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[bookmark: _Ref46492019]Introduction
The study on the support of reduced capability NR devices [1] has started in RAN1#101e. Regarding UE complexity reduction, the agreements reached in RAN1#101e [2] include:
	Agreements:
· For FR1, study at least 20MHz maximum UE bandwidth at least for initial access
· Other bandwidths FFS
· For FR2, study 50MHz and 100 MHz maximum UE bandwidth at least for initial access 
· Other bandwidths FFS

Agreements:
· For FR1, study two antenna configurations for RedCap UEs, namely 1Rx/1Tx and 2Rx/1Tx.
· For FR2, study two antenna configurations for RedCap UEs, namely 1Rx/1Tx and 2Rx/1Tx.

Agreements:
· Study HD-FDD operation Type A and Type B (as defined in LTE) in RAN1, where study of Type A is prioritized.

Agreements:
· For UE complexity reduction through relaxed UE processing time, study a more relaxed UE processing time in terms of N1/N2 compared to capability #1.

Agreements:
· Use the TR 36.888 methodology for UE cost/complexity evaluation as a starting point and determine what major updates are needed.
· Cost/complexity breakdowns can be separate for FR1 and FR2 if found beneficial.
· Include antenna parts at least in the cost/complexity breakdown for FR2.
· Potential benefits in terms of reduced device size can be mentioned where applicable in the TR (e.g. in the section on reduced number of antennas), but the SI will not aim to quantify such benefits.

Agreements:
The reference NR device for evaluation of cost/complexity reduction supports the following:
· All mandatory Rel-15 features (with or without capability signaling)
· Single RAT
· Operation in a single band at a time
· Maximum bandwidth: 
· For FR1: 100 MHz for DL and UL
· For FR2: 200 MHz for DL and UL
· Antennas: 
· For FR1 FDD: 2Rx/1Tx
· For FR1 TDD: 4Rx/1Tx
· For FR2: 2Rx/1Tx
· Power class: PC3
· Processing time: Capability 1
· Modulation: 
· For FR1: support 256QAM for DL and 64QAM for UL
· For FR2: support 64QAM for DL and 64QAM for UL
· Access: Direct DL/UL access between UE and gNB

Note: The study will consider impacts on the cost/complexity reduction from support of multiple RF bands within FR1 or FR2.



In this contribution, we present the analysis on UE complexity/cost reduction and discuss potential performance impact as well as impacts on coexistence and specifications. We also discuss certain open issues regarding UE complexity reduction feature. Some of the UE complexity features have impact on coverage performance. We report our assessment on coverage impact in this contribution. A more thorough coverage assessment is included in our companion paper [10]. The analysis in this contribution is summarized in the tables in Section 8 of this contribution.
Evaluation methodology
In [2], a reference UE as described above has been agreed as a baseline for UE complexity reduction analysis.
	Agreements:
The reference NR device for evaluation of cost/complexity reduction supports the following:
· All mandatory Rel-15 features (with or without capability signaling)
· Single RAT
· Operation in a single band at a time
· Maximum bandwidth: 
· For FR1: 100 MHz for DL and UL
· For FR2: 200 MHz for DL and UL
· Antennas: 
· For FR1 FDD: 2Rx/1Tx
· For FR1 TDD: 4Rx/1Tx
· For FR2: 2Rx/1Tx
· Power class: PC3
· Processing time: Capability 1
· Modulation: 
· For FR1: support 256QAM for DL and 64QAM for UL
· For FR2: support 64QAM for DL and 64QAM for UL
· Access: Direct DL/UL access between UE and gNB

Note: The study will consider impacts on the cost/complexity reduction from support of multiple RF bands within FR1 or FR2.


In [3], a breakdown in LTE UE cost was adopted for cost reduction analysis.
	Agreements:
· Use the TR 36.888 methodology for UE cost/complexity evaluation as a starting point and determine what major updates are needed.
· Cost/complexity breakdowns can be separate for FR1 and FR2 if found beneficial.
· Include antenna parts at least in the cost/complexity breakdown for FR2.
· Potential benefits in terms of reduced device size can be mentioned where applicable in the TR (e.g. in the section on reduced number of antennas), but the SI will not aim to quantify such benefits.



The percentage split between RF and baseband costs is 40:60. The details are shown in Table 1, including some aspects specific to FR1 FDD, FR1 TDD, and FR2 TDD that may be considered to reflect the differences between LTE and NR reference UEs. Although these differences will result in different cost breakdowns in FR1 FDD, FR1 TDD, and FR2 TDD, our view is that the techniques that were found beneficial in [3] would still be good candidates for the consideration of RedCap. Their exact contributions to cost reduction might be somewhat different compared to the conclusion in [3], the LTE-MTC findings nevertheless serve as a reasonable rough estimates. For the techniques where this cost breakdown is not applicable, we explicitly indicate this in relevant sections.

[bookmark: _Ref46747467]Table 1: UE cost breakdown in RF and baseband functional blocks adopted in [3]
	Functional block
	Recommended cost breakdown for reference LTE FDD Cat-1 modem in TR 36.888 
	FR1 FDD
specific aspects
	FR1 TDD
specific aspects
	FR2 TDD
specific aspects

	Antenna parts
	N/A
	N/A
	N/A
	TBD%

	Antenna panels (including RF phase shifters, RF filters, PAs, LNAs)
	N/A
	N/A
	N/A
	Significantly different depending on implementation aspects such as insertion loss target, etc.
Scales with #bands
BW dependent filters

	RF parts
	40%
	40%
	40%
	TBD%

	Power amplifier
	25%-30%
	Scales with #bands
	Scales with #bands

	Part of Antenna parts

	Filters
	5%-10%
	Scales with #bands
BW dependent
	Scales with #bands
Scales with #chains
(4 instead of 2)
BW dependent
	Part of Antenna parts

	RF transceiver
(including LNAs, mixer, and local oscillator)
	40%-50%

	Scales with #bands
	Scales with #bands
Scales with #chains
(4 instead of 2)
	Scales with #bands
(LNAs are included in antenna parts)


	Duplexer / Switch
	15%-25%
	Scales with #bands
	
	

	Other
	0%-10%
	
	
	

	Total of RF
	95%-110%
	
	
	

	Baseband parts
	60%
	60%
	60%
	TBD%

	ADC / DAC 
	10%
	BW dependent
	BW dependent
Scales with #chains
(4 instead of 2)
	BW dependent

