking
· FFS: need for reporting of UE antenna related information to gNB (e.g., # of panels, polarization, etc.)
· Information related to the reduction of the number of antenna branches is assumed to be known at the gNB (either implicitly or explicitly, to be FFS)
In addition, further agreements related to the use of MCS and CQI tables were also made –
Agreements:
· The MCS tables currently defined are re-used for RedCap UEs
· FFS which MCS table is the default one for RedCap (i.e., the default one for non-RedCap UEs or the one with low SE entries)
· FFS mandatory/optional of the MCS tables
· Note: there is no new MCS table to be introduced for RedCap UEs
Agreements:
· The CQI tables currently defined are re-used for RedCap UEs.
· FFS mandatory/optional of the CQI tables
· There is no new CQI table to be introduced for RedCap UEs
In this contribution, we address issues related to reduced number of Rx branches.
[bookmark: _Hlk4137067][bookmark: _Hlk520894743][bookmark: _Hlk7596973]Reduced minimum number of Rx branches
For reduced number of Rx branches, the main specification impacts are mostly related to RAN4, namely demodulation performance requirements, RRM, CSI reporting requirements, RF, and receiver sensitivity requirements. From RAN1 perspective, potential specification impacts for this feature are mostly related to coverage recovery. However, as noted in [2], although there are performance loss associated with reducing the number of Rx branches, generally the coverage of the DL channels is better that that of the bottleneck channel for the reference NR UE. In RAN#91e, it was agreed to support 1Rx branch for frequency bands where a legacy NR UE is required to be equipped with a minimum of 4 Rx antenna ports. In case of FR1 TDD with 4Rx → 1Rx reduction with reduced antenna efficiency, link budget results in Figure 3 - Figure 5 show that there is no coverage recovery needed in the downlink when PSD of 33 dBm/Hz is used. For PSD of 24 dBm/Hz, results from [2] show some coverage issues as follow –
· [1 dB] for PDCCH CSS
· [2-3 dB] for Msg4
· [5-6 dB] for Msg2 without TBS scaling. It is noted that coverage loss for Msg2 can be compensated by using the existing TBS scaling technique.
As noted above, coverage loss for Msg2 can already be compensated using TBS scaling. For the PDCCH, there is approximately 1dB loss although the range of results provided by the companies is from 6.0 dB loss to 2.8 dB gain. This loss can be mitigated by using PDCCH power boosting. Even if not mitigated, 1dB loss will increase BLER from 1% to 3% as shown in Figure 1. This may be acceptable since the impact is only to a small fraction of UEs that are in the worst radio conditions. For Msg4, it is noted in [2] that MCS0 was not used by all companies. Therefore, coverage may be further improved by using MCS0. Furthermore, Msg4 supports HARQ retransmission and additional retransmissions can be used for coverage recovery. Based on the above discussion, it can be observed that existing techniques can be used to mitigate potential coverage loss.
Observation 1: Potential coverage loss for carrier frequency of 4 GHz with DL PSD 24 dBm/MHz and RedCap UE with 1 Rx and reduced antenna efficiency can be mitigated using existing techniques. 
Furthermore, in RAN1#104e, two issues were explicitly listed as FFS under the topic of reduced antenna branches. They are PDCCH blocking and reporting of UE antenna information.
PDCCH Blocking
It has been left for further study whether solutions to reduce PDCCH blocking is needed. Figure 1 illustrates PDCCH link-level performance (AL=16, 40-bit DCI with 24-bit CRC) with reduced number of Rx antennas. A CORESET bandwidth of 48 PRBs and two OFDM symbols are used. The performance loss for the PDCCH at 1% BLER is ~3.5dB for 4Rx → 2Rx reduction and 7.5 dB for 4Rx → 1Rx reduction. Although link budget results in Figure 3 - Figure 5 show that coverage recovery is not needed for the PDCCH, the required aggregation level for each RedCap UE would increase. Thus, this would increase PDCCH blocking.
[image: ]
[bookmark: _Ref67951129]Figure 1. PDCCH link performance.
However, it can be seen that only a small fraction of RedCap UEs would require high aggregation levels based on the scenarios considered in the link budget analysis [2]. For instance, from Figure 5 it is seen that the PDCCH coverage for UE with 1Rx, reduced antenna efficiency, and using AL=16 is still approximately 20 dB better than the limiting link. Note that the results from TR 38.875 show representative coverage margin for the PDCCH CSS of 11.4dB and range from 4.7-19.9dB, and PDCCH USS of 15.7dB and range from 6.7-19.9dB [2]. Therefore, in this deployment scenarios, most UEs will not require high aggregation levels for the PDCCH since, for instance, the system is limited to MIL of 139 dB or better while PDCCH with AL=16 results in MIL of 159 dB. In this case, it can be seen that most RedCap UEs will require only AL of 1 or 2. Even if the PDCCH coverage margin is small (e.g. 6 dB), this means that most RedCap UEs will require AL of 4 or less.
