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Introduction
[bookmark: _Hlk47438333]The Work Item (WI) on support of reduced capability (RedCap) NR devices ‎[1] defines the following objective of performance part:
	[bookmark: _Hlk47438345]Specify necessary performance requirements, measurement accuracy requirements and test cases related to the above-mentioned enhancements and core requirements [RAN4].



The WI description [1] lists the enhancements and core requirements developed, which can be summarized into the following groups of features, as outlined in the SI ‎[3]:
1. UE complexity reduction features
a) UE bandwidth reduction
b) Reduced number of UE Rx/Tx antennas
c) Relaxed maximum number of MIMO layers
d) Relaxed maximum modulation order
e) Half-duplex FDD operation
f) Relaxed UE processing time
g) SA mode and single connectivity with operation in a single band at a time
2. UE power saving features
a) Reduced PDCCH monitoring
b) Extended DRX for RRC Inactive and/or Idle
c) RRM relaxation for stationary devices
3. Coverage recovery features
a) Coverage recovery for PUSCH
b) Coverage recovery for PUCCH
4. Definition and constraining of reduced capability features
5. UE identification and access restrictions features
In this paper, we summarize the motivation, functions, and use-cases of reduced capability NR devices. We examine reduced capability NR devices features and evaluate their potential impact on UE demodulation and CSI requirements. 
Based on this analysis, we propose which and how the performance requirements should be introduced in TS 38.101-4 ‎[2].

Reduced capability NR devices
The motivation of introducing the support of reduced capability NR devices WI was given in ‎[1] and can be summarized as follows:
· In Rel 15/16 technologies such as enhanced mobile broadband (eMBB), massive machine-type communication (mMTC), and Ultra-Reliable and Low Latency communication (URLLC) support a wide range of IoT use cases. However, in 5G Rel 17, a need for a new category of mid-range use cases has been identified. 
· The new use cases are divided into (Figure ‎2‑1):
· Industrial wireless sensors: Examples of such devices is pressure sensors, humidity sensors, thermometers, motion sensors, accelerometers, actuators, etc. 
· Video surveillance: which is an essential part of the smart city, and smart industries.
· Wearables: Examples of such devices is smart watches, eHealth related devices, personal protection equipment (PPE), and medical monitoring devices for use in public safety applications, etc.
· These devices, or device classes, in the three RedCap use cases need to be connected to 5G radio access and core networks. These classes have different requirements that we have summarized in Table ‎2‑1.
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[bookmark: _Ref89348543]Figure ‎2‑1: NR_RedCap use cases 


[bookmark: _Ref89164337]Table ‎2‑1 Summary of requirements for reduced capability NR device use cases
	
	Industrial Wireless Sensor
	Video Surveillance
	Wearables

	Peak bit Rate
	< 2 Mbps UL and DL
	Up to 25 Mbps UL
	Up to 150 Mbps DL 
Up to 50 Mbps UL

	Latency
	< 100 ms (end-to-end),
5–10 ms for safety related sensors
	< 500 ms
	N/A

	Reliability
	99.99% (communication service availability)
	99% - 99.9%
	N/A

	Battery Life
	Few years
	N/A
	Multiple days (up to 1-2 weeks)

	Others
	Device is stationary
Traffic is potentially asymmetric e.g., UL heavy traffic
	Traffic is dominated by UL transmission
	Compact form factor device design may derive in 3 dB antenna efficiency loss for UL and DL




RedCap specification changes relevant to UE demodulation and CSI performance
[bookmark: _Hlk44430428]In this section, we evaluate the potential UE demodulation and CSI performance differences of features introduced by the NR_RedCap WI, over Rel-15/16 baseline. 
Table ‎3‑2 summarises the UE complexity reduction features defined in the WI and their expected impact to UE demodulation and CSI.