	FFT / IFFT
	5%
	Scales with FFT size
(4096 instead of 2048)
	Scales with FFT size
(4096 instead of 2048)
TDD has lower duty factor than FDD
Scales with #chains
(4 instead of 2)
	Scales with FFT size
(4096 instead of 2048)
TDD has lower duty factor than FDD

	Post-FFT data buffering
	10%-15%
	Scales with FFT size
(4096 instead of 2048)
Low processing latency reduces buffer requirements whereas cross-slot scheduling increases buffer requirements
	Scales with FFT size
(4096 instead of 2048)
Scales with #chains
(4 instead of 2)
Low processing latency reduces buffer requirements whereas cross-slot scheduling increases buffer requirements
	Scales with FFT size
(4096 instead of 2048)
Low processing latency reduces buffer requirements whereas cross-slot scheduling increases buffer requirements

	Receiver processing block
	20%-35%
	NR has tighter processing timeline than LTE 
	NR has tighter processing timeline than LTE
Scales with #chains
(4 instead of 2)
	NR has tighter processing timeline than LTE

	Turbo decoding
	5%-15%
	LDPC instead of Turbo
	LDPC instead of Turbo
	LDPC instead of Turbo

	HARQ buffer
	10%-15%
	Scales with #processes
(16 instead of LTE FDD reference modem’s 8)
	Scales with #processes
(16 instead of LTE FDD reference modem’s 8)
	Scales with #processes
(16 instead of LTE FDD reference modem’s 8)

	DL control processing & decoder
	5%
	Polar instead of TBCC
	Polar instead of TBCC
#BD is SCS dependent
	Polar instead of TBCC
#BD is SCS dependent 

	Synchronization / cell search block
	10%-15%
	NR SSB has different channel raster, periodicity and bandwidth than LTE
	NR SSB has different channel raster, periodicity and bandwidth than LTE
	NR SSB has different channel raster, periodicity and bandwidth than LTE

	UL processing block
	5%-10%
	
	
	

	MIMO specific processing blocks
	5%-15%
	LTE reference modem does not support MIMO, only beamforming
	LTE reference modem does not support MIMO, only beamforming
	LTE reference modem does not support MIMO, only beamforming

	Other
	0%
	
	
	

	Total of Baseband
	90%-110%
	
	
	



Reduced number of UE Rx/Tx antennas
Description
Reducing the required number of Rx and/or Tx antennas for a RedCap UE compared to that of a reference Rel-15 NR UE is expected to bring down the cost and complexity, albeit resulting in the loss of system performance and impacting the 3GPP specifications. According to the agreements in RAN1#101e [2], the reference UE supports 2Rx/1Tx, 4Rx/1Tx, and 2Rx/1Tx in FR1 FDD, FR1 TDD, and FR2, respectively. Note that the standard may have exceptions to this rule of thumb, e.g. in band n7 which is an FDD band where the UE is required to be equipped with 4 Rx. The antenna configurations to study for RedCap UEs are 1Rx/1Tx and 2Rx/1Tx, in both FR1 and FR2. Since the Tx configuration is the same as the reference UE, we mainly discuss the impact of reduced UE Rx in the following sections. 
	Agreements:
The reference NR device for evaluation of cost/complexity reduction supports the following:
· [...]
· Antennas: 
· For FR1 FDD: 2Rx/1Tx
· For FR1 TDD: 4Rx/1Tx
· For FR2: 2Rx/1Tx
· [...]

Agreements:
· For FR1, study two antenna configurations for RedCap UEs, namely 1Rx/1Tx and 2Rx/1Tx.
· For FR2, study two antenna configurations for RedCap UEs, namely 1Rx/1Tx and 2Rx/1Tx.