Note that in [2], PDCCH coverage issue was observed with 1Rx RedCap UE in Urban 4 GHz with 24 dBm/MHz PSD when UE has reduced antenna efficiency. In this case, the PDCCH CSS has a coverage shortfall of approximately 1dB. However, the PDCCH USS has a margin of 4 dB. This means that most RedCap UEs will required AL=8 or lower, but a small fraction will required AL=16. In this case, there may be increased PDCCH blocking but this can be mitigated as described below. 
If necessary, however, control channel blocking can be mitigated using existing methods. They include –
· Use of compact DCI formats 0_2 and 1_2 for PDCCH USS to reduce the required aggregation level. The number of bits in the DCI can be reduced significantly with the compact DCI and gain of up to 3dB may be possible. While the compact DCI formats have greater scheduling restrictions, they may only need to be configured for UEs in poor channel conditions.
· Power boosting of the PDCCH to reduce the required PDCCH aggregation level.
· Configuring separate CORESETs / search spaces for RedCap and non-RedCap UEs. This would eliminate PDCCH blocking impact to non-RedCap UE. For RedCap UE, traffic may be delay-tolerant and thus can tolerate PDCCH blocking.
· Configuring separate CORESETs / search spaces for RedCap UEs in poor channel conditions. This would eliminate PDCCH blocking impact to most RedCap UEs which would required only AL=1, 2, or 4.
· Configuring additional CORESETs / search spaces to distribute the load from RedCap UEs. Note RedCap can still be configured with the desired PDCCH monitoring periodicity to maintain a balance between battery life and latency. Note that the additional CORESET overhead is only there when there are UEs to scheduled. 
In summary, from link budget analysis in [2], it can be inferred that PDCCH blocking is unlikely to be an issue. In addition, if necessary, existing methods can be used to significantly reduce PDCCH blocking.
Observation 2: Link budget analysis shows that, in most deployment scenarios, UEs will not require high PDCCH aggregation levels even with reduced Rx braches and antenna efficiency. 
Observation 3: Based on our analysis, PDCCH blocking is not expected to be an issue for RedCap UE. In addition, if necessary, existing methods can be used to significantly reduce PDCCH blocking.
Proposal 1: Further PDCCH blocking reduction solutions are not needed.
Reporting of UE Antenna Related Information
It has also been left for further study the need for reporting of UE antenna related information to gNB (e.g., # of panels, polarization, etc.). In RAN1#104e, it was agreed that information related to the reduction of the number of antenna branches is assumed to be known at the gNB. However, in [1], there is now an objective that a mean shall be specified by which the gNB can know the number of Rx branches of the UE.
With respect to the number of Rx branches, the gNB can obtain this information as part of the UE capability. This would be known after the completion of the random access procedure. In [1], another objective states –
· Specify functionality that will enable RedCap UEs to be explicitly identifiable to networks through an early indication in Msg1 and/or Msg3, and Msg A if supported, including the ability for the early indication to be configurable by the network.
With this early indication, the network would be able to identify RedCap UE during initial access. However, if the number of Rx branches is not part of this early indication, the network would have to assume the UE has 1 Rx branch. In addition, the network would not be able reject connection from 1Rx UE during initial access. In addition, several observations were made with respect to early identification of RedCap UE [5] –
· There are different types (sets of capabilities) of RedCap devices that the same cell could support, some with 1Rx, others with 2Rx, and some of those with reduced antenna efficiency (due to the device form factor), that will have differing coverage capabilities that could be optimized for during the initial RACH access procedure.