[bookmark: _Ref89879140][bookmark: _Ref89879111]Table ‎3‑2: RedCap features and their expected Impact to UE demodulation and CSI
	Feature
	Observations / Expected Impact to UE demodulation and CSI

	Reduced maximum UE bandwidth to:
· 20 MHz in FR1
· 100 MHz in FR2
	An impact is expected because:
· For 2Rx CQI, PMI and RI reporting definition tests, are using 40 MHz bandwidth in TDD making a RedCap UE unable to do these tests, i.e., Table Table 6.2.2.2.1.1-1 in ‎‎[2]. 
· When defining test cases for 1Rx UEs the allowed channel bandwidth should not exceed the reduced maximum RedCap bandwidth.

No impact for 2 Rx UE demodulation requirements for PDSCH, PDCCH, and PBCH is expected for now because the existing test cases are covering the reduced maximum RedCap bandwidth. 

	Reduced number of UE Rx/Tx antennas
· In FR1:
· 1Tx-1Rx
· 1Tx-2Rx (optional)
· In FR2: 
· 1Tx-1Rx
· 1Tx-2Rx (optional)
	Big impact is seen because UE demodulation and CSI requirements are not defined for 1Rx.  
· For UE demodulation, the impact starts from section “Applicability of requirements for different number of RX antenna ports” in ‎[2]. New test cases need to be defined. 
· For CSI, The impact start from section “Applicability of requirements for different number of RX antenna ports” in ‎[2]. New test cases need to be defined.

	Reduced maximum number of DL MIMO layers
· 1 Rx branch, 1 DL MIMO layer is supported.
· 2 Rx branch, 2 DL MIMO layer is supported.
	An impact is expected because this feature should be taken into consideration when designing new test cases for 1Rx. 
No impact for 2Rx tests. 

	Relaxed maximum modulation order
FR1: 
· DL: 256-QAM (optional), 64-QAM mandatory
· UL: 64-QAM
FR2:
· DL: 64-QAM 
· UL: 64-QAM

	An impact is expected since the support of 256-QAM is mandatory feature for non-RedCap UEs‎‎[2]. However, the impact could be only in the applicability of requirements for mandatory UE features without a need to define new tests. 


	Half-duplex FDD operation
	Potential big impact because performance requirements are defined for TDD and full duplex FDD only. Hence, new requirements need to be defined for RedCap UEs with 1Rx or 2Rx. 
For example, for HD-FDD (similar to TDD) what is needed to be defined is:
· UL-DL pattern and configuration 
· The number of slots between PDSCH and corresponding HARQ ACK information

However, to reduce the specification impact we suggest considering the HD-FDD UE as just a TDD UE with Tx/Rx on different operating frequency paired bands. As a result, the TDD test parameters can be reused for HD-FDD UE but the operating band of DL slots is different from the operating band of UL slots. 


	SA mode and single connectivity with operation in a single band at a time
	No impact is expected because this feature is optional for non-RedCap UEs. 
No impact for 2Rx tests. 

	Relaxed UE processing time
	No impact is seen for now see ‎[5], and ‎[6].  

	Reduced PDCCH monitoring
	No impact is seen for now see ‎[5], and ‎[6].

	Extended DRX for RRC Inactive and/or Idle
	No impact is seen for now see ‎[5], and ‎[6]. 

	RRM relaxation for stationary devices
	No impact is seen for now 

	Coverage enhancement for PUSCH 
Coverage enhancement for PUCCH
	No impact / UL feature.


	Definition and constraining of reduced capabilities’ features
     Main RAN1/RAN2 agreements can be summarized as:
· One RedCap UE type to be defined
· RedCap UE supports only SA mode and single connectivity with operation in a single carrier at a time
· RRM measurement relaxations for neighbouring cells for RedCap
	No impact is seen for now see ‎[5], and ‎[6].  