[bookmark: _Hlk46482111]It is worth clarifying that “Tx” and “Rx” referred to above and in the agreements refers to transmitter and receiver branches, not antennas. This distinction is more important in FR2 than in FR1. The reason is that in FR1 the transmitter and the receiver RF characteristics are specified in RAN4 as conducted requirements at the antenna connector(s) of the UE, and the antenna aspects are left to implementation [4]. In FR2, however, due to the high number of antennas needed to support beamforming functionality, and the tight integration of the transceiver and the antennas, the RF characteristics are specified as radiated requirements over the air (OTA) [5]. The radiated requirements, unlike the conducted requirements, will account for antenna gain in specific direction(s) at the UE. Therefore, it is necessary to discuss the antenna implementation that had been used to derive these radiated requirements, as this will impact the cost/complexity breakdown for FR2. 
An FR2 UE can have one or more antenna panels, with each panel containing an array of one or more radiating antenna elements, and with each antenna element supporting single or dual polarization. The agreement in RAN1#101e explicitly states that antenna parts can be included at least in the cost/complexity breakdown for FR2, and to our understanding this can include both transmit and receive antennas, which in most cases are the same. In short, for a handheld UE (power class 3), the RAN4 FR2 RF requirements, such as minimum peak EIRP and EIRP/EIS spherical coverage are derived using 2 antenna panels, with each panel supporting 4 dual polarized antenna elements [6], [7]. A single antenna panel may be enough for meeting the minimum peak EIRP requirement, but a dual antenna panel configuration is needed for meeting the spherical coverage requirements. A more detailed discussion on these aspects is available in our contribution to RAN1#101e [8].
[bookmark: _Hlk46482054][bookmark: _Toc47691941]It is necessary to discuss the antenna implementation that had been used to derive the RAN4 radiated requirements, as this will impact the cost/complexity breakdown for FR2.
Analysis of UE complexity reduction
FR1
For FR1, we reuse the methodology in [3] for the evaluation of UE cost/complexity reduction. The cost drivers are categorized into two parts: RF and baseband processing. The most relevant components of each of these parts and the associated cost breakdown are listed in Table 6.3.3.1 of [3]. Note that the evaluation in [3] uses an LTE FDD Cat-1 modem as reference. For a reference NR device, however, several differences exist. Some examples are (1) the bandwidth in FR1 is 100 MHz, which is 5 times as that in LTE, (2) unlike the reference LTE device, which has only 2 Rx branches, the reference NR device has 4 Rx branches in FR1 TDD bands, (3) the SCS can be 30 and 60 kHz, in addition to 15 kHz, (4) changes to the decoding functionality for data and control, i.e., decoding of LDPC and polar codes instead of turbo and TBCC for PDSCH and PDCCH/PBCH, respectively, and (5) advances in integrated circuit technology of the recent years. In spite of these differences, in our view reusing the cost breakdown in [3] provides a fairly good indication of the order of magnitude and the relative cost saving for the different components. 
The estimated cost savings for FR1 can be summarized as follows:
· According to [3] clause 6.3.3, the estimated cost savings for a 1 Rx RedCap UE relative to that of a reference 2 Rx FDD UE are in the ranges 12-33% for the RF part and 12.5-44% for the baseband processing. Thus, the overall relative cost saving is in the range 15-38%. Note that the overall relative cost saving is calculated by considering that the ratio of RF to baseband cost of the UE is 40:60.
· The cost savings for a 2 Rx RedCap UE relative to that of a reference 4 Rx TDD UE are estimated to be similar as for a 1 Rx RedCap UE relative to a 2 Rx FDD UE. Thus, the overall relative cost saving is in the range 15-38%. 
· Assuming that the cost savings for a 1 Rx RedCap UE relative to that of a reference 4 Rx TDD UE scale with the number of antennas, they can be estimated to be in the ranges 18-49.5% for the RF part and 18.8-66% for the baseband processing. Thus, the overall relative cost saving is in the range 22.5-57%.
More details on the methodology for cost analysis is available in Section 5.2.2 of [3]. Although in the above analysis we assumed that the cost breakdown for the 2 Rx and the 4 Rx reference UEs are the same, a more rigorous analysis should take into account that the cost of only the receive components would increase when increasing the number of receiver branches.  
In addition to the cost savings described above, reducing the number of receiver branches and the associated antennas can also help to reduce the device size, in particular in low-band (FDD).
[bookmark: _Toc47691942]The overall relative cost saving from reducing the number of receiver branches in FR1 is significant. The estimated savings are: 
· [bookmark: _Toc47691943]15-38% for a 1 Rx RedCap UE relative to a 2 Rx reference UE in an FDD band.
· [bookmark: _Toc47691944]15-38% for a 2 Rx RedCap UE relative to a 4 Rx reference UE in a TDD band.
· [bookmark: _Toc47691945]22.5-57% for a 1 Rx RedCap UE relative to a 4 Rx reference UE in a TDD band. 
FR2
The RF implementation in mm-wave frequencies requires technologies that are not as mature as that of FR1, where years of development efforts in LTE could be leveraged. The UE also needs to support beamforming in order to compensate for the higher propagation loss due to less diffraction, higher environmental attenuation, and smaller antenna aperture at mm-wave frequencies. Due to the considerations on cost, complexity, and power consumption, analogue beamforming would be the preferred method of UE beamforming in FR2, at least for the near future.
The aforementioned factors will impact the ratio of RF to baseband cost. In FR1, per 36.888 this ratio is assumed to be 40:60, and the overall cost savings were based on this cost breakdown. This will no longer be valid in FR2 due to the following specific reasons:
· In order to facilitate analogue beamforming, the UE will be equipped with a high number of antenna elements, which is much more than the number of transmitter/receiver branches.
· The RAN4 UE requirements on minimum peak EIRP and spherical coverage in FR2 assumes the support of 2 antenna panels, with each panel consisting of at least 4 dual polarized antenna elements [6], [7]. That is, a total of 8 dual polarized antenna elements will be needed. Note that there are only 2 receiver branches on the reference NR UE. It needs to be emphasized that these numbers on antenna panels/elements are used only to provide an indication of a possible UE antenna configuration and does not preclude the UE vendors from using other implementations that fulfil the RAN4 requirements.
· Depending on the UE architecture, each antenna element and possibly each polarization can be associated with one PA and one RF phase shifter on the transmit chain, and one LNA, one RF filter and one RF phase shifter on the receive chain. Note that a UE RF reference architecture that can be assumed for NR FR2 is provided in [9].
· The implementation of analogue components mentioned above are particularly challenging at mm-wave frequencies. The specific challenges are discussed in detail in [9]. In brief, in order to overcome, at least to a certain extent, the significant degradation in efficiency, lower breakdown voltages, higher insertion losses and tougher linearity requirements, advanced integrated circuit technologies and expensive semiconductor materials are needed at mm-wave frequencies. Also, due the high level of integration of transceiver and antennas at mm-wave, these components must be of limited size and fit in a small area. All these factors, in addition to impacting the achievable performance and heat dissipation, will also significantly drive up the cost and complexity of RF parts in FR2.
Based on the above analysis, in our view, the cost and the complexity of the FR2 reference UE modem are dominated by the RF components, and reducing only the receiver branches from 2 to 1 will have limited impact on the overall cost/complexity reduction, as well as on the UE form factor. The exact value of the relative cost saving will depend on the ratio of RF to baseband cost and the cost breakdown of different components, which will vary between different FR2 UE vendors. Note that relaxing the RAN4 requirements on EIRP and spherical coverage, although can lead to a significant performance impact, can help to reduce the cost, complexity and UE form factor by reducing the required number of antenna panels/elements. This, however, will require RAN4 involvement and can be left out during the RedCap study item (SI) phase.
[bookmark: _Toc47691946]The cost and the complexity of the FR2 reference UE modem is dominated by the RF part, containing many expensive analogue components per antenna element. 
[bookmark: _Toc47691947]Reducing only the receiver branches from 2 to 1 in FR2 will have limited impact on the overall cost and complexity reduction, as well as on the UE form factor.
Support of multiple RF bands in FR1 or FR2
[bookmark: _Hlk47131399][bookmark: _Hlk47197189]Depending on the implementation and the frequency separation between the supported bands, each band can have separate RF components, including separate antennas, PAs, LNAs, filters, diplexers and possibly multiplexers. In FR2, the analogue beamforming network can also be band specific. Clearly, the cost, complexity and the size of the device would scale up, although not linearly, with the number of supported bands within FR1 or FR2. 
According to the agreements in RAN1#101e, the reference NR device is required to support operation only in a single band at a time. This implies that carrier aggregation (CA), where there is simultaneous transmission and/or reception in multiple bands, is not considered in the cost/complexity reduction analysis. Since CA is not supported (inter-band CA is currently not supported in FR2), the quality requirements on some of the RF components can be relatively less stringent. Some advanced UEs are also able to support wideband operation, for example bands n257 (~28 GHz) and n259 (~39 GHz), using common RF components that are shared between multiple bands. Although this can help to reduce the device size, the RF performance will be impacted, and the cost of the device may still be high. 
[bookmark: _Toc47691948]The cost, complexity and the size of a RedCap device would scale up, although not linearly, with the number of supported RF bands within FR1 or FR2. 
[bookmark: _Toc47691949]The overall relative cost/complexity reduction due to reducing number of Rx branches in a multi-band case can be expected be of the similar order as in the single-band case.
Analysis of performance impacts
A reduction in the number of receive branches will affect the demodulation performance at the UE, and thus impact the downlink coverage. The estimated coverage loss incurred from this reduction is summarized in Table 2 for FR1 and FR2. The link level simulation assumptions used to obtain these results (together with more detailed results) are provided in our companion paper [10]. The main observations can be summarized as follows:
· FR1 FDD (2 Rx  1 Rx): The coverage losses for SSB, PDCCH and PDSCH are 4.9 dB, 3.7 dB and 4.0 dB, respectively. 
· FR1 TDD (4 Rx  2/1 Rx): The coverage losses for SSB, PDCCH and PDSCH when going from 4 to 2 receive branches are 3.0 dB, 3.2 dB and 3.0 dB, respectively. There is an additional loss of 3.9 dB, 3.0 dB and 3.2 dB when further reducing the supported receive branches to 1.
· FR2 (2 Rx  1 Rx): The coverage losses for SSB, PDCCH and PDSCH are 3.7 dB, 3.9 dB and 3.8 dB, respectively. 
[bookmark: _Ref46522844][bookmark: _Ref46747103]   Table 2: Downlink coverage loss from reduced number of UE receiver branches
	DL physical channel/signal
	FR1 FDD
(2 Rx  1 Rx)