· There are certain carrier frequencies where certain RedCap devices (1 Rx with reduced antenna efficiency) will need/benefit from some form coverage compensation for msg3 during initial access, compared to the reference NR UE for that carrier frequency.
It was proposed that a cell can be optionally configured to identify certain RedCap device types (a type defines a subset of capabilities, e.g. reduced antenna efficiency and number of Rx branches) using Msg1 of the initial access procedure to (1) optimize further message transmission during random access procedure, and (2) support load balancing of RACH resources between REDCAP and non-REDCAP devices.
Proposal 2: A cell can be optionally configured to identify the number of Rx branches for RedCap UE in Msg1 and/or Msg3, and MsgA.
The open issue on whether the UE needs to indicate to the network any antenna configuration information in addition to the number of Rx branches is relevant for FR2. At FR2, the UE may be equipped with one or more panels, with either one or two polarizations per panel. When the UE is equipped with multiple panels, based on capability, the UE may be able to receive with only a single panel at any time (and switch between panels to receive with different panels at different times) or receive simultaneously with multiple panels. The number of Rx branches that that the RedCap UE indicates to the network as its capability should be based on the number of simultaneously active panels that the UE can receive with. Otherwise, the indicated number is not meaningful. Given this information, however, the question is whether it is beneficial for the network to also know the antenna configuration, i.e., how two Rx branches of RedCap UE are spread across polarizations and panels. While the relative performance of different antenna configurations can be established in an average sense, this relative performance is not necessarily maintained in all deployment conditions (e.g., it may depend on the UE orientation and/or other channel conditions). Thus, it is not clear that the performance of different antenna configurations can be clearly established such that the network can pre-determine the gain or loss associated with one antenna configuration relative to another in a particular deployment condition (which may be unknown to the network). This implies that the benefit for the network from being able to distinguish between RedCap UEs with different types of antenna configurations (for two Rx branches) is not clear. Therefore, there is no need to indicate the additional antenna related information.
Proposal 3: There is no need to indicate additional antenna related information other than the number of Rx branches to the network.
In addition to the two above issues, MCS and CQI tables were also discussed. Although these issues were discussed as part of modulation relaxation topic in RAN1#104e, we feel they are more related to reduced number of Rx branches since the discussion was focused around whether low-SE table should be mandatory and whether it should become the default table.
MCS Tables
In RAN1#104e, it was agreed that the MCS tables currently defined are re-used for RedCap UEs. However, it was FFS which MCS table is the default one for RedCap (i.e., the default one for non-RedCap UEs or the one with low SE entries). Furthermore, it was also FFS which table(s) would be mandatory. The tables are shown in Figure 2. From the coverage results shown in [2], it is seen that MCS Table 1 is sufficient. In addition, during initial access, legacy UEs would only use MCS Table 1. Therefore, if MCS Table 3 is the default table for RedCap UE, it would be necessary to differentiate RedCap UE starting from Msg1. This is against the WI objective that RedCap UE can be identified in Msg1 and/or Msg3, and Msg A if supported, including the ability for the early indication to be configurable by the network.
Proposal 4: MCS Table 1 is the default table for RedCap UE.
Note that some RedCap use cases have higher reliability requirements (e.g. industrial sensor requires commercial service availability of 99.99% and video surveillance requires reliability of up to 99.9%). In addition, for some services it would be beneficial to use MCS Table 3 to improve coverage. Therefore, support for MCS Table 3 would be beneficial for some RedCap use cases or UEs. However, there is no need to make Table 3 support mandatory for all RedCap UEs. Therefore, it is proposed that MCS Table 3 can be optionally supported for RedCap UE.
Proposal 5: MCS Table 3 can be optionally supported for RedCap UE.
		MCS Index
IMCS
	Modulation Order
 Qm
	Target code Rate R x [1024]
	Spectral
efficiency

