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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
Reduced capability (RedCap) UEs in NR will target use cases higher than NB-IoT/eMTC but lower than URLLC/eMBB. Such use cases include industrial wireless sensors, video surveillance, and wearables. The main motivation for RedCap UEs is cost reduction compared to a URLLC/eMBB UE, but some use cases will also benefit from battery life improvement and device size reduction. The intention is to study a UE feature and parameter list with lower end capabilities, supporting FR1/FR2 bands for FDD and TDD.
This paper first discusses the principles of the RedCap study, and then analyses antenna reduction bandwidth reduction, half-duplex, and relaxed UE processing time/capability. Where appropriate, the study of low-cost MTC UEs [1] is referenced. The use case specific requirements from the SID [2] are provided in Appendix A.

Principles of the RedCap Study
RedCap UEs should be designed bearing in mind that a lot of time and effort has been spent on standardizing NR. The overall NR system is the most complex and configurable wireless communication system ever created, and in order to make significant and meaningful process through the RedCap study, some basic principles should be followed:
· [bookmark: _Hlk39855714] Do not unnecessarily fragment the NR ecosystem. The RedCap devices should not detract from the innovation directed towards making “normal” NR devices cheaper and more efficient, or from the economies of scale the industry hopes to achieve with those “normal” NR devices. Therefore, the features should provide substantial differentiation from “normal” NR devices, in addition to low cost/complexity benefits. Differentiation will also help to discourage (though not prohibit) these devices to be used for the un-intended purpose.
· Focus on a small number of features. NR is already extraordinarily complex in terms of features and configuration compared to LTE. To make supporting RedCap applications within NR competitive in the near term compared to LTE, the focus should be on a small number of features that offer the largest cost/complexity reductions.
· Retain as much compatibility with “normal” NR as possible. As much compatibility with “normal” NR as possible should be retained, in order to avoid unnecessary customization. Indeed, a statement to this effect is already present in the SID objectives, “Note: Rel-15 SSB bandwidth should be reused and L1 changes minimized.” However, the development and standardization cost for RedCap customization also could result in unnecessary development tracks in the future because of incompatible features. For example, it would be desirable not to require follow on work for “sidelink for RedCap”, “unlicensed for RedCap”, “data rate enhancements for RedCap”, “power savings for RedCap”, “NTN for RedCap” if the basic RedCap device can be kept compatible with the general NR features.
· Do not duplicate work. Close coordination should obviously be kept with the other Rel-17 items such as coverage enhancement and power savings. Customizations that perform similarly to general techniques should be avoided or incorporated directly into the general proposals.
Observation 1: Only techniques with significant complexity reduction or cost benefit should be standardized, and economy of scale, design impact, and impacts to future release work should be considered.
Proposal 1: The RedCap TR analysis includes feature compatibility to “normal” NR

Analysis of potential UE complexity reduction features
Reduced number of UE Rx/Tx antennas
In the following we compare baseline devices to a future potential redcap device with different assumptions on the number of transmit antennas in the uplink and UE capabilities

	Device
	Beamforming gains
	Antenna selection
	Full power
	Cost
	Coverage*

	Baseline: Release 15 non coherent capability UE with 2 transmit antennas (2 PAs)
	 antenna selection type codebooks have no beamforming gain, also non-coherent UEs have at most 1port / 1layer
	Possible
	 Not always possible
	Increased cost due to having two PAs
	Similar to having antenna selection

	Release 16 non coherent capability UE with 2 transmit antennas (2 PAs) and full power transmission based on Rel 16 Full Power MIMO
	antenna selection type codebooks have no beamforming gain, also non-coherent UEs have at most 1 port /1 layer
	Possible
	Possible
	Increased cost due to having two Pas
	Better than baseline due to full power

	Redcap device with 1 transmit 1 receive antenna
	N/A
	N/A 
	Possible
	Less cost compared to baseline due to having one less PA
	Coverage less due to reduced number of antennas

	Redcap device with  1 transmit 2 receive1T2R with antennas switching 
	N/A
	Possible
	Possible
	Less cost compared to baseline due to having one PA
	Similar to baseline

	Redcap device with 2 transmit 2 receive 2T2R antennas 
	Possible 
	Possible
	Possible 
	Increased cost due to having two PAs.
	 Similar to Rel 16


*Analysis in the table focusses on UL coverage as the link budget analysis in our companion paper [3] shows that different scenarios for RedCap are typically uplink limited
A reduced number of Rx antennas provides some cost benefits since the number of parts on the receiving RF chain is less. Perhaps more importantly, less antennas means a reduced UE size. This matters especially for devices such as sensors. On the other hand, less receive antennas means a reduction in received power by at least 3 dB, thus can have impact on the coverage. However, as shown in our companion paper [3] that focuses on coverage enhancements and provides a link budget analysis, the limiting factor for coverage is the uplink. Therefore, we see no disadvantage in reducing the number of receive antennas from 4 to 2.[footnoteRef:1] [1:  An analysis of 2RX vehicular UEs was also conducted in 38.826 with a similar conclusion, though the link budget differences were handled with better (more expensive) antennas.] 