	FR1 TDD 
(4 Rx  2 Rx)

	FR1 TDD 
(4 Rx  1 Rx)

	FR2 
(2 Rx  1 Rx)


	SSB 
(1% BLER)
	4.7 dB
	3.0 dB
	6.9 dB
	3.7 dB

	PDCCH 
(1% BLER)
	3.7 dB
	3.2 dB
	6.2 dB
	3.9 dB

	PDSCH 
(10% BLER)
	4.0 dB
	3.0 dB
	6.2 dB
	3.8 dB



The initial simulation results in [11] and [12] provided as part of the NR coverage enhancement SI indicate that the uplink data channel (PUSCH) is the limiting channel, for both FR1 and FR2. These results were obtained based on the UE having the same number of receiver branches as the reference NR UE used for the RedCap SI. Whether the performance loss from reducing the number of receiver branches, as summarized in Table 2, would make the overall system downlink limited, should be discussed as part of the RedCap SI objective on coverage recovery, where the link budget evaluation as well as the specific solutions to use for coverage recovery are considered. Note that TS 38.101-4 [13] also provides the demodulation performance for various channels under different propagation conditions for a UE equipped with 2 or 4 receiver branches, and it is seen that the difference is roughly 3 dB for most channels in FR1 (for FR2, results are provided only for two receiver branches). 
In addition to impacting the downlink coverage, the reduction of receive branches will also have other implications, such as:
· If a RedCap UE only supports 1 receiver branch, the gNB cannot support higher channel rank (i.e., MIMO) transmission in the downlink. This may lead to RedCap not being able to support some use cases, such as high-end wearables which may require very high bitrate, unless very high modulation order, larger bandwidth part after initial access, or carrier aggregation are used.
· The spectral efficiency/network capacity will be reduced due to, as also identified in [3], use of less efficient MCS on PDSCH, use of higher aggregation level for PDCCH, and the inability to use receiver algorithms with spatial interference rejection capabilities.
· It is very likely that the power consumption at the UE will be increased as the UE has to stay awake for a longer time to receive PDSCH, or to acquire SSB. 
· The reduction in the number of receiver branches will also impact RRM accuracy and capability.
Note that the performance impact resulting from reduced antenna efficiency due to device size limitations will be considered during the link budget evaluation discussed in our contribution [10], not here. Also, the impact due to reduced number of antenna panels/elements, which will affect both downlink and uplink performance, is not discussed in this paper as it was not part of the agreements in RAN1#101e. 
[bookmark: _Toc47691950][bookmark: _Hlk46569266]For the evaluated scenarios, the coverage losses incurred from reducing the number of receiver branches for a RedCap UE with respect to the reference NR UE are:
· [bookmark: _Toc47691951]4.7 dB for SSB, 3.7 dB for PDCCH, and 4.0 dB for PDSCH for a 1 Rx RedCap UE in FR1 FDD band.
· [bookmark: _Toc47691952]3.0 dB for SSB, 3.2 dB for PDCCH, and 3.0 dB for PDSCH for a 2 Rx RedCap UE in FR1 TDD band. 
· [bookmark: _Toc47691953]6.9 dB for SSB, 6.2 dB for PDCCH, and 6.2 dB for PDSCH for a 1 Rx RedCap UE in FR1 TDD band. 
· [bookmark: _Toc47691954]3.7 dB for SSB, 3.9 dB for PDCCH, and 3.8 dB for PDSCH for a 1 Rx RedCap UE in FR2.
[bookmark: _Toc47691955]The reduction of receiver branches will have implications on MIMO support, spectral efficiency/network capacity, power consumption at the UE, and RRM accuracy and capability.
Analysis of coexistence with legacy UEs
No impact on the coexistence of RedCap with legacy UEs is foreseen. However, careful consideration is required when introducing coverage recovery solutions for the initial and the random access stages, as this would also have impact on the latency, the spectral efficiency and the network capacity for the legacy UEs. This is because a RedCap UE may not be known to the network before the reception of Msg3/Msg5. These aspects can be considered together with the SI objective on coverage recovery. The discussion on coverage recovery is not exclusive for reduced number of receiver branches, and will be dependent on other complexity reduction techniques as well. 
[bookmark: _Toc47691956]Reducing the number of UE Rx branches has no impact on the coexistence of RedCap with legacy UEs is foreseen.
[bookmark: _Toc47691957]If there is a need for coverage recovery during the initial access stage, there will be impact on the latency, the spectral efficiency and the network capacity for the legacy UEs as well.
Analysis of specification impacts
The reduction in downlink coverage, as shown in Table 2, can be compensated by solutions that require changes to the 3GPP specifications, and by solutions that don’t, i.e., solely based on network implementation. Some examples of the latter are the use of more robust MCS and repetitions (≤ 8) for PDSCH, use of higher aggregation level (≤ 16) for PDCCH, and use of longer acquisition time for SSB (< 80 ms). For the former, the extent of RAN1 specification impact would depend on the coverage recovery solutions, if any, that would be agreed for RedCap. Table 4 of our companion paper [10] lists specific techniques for each physical channel/signal that can be considered for compensating the coverage loss. Further discussions on RAN1 specification impact can be carried out once more agreements on coverage recovery solutions are reached. 
It is, however, clear that a reduced number of receive branches will affect several aspects of RAN4 specifications, including RF, demodulation and RRM, and the extent of the impact would depend on number of receiver branches that will be eventually agreed for RedCap. Some instances were there would be RAN4 specification impacts are as follows:
· TS 38.101-1/2 [4][5]: The receiver side reference sensitivity requirements specified in TS 38.101-1/2 are based on at least 2 receiver branches in FR1 (additional requirements with 4 receiver branches are specified for bands n7, n38, n41, n77, n78 and n79), and 2 receiver branches in FR2. Therefore, reduction of receiver branches to 1 will necessitate a significant effort from RAN4 to update the standards on UE transmission and reception.
· TS 38.101-4 [13]: The demodulation performance and CSI reporting requirements specified in 38.101-4 for different channels under various propagation conditions are based on 2 and 4 receiver branches in FR1, and 2 receiver branches in FR2. Therefore, like the case above, support of 1 receiver branch will require a significant RAN4 effort.
· TS 38.133 [14]: The RRM measurement performance requirements specified in TS 38.133 will be affected due to the reduction in number of receiver branches. In addition, it is most likely that the procedure requirements (e.g., cell change, radio link management, beam management, etc.) in all RRC states need to be revisited. 
It can also be argued that for RedCap devices, such as smart wearables and wall-mounted industrial wireless sensors, where some portion of the UE’s radiation sphere may be blocked by the human body and wall [9], the EIRP/EIS spherical coverage requirements specified in RAN4 can be relaxed. This, if needed, can be treated in RAN4 during the work item phase, and can be left out of any RAN1 discussion. It needs to be emphasized that the RAN4 specification impacts may go well beyond what have been described above. The above description is only meant to get a feel for the extend of RAN4 impact. An in-depth study of the impact requires RAN4’s participation. 
[bookmark: _Toc47691958]The extend of RAN1 specification impact would depend on the coverage recovery solutions, if any, that would be agreed for RedCap.
[bookmark: _Toc47691959]The reduction in receiver branches will affect several aspects of RAN4 specifications, including RF, demodulation and RRM. The impact is more significant, in both FR1 and FR2, when reducing the number of receiver branches to 1.
Based on the above analysis, where the impact of reduced number of receiver branches on cost, complexity, device size, performance and specifications are considered, we propose the following:
[bookmark: _Toc47691994]Capture in the recommendation and conclusion of the TR that in FR1, a RedCap UE is required to support at least 2 receiver branches in bands n7, n38, n41, n77, n78 and n79, and 1 receiver branch in all other bands. 
[bookmark: _Toc47691995]Capture in the recommendation and conclusion of the TR that in FR2, a RedCap UE is required to support at least support 2 receiver branches.
UE bandwidth reduction
Description
In current NR specifications, a UE is required to support 100 MHz in FR1 and 200 MHz in FR2. These bandwidth requirements are considerably higher than the need from the data rate requirements of the RedCap use cases. In RAN1#101e [2], it was agreed that RedCap UE bandwidth options to study include the following:
· 20 MHz in FR1
· 50 MHz or 100 MHz in FR2
	Agreements:
The reference NR device for evaluation of cost/complexity reduction supports the following:
· […]
· Maximum bandwidth: 
· For FR1: 100 MHz for DL and UL
· For FR2: 200 MHz for DL and UL
· […]