	UE identification and access restrictions features
     Main RAN1/RAN2 agreements can be summarized as:
· Early identification of RedCap UE possible in Msg1/Msg3/MsgA
· System information to indicate whether a RedCap UE can camp on the cell, can be specific to the number of Rx branches of the UE
· RedCap UE is not expected to operate in a BWP exceeding maximum RedCap UE bandwidth
· PUCCH intra-slot hopping for Msg4/MsgB can be disabled for separate initial UL BWP
	No impact is seen for now



Following Table ‎3‑2, we expect UE demodulation and CSI performance big impact for the following features:
· Reduced number of UE Rx/Tx antennas
· Half-duplex FDD operation (HD-FDD)
We expect also that UE demodulation and CSI performance minor impacts for the following features:
· Reduced maximum UE bandwidth
· Reduced maximum number of DL MIMO layers
· [bookmark: _Hlk92270044]Relaxed maximum modulation order
These features need to be taken into consideration when designing the tests for reduced number of UE Rx/Tx antennas and half-duplex FDD operation features.

Discussion 
Reduced number of UE Rx/Tx antennas
Following Table ‎3‑2, for UE demodulation and CSI performance we expect big impact for reduced number of UE Rx/Tx antennas because UE demodulation and CSI requirements are not defined for 1Rx. 
· For UE demodulation, the impact starts from section “Applicability of requirements for different number of RX antenna ports” in ‎[2]. New test cases need to be defined. 
· For CSI, The impact start from section “Applicability of requirements for different number of RX antenna ports” in ‎[2]. New test cases need to be defined.

[bookmark: _Hlk92465384]Concerning the feature reduced number of UE Rx/Tx antennas we observe and propose :
Big UE demodulation and CSI performance impacts are expected from introducing the feature reduced number of UE Rx/Tx antennas, as requirements are not yet defined for 1Rx.
Update the applicability of requirements for different number of Rx antenna ports to include 1 Rx for redcap UEs. 
For UE demodulation and CSI performance requirements we propose to revisit all the tests defined for 2Rx for both FDD and TDD and extend the specification for 1Rx. 

Half-duplex FDD operation (HD-FDD)
Half-duplex operation allows the UE to receive and transmit on different operating frequency paired bands, but not at the same time. Introducing support for HD-FDD operation has the following impacts on RAN1 specifications.
1) Specifying DL-to-UL and UL-to-DL switching time
In the last RAN1 meeting the following agreement ‎[7] was reached:

	Agreement
· For HD-FDD switching time, reuse existing switching times for UE not capable of full duplex in TS 38.211, Table 4.3.2-3.



2) Specifying how the UE handles DL/UL collision
RAN1 agreements related to DL/UL collision are included in ‎[8] and summarized in Appendix A. 
By analyzing the different RAN1 agreements, we do not see an impact on UE demodulation and CSI performance. But since the current UE demodulation and CSI performance requirements are defined for TDD and full duplex FDD only. We think new requirements need to be defined for HD-FDD RedCap UEs for both 1Rx and 2Rx. 
For example, for HD-FDD (similar to TDD) what is needed to be defined is:
· UL-DL pattern and configuration.
· The number of slots between PDSCH and corresponding HARQ ACK information.
However, to reduce the specification impact we suggest considering the HD-FDD UE as just a TDD UE with Tx/Rx on different operating frequency paired bands. As a result, the TDD test parameters can be reused for HD-FDD UE but the operating band of DL slots is different from the operating band of UL slots.
Concerning the feature half-duplex FDD operation we observe and propose:
Potential big UE demodulation and CSI performance impacts are expected from introducing the feature half-duplex FDD operation. At least we observe that what is needed to be defined is UL-DL pattern and configuration and the number of slots between PDSCH and corresponding HARQ ACK information.
To reduce the specification impact, we suggest considering the HD-FDD UE as just a TDD UE with Tx/Rx on different operating frequency paired bands. As a result, the TDD test parameters can be reused for HD-FDD UE. 