On the transmitting side, reducing the number of UE Tx antennas has significant cost benefits since the PAs are relatively expensive. For example, the analysis in [1] for LTE eMTC shows that the PA accounts for the highest costs and is roughly 25-30% of cost of the RF module. One attractive possibility is to have one PA, and to allow for switching between two antennas in order to provide some diversity and maintain coverage.
Observation 2: The biggest cost savings is expected from reducing the number of PAs in the device
Observation 3: A 1Tx2R redcap device with a single PA and antenna switching is expected to have similar coverage as the Rel-15 baseline
It is yet to be investigated further if having 1T1R 1 transmit and 1 receive is worth it for example for some low frequency deployment for size considerations, or for scenarios where range is not an issue (e.g., wearables). However, for general deployments, we propose to support 1T2R with antenna switching (1 PA) for FR1.

Proposal 2: 
· RedCap supports 1T2R with antenna switching (1 PA) for FR1
· Continue investigating whether having 1 transmit and 1 receive is worthwhile for some low frequency deployments or scenarios where range is not an issue (e.g., wearables)

UE Bandwidth reduction
When looking at the supported bandwidths for RedCap, several factors need to be investigated:
· The minimum bandwidth required to support the NR synchronization procedures
· The operational requirements defined by RAN4 indicating which channel bandwidths can be supported per band and per subcarrier spacing
· The ability to provide performance at least as good as an LTE-M device
NR synchronization procedures require the ability to receive on 20 PRBs since the SSB occupies 20 PRBs. Looking at a channel granularity of 5MHz, and looking at tables 5.2.3-1 of 38.101, this translates into a minimum bandwidth of: 5MHz for a 15kHz spacing and 10 MHz for 30kHz spacing for FR1. For FR2, the requirements translate into: 40MHz for a 120kHz spacing, and 80MHz for a 240kHz spacing.
Observation 4: From synchronization requirements the minimum possible bandwidths are:
· for FR 1: 5MHz for 15kHz SCS and 10MHz for 30kHz SCS
· for FR 2: 40MHz for 120kHz SCS and 80MHz for 240kHz SCS
In addition, RAN4 defined for each band a) which SCS can be used, and b) for each band/SCS, which channel bandwidths are supported. This information is provided in Tables 5.3.5-1 of 38.101-1 and 38.101-2, which are given in Appendix B. From these two tables, the following can be observed:
Observation 5: From 38.101 the minimum possible bandwidths are:
· for FR1: 10MHz (n79 excluded) or 40MHz (n79 4.4GHz-5GHz included)
· for FR2: 50MHz

Combining these requirements altogether, it appears that the minimum bandwidth requirements for NR to operate without any specification change are 10MHz for FR1 in all bands except n79, 40MHz in n79, and 80MHz in FR2. Having RedCap devices with lower bandwidth than these is undesirable from the perspectives of standardization and design effort, as well as compatibility with “normal” NR (including NR-U which focuses on 20MHz in FR1). Furthermore, 20MHz in FR1 may be beneficial in terms of exploiting the enormous ecosystem of LTE device development and those associated cost advantages.
Therefore, for FR1, we propose to then support a RedCap bandwidth of 20MHz at this stage and leave n79 as FFS (either to support 40MHz there or investigate modifying those requirements for RedCap). For FR2, while 80MHz is sufficient, we suggest to support 100MHz: the hardware constraint changes are minimal between 80 and 100MHz, and given that the channelization is done with a granularity of 50MHz in RAN4 (cf. Table 5.3.1-2 of 38.101), there could be benefits later in having 100MHz as the minimum bandwidth.
Proposal 3: The RedCap bandwidth is:
· For FR1, 20MHz
· FFS operation in n79 band 
· For FR2, 100MHz
  
Half-Duplex FDD
A half-duplex FDD UE can reduce cost over a full-duplex FDD UE by simplifying the RF implementation and not requiring a duplexer. A switching time needs to be defined, and the scheduling is generally more complicated at the gNB. In general, coverage is not impacted, and power consumption is improved. [1] Specification work is required in RAN4 for switching time, applicable bands, and performance requirements. Efforts should be made in RAN1 to minimize specification changes for HD-FDD support. Note that restrictions to gNB scheduling may be needed to accommodate the switching time. We do not anticipate this to be a problem since RedCap applications have lower data rates than NR eMBB. However, in order to confirm this, we suggest sending an LS to RAN4 to inquire about the switching time that would be incurred with a switch instead of a duplexer. RAN1 can then determine if performance of a UE with a RX/TX switch is good enough for RedCap.
Proposal 4: send an LS to RAN4 to enquire about the RX/TX switching time with a RX/TX switch instead of a duplexer:
· The analysis should be performed per band per SCS