Agreements:
· For FR1, study at least 20MHz maximum UE bandwidth at least for initial access
· Other bandwidths FFS
· For FR2, study 50MHz and 100 MHz maximum UE bandwidth at least for initial access 
· Other bandwidths FFS




In this section, we present the analysis on these bandwidth reduction options. In our analysis, we assume the baseband and RF bandwidths are the same. Furthermore, the bandwidths in the UL and DL are assumed to be the same.
Analysis of UE complexity reduction
UE bandwidth reduction can result in complexity and cost reduction in most of the functional blocks in a UE implementation, including:
· RF: power amplifier, transceiver
· Baseband: ADC/DAC, FFT/IFFT, Post-FFT data buffering, receiver processing block, PDSCH decoder, HARQ buffer, PDCCH processing and decoding, UL processing block
In the LTE MTC study [3], UE bandwidth reduction was identified as a main technique to reduce the UE complexity. The findings captured in the study report [3] can be summarized as follows:
· Reduction of maximum bandwidth provides significant cost savings. The cost savings are mainly due to reduced baseband processing.
· Reduction of maximum bandwidth even without lowering peak data rate provides considerable cost savings mainly from lower complexity of FFT/IFFT and receiver processing blocks of baseband processing.
· Reduced bandwidth on the UL provides very small savings in the overall UE cost, because the RF component cost is not sensitive to the bandwidth, and the cost of the UL processing blocks is only a small portion of the total baseband cost.
· Reduction of maximum bandwidth provides minimal or small savings for the RF components.
In [3], reducing UE bandwidth from 20 MHz to 1.4 MHz, a reduction factor of 14, was found to achieve 39% cost reduction when the results were averaged over all the sources. In addition, 2 sources provide results on UE bandwidth from 20 MHz to 5 MHz, a reduction factor of 4, and the average cost reduction is approximately 15%. Note that in FR1, bandwidth reduction from 100 MHz to 20 MHz corresponds to a reduction factor of 5. Thus, if the findings from the LTE MTC study also hold for FR1, the cost reduction achieved by this will be approximately between 15% and 39%.
[bookmark: _Toc47691960]If the findings from the LTE MTC study also hold for FR1, bandwidth reduction from 100 MHz to 20 MHz would be expected to achieve UE cost reduction approximately between 15% and 39%.