	0
	2
	120
	0.2344

	1
	2
	157
	0.3066

	2
	2
	193
	0.3770

	3
	2
	251
	0.4902

	4
	2
	308
	0.6016

	5
	2
	379
	0.7402

	6
	2
	449
	0.8770

	7
	2
	526
	1.0273

	8
	2
	602
	1.1758

	9
	2
	679
	1.3262

	10
	4
	340
	1.3281

	11
	4
	378
	1.4766

	12
	4
	434
	1.6953

	13
	4
	490
	1.9141

	14
	4
	553
	2.1602

	15
	4
	616
	2.4063

	16
	4
	658
	2.5703

	17
	6
	438
	2.5664

	18
	6
	466
	2.7305

	19
	6
	517
	3.0293

	20
	6
	567
	3.3223

	21
	6
	616
	3.6094

	22
	6
	666
	3.9023

	23
	6
	719
	4.2129

	24
	6
	772
	4.5234

	25
	6
	822
	4.8164

	26
	6
	873
	5.1152

	27
	6
	910
	5.3320

	28
	6
	948
	5.5547

	29
	2
	reserved

	30
	4
	reserved

	31
	6
	reserved



(a) MCS index table 1 
		MCS Index
IMCS
	Modulation Order
 Qm
	Target code Rate R x [1024]
	Spectral
efficiency

	0
	2
	30
	0.0586

	1
	2
	40
	0.0781

	2
	2
	50
	0.0977

	3
	2
	64
	0.1250

	4
	2
	78
	0.1523

	5
	2
	99
	0.1934

	6
	2
	120
	 0.2344

	7
	2
	157
	 0.3066

	8
	2
	193
	 0.3770

	9
	2
	251
	 0.4902

	10
	2
	308
	 0.6016

	11
	2
	379
	 0.7402

	12
	2
	449
	 0.8770

	13
	2
	526
	 1.0273

	14
	2
	602
	 1.1758

	15
	4
	340
	 1.3281

	16
	4
	378
	 1.4766

	17
	4
	434
	 1.6953

	18
	4
	490
	 1.9141

	19
	4
	553
	 2.1602

	20
	4
	616
	 2.4063

	21
	6
	438
	 2.5664

	22
	6
	466
	 2.7305

	23
	6
	517
	 3.0293

	24
	6
	567
	 3.3223

	25
	6
	616
	 3.6094

	26
	6
	666
	 3.9023

	27
	6
	719
	 4.2129

	28
	6
	772
	 4.5234

	29
	2
	reserved

	30
	4
	reserved

	31
	6
	reserved



(b) MCS index table 3 


[bookmark: _Ref67984167]Figure 2. MCS tables.
CQI Tables
Similar to the agreement on MCS tables, it was agreed that the CQI tables currently defined are re-used for RedCap UEs. Furthermore, it was also FFS which table(s) would be mandatory as this would naturally follow the decision on MCS tables. In NR, there are 3 CQI tables defined with one-to-one correspondence to the configured MCS table. Following our proposals regarding MCS tables, we make analogous proposals for CQI tables below.
Proposal 6: CQI Table 1 is the default table for RedCap UE.
Proposal 7: CQI Table 3 can be optionally supported for RedCap UE.
Conclusions
In this contribution, we consider reduced number of Rx branches and make the following observations and proposals –
Observation 1: Potential coverage loss for carrier frequency of 4 GHz with DL PSD 24 dBm/MHz and RedCap UE with 1 Rx and reduced antenna efficiency can be mitigated using existing techniques.
Observation 2: Link budget analysis shows that, in most deployment scenarios, UEs will not require high PDCCH aggregation levels even with reduced Rx braches and antenna efficiency. 
Observation 3: Based on our analysis, PDCCH blocking is not expected to be an issue for RedCap UE. In addition, if necessary, existing methods can be used to significantly reduce PDCCH blocking.
Proposal 1: Further PDCCH blocking reduction solutions are not needed.
Proposal 2: A cell can be optionally configured to identify the number of Rx branches for RedCap UE in Msg1 and/or Msg3, and MsgA.
Proposal 3: There is no need to indicate additional antenna related information other than the number of Rx branches to the network.
Proposal 4: MCS Table 1 is the default table for RedCap UE.
Proposal 5: MCS Table 3 can be optionally supported for RedCap UE.
Proposal 6: CQI Table 1 is the default table for RedCap UE.
Proposal 7: CQI Table 3 can be optionally supported for RedCap UE.
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[bookmark: _Ref53591606]Figure 3. Hardware link budget for Reference UE in Urban 4 GHz scenario.
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[bookmark: _Ref53592010]Figure 4. Hardware link budget for RedCap UE (2Rx) in Urban 4 GHz scenario.
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[bookmark: _Ref53592012]Figure 5. Hardware link budget for RedCap UE (1Rx) in Urban 4 GHz scenario.
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