Reduced maximum UE bandwidth
Following Table ‎3‑2, we expect UE demodulation and CSI performance impact because:
· For 2Rx CQI, PMI and RI reporting definition tests, are using 40 MHz bandwidth in TDD making a RedCap UE unable to do these tests, i.e., Table 6.2.2.2.1.1-1 in ‎‎[2]. 
· When defining test cases for 1Rx UEs the allowed channel bandwidth should not exceed the reduced maximum RedCap bandwidth.
No impact for 2 Rx UE demodulation requirements for PDSCH, PDCCH, and PBCH is expected for now because the existing test cases are covering the reduced maximum RedCap bandwidth. Still, the newly proposed 1Rx requirements, will need to take care to include 20MHz CBW. On the CSI performance side, the CQI/RI/PMI reporting is not yet defined for 20MHz CBW, which would need to be addressed.
Concerning the reduced maximum UE bandwidth feature we observe and propose:
UE demodulation and CSI performance impacts are expected from introducing reduced maximum UE bandwidth feature. Part of this impact can be captured when designing tests for reduced number of UE Rx/Tx antennas and half-duplex FDD operation features. 
2Rx CQI, PMI and RI reporting definition tests in conducted mode targeting TDD FR1, are using 40 MHz bandwidth in TDD making a RedCap UE unable to do these tests, i.e., Table 6.3.2.2.1-1 in ‎‎[2].
The parameters of the new test cases result from reduced number of UE Rx/Tx antennas, and half-duplex FDD operation features should respect the limitations of the RedCap UEs reduced maximum bandwidth.
 For 2Rx CQI, PMI and RI reporting definition in conducted mode tests, new test is needed to be defined (or modification to the current test to have 20MHz instead of 40MHz) for RedCap UEs. 

Reduced maximum number of DL MIMO layers
Following Table ‎3‑2, an impact is expected because this feature should be taken into consideration when designing new test cases for 1Rx.
Concerning the reduced maximum number of DL MIMO layers feature we observe and propose:
UE demodulation and CSI performance minor impacts are expected from introducing reduced maximum number of DL MIMO layers feature. This impact can be captured when designing tests for reduced number of UE Rx/Tx antennas and half-duplex FDD operation features, i.e, 1Rx requirements are in any case limited to 1 layer, and requirements with >2 layers are not applicable to redcap UEs.

Relaxed maximum modulation order
Following Table ‎3‑2, an impact is expected since the support of 256-QAM is mandatory feature for non-RedCap UEs‎‎ [2]. However, this impact could be only in the applicability of requirements for mandatory UE features without a need to define new tests.
Concerning relaxed maximum modulation order we observe and propose:
UE demodulation and CSI performance impact is expected from introducing the feature relaxed maximum modulation order. To minimize specification impact the relaxed maximum modulation order impact could be captured in the applicability of requirements for mandatory UE features without a need to define new tests.
Change the applicability of requirements for mandatory UE features with capability signalling (feature 256QAM modulation scheme for PDSCH for FR1, pdsch-256QAM-FR1) to not apply for RedCap UEs. 