In FR2, bandwidth reduction from 200 MHz to 50 MHz corresponds to a reduction factor of 4. Thus, we expect the cost reduction achieved by this will be approximately 15%. However, we note that in [3] the cost ratio between baseband and RF is 60% to 40%. However, the cost of RF in FR2 is expected to have a higher cost ratio. This would need to be reflected in a more refined assessment.
[bookmark: _Toc47691961]If the findings from the LTE MTC study also hold for FR2, bandwidth reduction from 200 MHz to 50 MHz would be expected to achieve approximately 15% UE cost reduction.

In FR2, bandwidth reduction from 200 MHz to 100 MHz corresponds to a reduction factor of 2. The cost reduction in this case is expected to be less than 10%.
[bookmark: _Toc47691962]If the findings from the LTE MTC study also hold for FR2, bandwidth reduction from 200 MHz to 100 MHz would be expected to achieve less than 10% UE cost reduction.

Analysis of performance impacts
Coverage in FR1
In FR1, all the SSB and CORESET#0 configurations have bandwidths lower than 20 MHz. Thus, there is no performance impact on SSB and CORESET#0 performance. 
For PDSCH and PUSCH, reduced bandwidth results in reduced frequency diversity. This will have impact on coverage. However, the performance impact is expected to be small considering there are other means for achieving diversity, e.g. gNB precoder cycling (for PDSCH), frequency hopping (for PUSCH), and receive diversity (for PUSCH and PDSCH in case RedCap UEs have multiple receive chains). For PDSCH, reduced UE bandwidth would result in a lower number of resource elements we well as a reduced power level as the gNB transmit power is split evenly across all PRBs. However, as long as the target data rate is adjusted accordingly so that the same spectral efficiency is maintained, bandwidth reduction will not have a significant impact on PDSCH coverage.
[bookmark: _Toc47691963]Bandwidth reduction will not have a significant impact on PDSCH coverage provided that the PDSCH target data rate is adjusted accordingly to maintain the same target spectral efficiency.
For PDCCH, similar to the above discussion for PDSCH and PUSCH, coverage reduction due to reduced frequency diversity is expected to be small. Furthermore with 20 MHz UE bandwidth, an aggregation level (AL) of 16 can be supported. For example, with 15 kHz subcarrier spacing (SCS) and 1 symbol CORESET duration, AL 16 can be supported with a CORESET bandwidth of 17.28 MHz. For 30 kHz SCS, with 2 symbol CORESET duration, AL 16 can be supported with a CORESET bandwidth of 17.28 MHz. 
[bookmark: _Toc47691964]UE bandwidth 20 MHz is enough to support PDCCH AL 16 in FR1.
For PUCCH, coverage reduction due to reduced frequency diversity is expected to be small. If higher frequency diversity is desired, the PUCCH allocation for a RedCap UE can use frequency hopping over a larger frequency offset than the 20 MHz UE bandwidth. This however requires a frequency retuning on the UE side, which may result in a loss of one usable OFDM symbol within the allocated time domain resources for PUCCH.
[bookmark: _Toc47691965]The constraint of 20 MHz UE bandwidth can be expected to have small coverage degradation.
Coverage in FR2
In FR2, the situation for PDSCH, PUSCH, and PUSCH is similar to FR1. We therefore focus on SSB and PDCCH.
In FR2, the SSB supports 120 kHz and 240 kHz subcarrier spacing, which corresponds to 28.8 MHz and 57.6 MHz bandwidth, respectively. Although the SSB bandwidth is 57.6 MHz in FR2 when the 240 kHz subcarrier spacing is used, the synchronization signal (SS) only spans 127 subcarriers and therefore has a bandwidth much less than 50 MHz. The PBCH can span over the entire 57.6 MHz SSB bandwidth. In this case, a RedCap UE with 50 MHz bandwidth can simply skip receiving the PBCH subcarriers outside of its receive bandwidth. This will have some impact on PBCH coverage. Error! Reference source not found. shows the performance of SSB detection. The performance gap between the 100 MHz and 50 MHz UE bandwidths is the degradation due to PBCH subcarrier skipping. It can be seen that the degradation is very modest.
[bookmark: _Toc47691966]In FR2, a UE with a 50 MHz bandwidth limitation can still detect an SSB of 240 kHz SCS. The performance loss is very modest compared to a UE with 100 MHz UE bandwidth.

[image: ]
Figure 1: SSB detection performance after 1 transmission (SCS 240 kHz).

Regarding PDCCH, the CORESET for Type0-PDCCH may be configured to 69.12 MHz. If the UE is constrained to have 50 MHz bandwidth, it can simply skip the PRBs that are outside of its Rx bandwidth. This will result in coverage loss for the RedCap UE. Error! Reference source not found. shows the block error rate (BLER) performance of PDCCH. The performance gap between the 100 MHz and 50 MHz UE bandwidths is the degradation due to PDCCH PRB skipping. We assume the gNB has two transmit chains. At 1% BLER, the degradation is about 1.7 dB and 1.5 dB for 1 Rx and 2 Rx UEs, respectively.
 [image: ]
Figure 2: PDCCH block error rate performance when CORESET for Type0-PDCCH may be configured to 69.12 MHz.

[bookmark: _Toc47691967]In FR2, a 50 MHz UE bandwidth can still detect PDCCH in the CORESET for Type0-PDCCH configured with 69.12 MHz bandwidth. At 1% BLER, the degradation is about 1.7 dB and 1.5 dB for 1 Rx and 2 Rx UEs, respectively.