Relaxed UE processing time or processing capability
For some applications latency could be relaxed and processing time increased. However, some other RedCap applications will require typical eMBB or even URLLC latency, such as for safety sensors or some wearable services. In addition, modifications to processing time or capability may not have a substantial impact on the end device cost, depending on the values selected and the specific implementation. Finally, the scope of  the SID is quite large, and RAN1 needs to make sure that it focuses on the areas where the most improvement is needed. In addition, it may be possible to address this issue with just UE report capability under the existing framework with no RAN1 impact.  As such, it is recommended to first focus on the other aspects of cost reduction, and only support modifications related to processing time or processing capability if they offer clear benefits for all RedCap applications.
Proposal 5: Modifications related to processing time or processing capability are addressed with second priority and only if they offed clear benefits for all RedCap applications
[bookmark: _Ref129681832]
Conclusions 
Complexity reduction techniques for RedCap were discussed. We drew the following observations:
Observation 1: Only techniques with significant complexity reduction or cost benefit should be standardized, and economy of scale, design impact, and impacts to future release work should be considered.
Observation 2: The biggest cost savings is expected from reducing the number of PAs in the device
Observation 3: A 1Tx2R redcap device with a single PA and antenna switching is expected to have similar coverage as the Rel-15 baseline
Observation 4: From synchronization requirements the minimum possible bandwidths are:
· for FR 1: 5MHz for 15kHz SCS and 10MHz for 30kHz SCS
Observation 5: From 38.101 the minimum possible bandwidths are:
· for FR1: 10MHz (n79 excluded) or 40MHz (n79 4.4GHz-5GHz included)
· for FR2: 50MHz
We propose the following:
Proposal 1: The RedCap TR analysis includes feature compatibility to “normal” NR
Proposal 2: 
· RedCap supports 1T2R with antenna  switching (1 PA) for FR1
· Continue investigating whether having 1 transmit and 1 receive is worthwhile for some low frequency deployments or scenarios where range is not an issue (e.g., wearables)
Proposal 3: The RedCap bandwidth is:
· For FR1, 20MHz
· FFS operation in n79 band 
· For FR2, 100MHz
Proposal 4: send an LS to RAN4 to enquire about the RX/TX switching time with a RX/TX switch instead of a duplexer:
· The analysis should be performed per band per SCS
Proposal 5: Modifications related to processing time or processing capability are addressed with second priority and only if they offed clear benefits for all RedCap applications
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Appendix A: Use case specific requirements from the SID [2]:
· Industrial wireless sensors: Reference use cases and requirements are described in TR 22.832 and TS 22.104: Communication service availability is 99.99% and end-to-end latency less than 100 ms. The reference bit rate is less than 2 Mbps (potentially asymmetric e.g. UL heavy traffic) for all use cases and the device is stationary. The battery should last at least few years. For safety related sensors, latency requirement is lower, 5-10 ms (TR 22.804)
· Video Surveillance: As described in TS 22.804, reference economic video bitrate would be 2-4 Mbps, latency < 500 ms, reliability 99%-99.9%. High-end video e.g. for farming would require 7.5-25 Mbps. It is noted that traffic pattern is dominated by UL transmissions.
· Wearables: Reference bitrate for smart wearable application can be 10-50 Mbps in DL and minimum 5 Mbps in UL and peak bit rate of the device higher, 150 Mbps for downlink and 50 Mbps for uplink.  Battery of the device should last multiple days (up to 1-2 weeks).
Appendix B: channel bandwidth for each band (FR1 and FR2)
For FR1:
	
	
	NR band / SCS / UE Channel bandwidth

	NR Band
	SCS
kHz
	5 MHz
	10 MHz
	15 MHz
	20MHz
	25 MHz
	30 MHz
	40 MHz
	50 MHz
	60 MHz
	70 MHz
	80 MHz
	90 MHz
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	NOTE 1:	Void.
NOTE 2:	Void.
NOTE 3:	This UE channel bandwidth is applicable only to downlink.
NOTE 4:	This UE channel bandwidth is optional in this release of the specification.
NOTE 5:	For this bandwidth, the minimum requirements are restricted to operation when carrier is configured as an SCell part of DC or CA configuration.
NOTE 6:	For this bandwidth, the minimum requirements are restricted to operation when carrier is configured as an downlink SCell part of CA configuration.
NOTE 7:	For the 20 MHz bandwidth, the minimum requirements are specified for NR UL carrier frequencies confined to either 713-723 MHz or 728-738 MHz. For the 30MHz bandwidth, the minimum requirements are specified for NR UL transmission bandwidth configuration confined to either 703-733 or 718-748 MHz.
NOTE 8:	This UE channel bandwidth is applicable only to uplink.



For FR2:
	Operating band / SCS / UE channel bandwidth

	Operating band
	SCS
kHz
	50 MHz
	100 MHz
	200
MHz
	4001 MHz

	n257
	60
	Yes
	Yes
	Yes
	

	
	120
	Yes
	Yes
	Yes
	Yes

	n258
	60
	Yes
	Yes
	Yes
	

	
	120
	Yes
	Yes
	Yes
	Yes

	n260
	60
	Yes
	Yes
	Yes
	

	
	120
	Yes
	Yes
	Yes
	Yes

	n261
	60
	Yes
	Yes
	Yes
	

	
	120
	Yes
	Yes
	Yes
	Yes

	NOTE 1:	This UE channel bandwidth is optional in this release of the specification.