Conclusion
In this contribution, we have provided an overview of RedCap-related features with their potential impact on the UE demodulation and CSI performance requirements. We have made the following proposals and observations:
Concerning the feature reduced number of UE Rx/Tx antennas we observe and propose:
1. Big UE demodulation and CSI performance impacts are expected from introducing the feature reduced number of UE Rx/Tx antennas, as requirements are not yet defined for 1Rx.
1. Update the applicability of requirements for different number of Rx antenna ports to include 1 Rx for redcap UEs. 
For UE demodulation and CSI performance requirements we propose to revisit all the tests defined for 2Rx for both FDD and TDD and extend the specification for 1Rx. 
Concerning the feature half-duplex FDD operation we observe and propose:
Potential big UE demodulation and CSI performance impacts are expected from introducing the feature half-duplex FDD operation. At least we observe that what is needed to be defined is UL-DL pattern and configuration and the number of slots between PDSCH and corresponding HARQ ACK information.
To reduce the specification impact, we suggest considering the HD-FDD UE as just a TDD UE with Tx/Rx on different operating frequency paired bands. As a result, the TDD test parameters can be reused for HD-FDD UE. 
Concerning the reduced maximum UE bandwidth feature we observe and propose:
UE demodulation and CSI performance impacts are expected from introducing reduced maximum UE bandwidth feature. Part of this impact can be captured when designing tests for reduced number of UE Rx/Tx antennas and half-duplex FDD operation features. 
2Rx CQI, PMI and RI reporting definition tests in conducted mode targeting TDD FR1, are using 40 MHz bandwidth in TDD making a RedCap UE unable to do these tests, i.e., Table 6.3.2.2.1-1 in ‎‎[2].
The parameters of the new test cases result from reduced number of UE Rx/Tx antennas, and half-duplex FDD operation features should respect the limitations of the RedCap UEs reduced maximum bandwidth feature.
 For 2Rx CQI, PMI and RI reporting definition in conducted mode tests, new test is needed to be defined (or modification to the current test to have 20MHz instead of 40MHz) for RedCap UEs. 
Concerning the reduced maximum number of DL MIMO layers feature we observe and propose:
UE demodulation and CSI performance minor impacts are expected from introducing reduced maximum number of DL MIMO layers feature. This impact can be captured when designing tests for reduced number of UE Rx/Tx antennas and half-duplex FDD operation features, i.e, 1Rx requirements are in any case limited to 1 layer, and requirements with >2 layers are not applicable to redcap UEs.
Concerning relaxed maximum modulation order we observe and propose:
UE demodulation and CSI performance impact is expected from introducing the feature relaxed maximum modulation order. To minimize specification impact the relaxed maximum modulation order impact could be captured in the applicability of requirements for mandatory UE features without a need to define new tests.
Change the applicability of requirements for mandatory UE features with capability signalling (feature 256QAM modulation scheme for PDSCH for FR1, pdsch-256QAM-FR1) to not apply for RedCap UEs. 
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[bookmark: _Ref92271030]Appendix A: How the UE handles DL/UL collision in HD-FDD
The following table summarizes how the UE handles different cases of DL/UL collision in HD-FDD ‎[8]
Table ‎6‑3: Summary of potential collision cases and RAN1 agreements
	Case 
	Collision 
	Summary of RAN1 specification change  

	1 
	Dynamically scheduled DL reception vs. semi-statically configured UL transmission. 
For example: Dynamically configured PDSCH or CSI-RS collides with configured SRS, PUCCH, or CG PUSCH 
	If a HD-UE is configured by higher layers to transmit SRS, or PUCCH, or PUSCH in a set of symbols and the UE detects a DCI format indicating to the HD-UE to receive CSI-RS or PDSCH in a subset of symbols from the set of symbols, then 
· the HD-UE does not expect to cancel the transmission of the PUCCH or PUSCH in the set of symbols if the first symbol in the set occurs within  relative to a last symbol of a CORESET where the HD-UE detects the DCI format; otherwise, the HD-UE cancels the PUCCH, or the PUSCH, or an actual repetition of the PUSCH [6, TS38.214], determined from clauses 9 and 9.2.5 or clause 6.1 of [6, TS38.214], or the PRACH transmission in the set of symbols.
· the HD-UE does not expect to cancel the transmission of SRS in symbols from the subset of symbols that occur within  relative to a last symbol of a CORESET where the HD-UE detects the DCI format. The HD-UE cancels the SRS transmission in remaining symbols from the subset of symbols. 
·  is the PUSCH preparation time for UE processing capability 1 [6, TS 38.214] assuming  and  corresponds to the smallest SCS configuration between the SCS configuration of the PDCCH carrying the DCI format and the SCS configuration of the SRS, PUCCH, PUSCH or , where  corresponds to the SCS configuration of the PRACH if it is 15 kHz or larger; otherwise .