Analysis of coexistence with legacy UEs
In NR, a new concept called bandwidth part (BWP) was introduced. With the BWP framework, a legacy UE can be configured to operate in a smaller BWP bandwidth. Thus, coexistence between UEs operating in a wide and small BWPs has been ensured since Rel-15. Established BWP framework can be used ensure coexistence between legacy and RedCap UEs.
Analysis of specification impacts
In NR, the provisioning of BWP can be used to adapt the operation bandwidth for energy efficiency consideration, balancing the UE data rate requirements and energy efficiency. Additionally, in the RedCap case, BWP can be used to adapt the operation bandwidth according to the UE capability. Thus, once the UE capability is known to the network, the network can configure an appropriate BWP using RRC signalling. In this section we focus on the communications to and from a RedCap UE before its bandwidth capability is known to the network. Specifically, we focus on SSB detection, system information acquisition, as well as the random access procedure when the UE moves from RRC Inactive/Idle to RRC Connected.
[bookmark: _Ref33780037][bookmark: _Ref40277349][bookmark: _Hlk46407720]SSB detection and system information acquisition
In FR1, the SSB bandwidths for both 15 kHz SCS and 30 kHz SCS are less than 20 MHz. Thus, a RedCap UE with 20 MHz bandwidth fully supports existing SSB configurations.
In FR2, the SSB bandwidth with 120 kHz is less than 50 MHz. So, there is also no issue there. However, with 240 kHz SCS, the SSB bandwidth in FR2 can be 57.6 MHz. As illustrated by the results shown in Error! Reference source not found., a UE with 50 MHz can successfully detect SSB of 57.6 MHz.
In conclusion, all the existing SSB configurations can be reused for RedCap UEs supporting 20 MHz bandwidth in FR1 or 50 MHz or 100 MHz bandwidth in FR2.
[bookmark: _Toc47691968]All the existing SSB configurations can be reused for RedCap UEs supporting 20 MHz bandwidth in FR1 or 50 MHz or 100 MHz bandwidth in FR2.
The UE procedure for monitoring Type0-PDCCH common search space (CSS) sets is given in Subclause 13 of TS 38.213. In Subclause 13 of TS 38.213, we can see that for FR1, all the CORESET configurations for Type0-PDCCH CSS have bandwidths no greater than 17.28 MHz in frequency domain. Therefore, for FR1, a RedCap UE supporting 20 MHz UE bandwidth can work with all the current configurations of CORESET for Type0-PDCCH CSS.
For FR2, assuming 120 kHz subcarrier spacing is used for PDCCH, CORESET for Type0-PDCCH CSS can be configured to as large as 69.12 MHz in frequency domain. As illustrated by the results shown in Error! Reference source not found., a UE with 50 MHz can successfully detect the PDCCH of AL 16 in a CORESET of 69.12 MHz.
In conclusion, all the existing CORESET configurations for Type0-PDCCH CSS can be reused for RedCap UEs supporting 20 MHz bandwidth in FR1 or 50 MHz or 100 MHz bandwidth in FR2.
[bookmark: _Toc47691969]All the existing CORESET configurations for Type0-PDCCH CSS can be reused for RedCap UEs supporting 20 MHz bandwidth in FR1 or 50 MHz or 100 MHz bandwidth in FR2.
Random access procedure
Random access procedure includes the preamble transmission on PRACH, Message 3 transmission on PUSCH, Message 2/4 transmissions on PDSCH, and the corresponding signaling on PDCCH and PUCCH (e.g. grants, HARQ-ACK). 
NR defines two kinds of PRACH preambles, i.e., short preambles and long preambles. They differ in lengths and numerologies. Long preambles have two numerologies, i.e., 1.25 kHz and 5 kHz, and can only be used in FR1. If we use the 15 kHz frame structure as reference, a preamble with 1.25 kHz numerology occupies 6 RBs and a preamble with 5 kHz numerology occupies 24 RBs. For short preambles, 15 kHz or 30 kHz subcarrier spacing is used for FR1 and 60 kHz or 120 kHz subcarrier spacing is used for FR2. A short preamble always occupies 12 RBs in the frequency domain regardless of the preamble numerology. Therefore, the PRACH bandwidth both for FR1 and FR2 is within the reduced bandwidth options being studied. Thus, we can conclude that the reduction in UE bandwidth has no impact on the transmission of the PRACH preambles.
One issue brought up in previous discussion [19] is that when RACH occasions are frequency multiplexed, the total frequency span of 8 RACH occasions can be greater than 20 MHz in FR1. As the RACH occasion is associated with an SSB beam, a RedCap UE might find its preferred RACH occasion falling outside of its bandwidth. A remedy for such a situation is to require the UE to retune an appropriately chosen center frequency for PRACH preamble transmission so that its preferred RACH occasion is within its transmission bandwidth.
Regarding DL, Msg2 and Msg4 are transmitted within the CORESET#0 bandwidth. Similar to the discussion above about PDCCH performance with CORESET#0, existing PDCCH and PDSCH solutions for message 2 and message 4 work fine for UEs with 20 MHz in FR1, and for UEs with 50 MHz or 100 MHz bandwidth in FR2. Note that the message sizes of Msg2 and Msg4 are small and thus there is no incentive to allocate a large bandwidth for PDSCH. Thus, in FR2 the bandwidth of PDSCH for Msg2 and Msg4 are most likely to be within 50 MHz bandwidth even if CORESET#0 is configured to the maximum possible bandwidth of 69.12 MHz.
In the UL, Msg3 and Msg5 over PUSCH can be transmitted within 20 MHz in FR1 and 50 MHz in FR2 considering the small message sizes. The only issue is PUCCH that is used for carrying the ACK/NACK for Msg4. In this case, frequency hopping (FH) can be configured to hop on the BWP edges, and the UL BWP bandwidth might be greater than 20 MHz in FR1 or greater than 50 MHz or even greater than 100 MHz in FR2. In this case, a RedCap UE might need to retune its center frequency between the hops to ensure its PUCCH transmission is within its transmission bandwidth.
[bookmark: _Toc47691970]Regarding UE bandwidth reduction, two potential specification impacts are identified, both related to the location of the UE center frequency for uplink transmissions. First, the center frequency for PRACH preamble transmission needs to be defined for a RedCap UE to address the issue where the UE’s preferred RACH Occasion has a frequency allocation outside of the UE transmission bandwidth. Second, for PUCCH transmissions, the UE might need to have center frequency retuning if the PUCCH is configured to the frequency hopping on BWP edges and the bandwidth of the BWP is greater than the RedCap UE bandwidth.

[bookmark: _Ref33799248]Half-duplex FDD operation
Description
Half-duplex FDD (HD-FDD) is a technique commonly adopted by LTE-MTC and NB-IoT devices for lowering the device cost. With HD-FDD, the device does not need to simultaneously transmit and receive at the same time. This allows the device to use a switch in place of one or more duplex filters. In LTE, two types of HD-FDD operations are defined, namely Type A and Type B.
For Type A HD-FDD operation, a guard period is created by the UE by not receiving the last part of a downlink subframe immediately preceding an uplink subframe from the same UE.
For Type B HD-FDD operation, guard periods are created by the UE by not receiving a downlink subframe immediately preceding an uplink subframe from the same UE, and not receiving a downlink subframe immediately following an uplink subframe from the same UE.
Since the FDD bands are all in FR1, HD-FDD is only pertinent to FR1. In RAN1#101e, the following agreement was reached [2]:
	Agreements:
· Study HD-FDD operation Type A and Type B (as defined in LTE) in RAN1, where study of Type A is prioritized.