	2 
	Semi-statically configured DL reception vs. dynamically scheduled UL transmission
For example: PDCCH or SPS PDSCH collides with dynamic PUSCH or PUCCH
	If a HD-UE is configured by higher layers to receive a PDCCH, or PDSCH, or CSI-RS, or DL PRS in a set of symbols, the HD-UE receives the PDCCH, or PDSCH, or CSI-RS, or DL PRS if the HD-UE does not detect a DCI format that indicates to the HD-UE to transmit a PUSCH, or PUCCH, or PRACH, or SRS in at least one symbol of the set of symbols; otherwise, the HD-UE does not receive the PDCCH, or PDSCH, or CSI-RS, or DL PRS in the set of symbols.

	3 
	Semi-statically configured DL reception vs. semi-statically configured UL transmission  
	A HD-UE does not expect to receive both dedicated higher layer parameters configuring transmission in a set of symbols and dedicated higher layer parameters configuring reception in the set of symbols. A HD-UE does not expect to receive both a Type-0/0A/1/2-PDCCH CSS set configuration for PDCCH reception in a set of symbols and dedicated higher layer parameters configuring transmission in the set of symbols.

	4 
	Dynamically scheduled DL reception vs. dynamic scheduled UL transmission 
	UE does not expect to detect a DCI format scheduling a reception in a set of symbols and detect a DCI format scheduling a transmission in any symbol from the set of symbols.

	5 
	Configured SSB vs. dynamically scheduled or configured UL transmission, e.g., PUSCH, PUCCH, PRACH, SRS 
	If a HD-UE would transmit a PUSCH, or PUCCH, or SRS based on a configuration by higher layers and the HD-UE is indicated presence of SS/PBCH blocks by ssb-PositionsInBurst in SIB1 or in ServingCellConfigCommon, the HD-UE does not transmit 
-	PUSCH or PUCCH if a last symbol of the PUSCH or PUCCH transmission would not be at least  [4, TS 38.211] prior to a first symbol of the next earliest SS/PBCH block
-	PUSCH or PUCCH if a first symbol of the PUSCH or PUCCH transmission would not be at least  [4, TS 38.211] after a last symbol of the previous latest SS/PBCH block 
-	SRS in symbols that would not be at least  prior to a first symbol of the next earliest SS/PBCH block-	SRS in symbols that would not be at least  after a last symbol of the previous latest SS/PBCH block
If a HD-UE would transmit a PUSCH, or PUCCH, or PRACH, or SRS based on a detected DCI format and the HD-UE is indicated presence of SS/PBCH blocks by ssb-PositionsInBurst in SIB1 or in ServingCellConfigCommon in a set of symbols, the HD-UE does not transmit PUSCH or PUCCH or PRACH if a transmission would overlap with any symbol from the set of symbols and the HD-UE does not transmit SRS in the set of symbols.


	8 
	Dynamic or semi-static DL vs. valid RO 
	If a HD-UE would transmit a PRACH or MsgA PUSCH in a set of symbols and would receive a PDCCH, or a PDSCH, or a CSI-RS, or a DL PRS, or is indicated presence of SS/PBCH blocks by ssb-PositionsInBurst in SIB1 or in ServingCellConfigCommon in symbols that include any symbol from the set of symbols, the HD-UE can select based on its implementation whether to either transmit the PRACH or the MsgA PUSCH or receive the PDSCH, or the CSI-RS, or the PL RS, or the PDCCH, or the SS/PBCH blocks.
If a HD-UE would receive a PDCCH, or a PDSCH, or a CSI-RS, or a DL PRS based on a configuration by higher layers or is indicated presence of SS/PBCH blocks by ssb-PositionsInBurst in SIB1 or in ServingCellConfigCommon in a set of symbols, and the HD-UE would transmit PRACH or MsgA PUSCH starting or ending at a symbol that is earlier or later than  or , respectively, from the last or first symbol in the set of symbols, the HD-UE can select based on its implementation whether to either transmit the PRACH or the MsgA PUSCH or receive the PDSCH, or the CSI-RS, or the DL PRS, or the PDCCH, or the SS/PBCH blocks. 
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