Analysis of UE complexity reduction
With HD-FDD operations, the device does not need to simultaneously transmit and receive at the same time. This allows the device to use a switch in place of one or more duplex filters. Considering a device typically support multiple frequency bands, a potential benefit is to save not only one, but multiple duplex filters. 
[bookmark: _Hlk46491337]Type B HD-FDD operation allows for a longer transition time between Tx and Rx, which makes it possible for the device to operate with a single common frequency generator, instead of one each for DL and UL. However, a frequency generator is a very insignificant portion of the entire UE implementation. Furthermore, the saving as such does not scale with the number of bands that the UE supports. Thus, reducing the number of frequency generators from 2 to 1 is not expected to achieve noticeable UE cost benefit. We propose in the remainder of the RedCap SI, Type B HD-FDD operation is not considered further.
[bookmark: _Toc47691971]Reducing the number of frequency generators from 2 to 1 is not expected to achieve noticeable UE cost benefit.
[bookmark: _Toc47691996]Type B HD-FDD operation is not considered further during the study.

In [3], an analysis on the cost reduction achieved by (Type A) HD-FDD is included. The cost saving factors include:
· Use of a switch instead of a duplexer filter. A switch represents a small percentage of the cost of the duplexer filter.
· Reduce complexity and memory in the baseband module because there is no need to provision processing power for concurrent downlink and uplink operations.
The analysis in [3] uses LTE FD-FDD Cat-1 as a baseline, and the cost reduction achieved by HD-FDD is quantified. It was concluded in [3] that for a single-band device, using a switch instead of a duplexer filter provides an overall cost saving of 4%-8%. It was further noted that the potential relative cost reduction may be even larger for multi-band devices (that may have multiple duplexer filters).
Regarding cost saving from reduced computational requirements, the results in [3] were mixed. Some sources indicate no benefit at all, whereas some sources indicate 5%-10.5% saving in the baseband module.
In terms of total cost saving, the results captured in [3] range from 4%-19%. As most of the NR FDD bands are also LTE bands, we expect the cost reduction benefits from HD-FDD captured in [3] to be applicable NR. In addition, considering the agreed reference NR UE has wider bandwidth than the reference LTE UE used in the LTE-MTC study, the cost reduction benefits from HD-FDD could be higher for RedCap. Furthermore, such a cost reduction benefit scales for multi-band UEs if the frequency separation in the multiple bands do not allow the same duplex filter to be shared due to performance or efficiency considerations.
[bookmark: _Toc47691972]If the findings from the LTE MTC study also hold for FR1, HD-FDD would be expected to achieve total UE cost reduction approximately between 4% an 19%.
Analysis of performance impacts
Latency requirements
Rel-17 latency requirements for a RedCap device is very relaxed for all use cases, e.g., 100 ms for non-safety related sensors and 500 ms for surveillance cameras. The only exception is for safety related sensors, which require 5-10 ms latency. In our view, an HD-FDD RedCap device would have no problem meeting the 100 ms latency requirement. Regarding safety related sensors, in RAN1#101e [2] it was agreed that the 5-10 ms latency requirement is applicable to devices in RRC_CONNECTED. 
	Agreements:
· For safety related sensors, latency requirements apply to traffic initiated from RRC_CONNECTED.



The latency for an HD-FDD device in RRC_CONNECTED can be expected to be better than that for a device operating in a TDD band. Latency for an HD-FDD device to send an uplink alarm signal in the worst case includes one slot of waiting time for a scheduling request (SR) opportunity, 1 slot to transmit the SR, then followed by certain processing time required at gNB and waiting time for PDCCH occasion which together contribute another 2 slots. The UL grant transmission, UE PUSCH preparation time, and waiting time for the PUSCH transmission together take another 2 slots in the worst case. Lastly, the PUSCH transmission takes 1 slot, followed by some gNB decoding time of PUSCH which is assumed to be N1/2. In total, the initial UL transmission takes roughly 7.4 slots in the worst case. This amounts to 7.4 ms and 3.7 ms with 15 kHz and 30 kHz SCS, respectively. Thus, an HD-FDD device can still meet the 5-10 ms latency requirement for safety related sensors.

[bookmark: _Toc40491664][bookmark: _Toc47691973]An HD-FDD device in RRC_CONNECTED can meet the 5-10 ms latency requirement for safety related sensors
Coverage
In [3], it was concluded that HD-FDD will not result in a coverage loss for delay-tolerant traffic in the LTE-MTC study. In fact, the insertion loss of the switch in an HD-FDD UE is less than in the duplexer of an FD-FDD UE. Thus, the coverage might be slightly improved. 
[bookmark: _Toc40491665][bookmark: _Toc47691974]HD-FDD will not results in a coverage loss.
Power consumption and energy efficiency
In [3], the following findings are captured:
“The insertion loss of the switch in the HD-FDD UE is less than in the duplexer of an FD-FDD UE: reducing the electrical power required to produce a certain amount of radiated RF power. Half duplex operation means some components can be put in a reduced power state until required. It is recognised that RF and baseband power consumption is often dictated by implementation.”
These findings also apply to NR. However, we note that an HD-FDD device may stay ON for a longer time to finish a data session compared to an FD-FDD device that is capable for transmit and receive at the same time. A longer data session has a negative impact on energy efficiency. 
Analysis of coexistence with legacy UEs
Before the UE capabilities or type is known to the network, the network does not know whether a device is an HD-FDD or legacy FD-FDD device. Thus, the question is whether the random access procedure, before the UE can convey its capability, requires simultaneously uplink reception and downlink transmission. At a high level, the random access procedure from Msg1 to Msg5 is a sequential process, with all the messages occurring in a sequential fashion. A subsequent message is a response to the previous message. Thus, by nature from Msg1 to Msg5 there is no overlap between UE transmission and reception. Thus, an HD-FDD UE does not need to be treated differently during the random access procedure. The UE capabilities or type can be indicated in Msg3 or Msg5. Once the network knows that a UE is an HD-FDD UE, it can schedule the UE according to its constraints. This does not have any impact on legacy UEs.
[bookmark: _Toc47691975]Supporting HD-FDD UEs will not introduce any coexistence issues with legacy UEs.
Analysis of specification impacts
There is already a notion of non-full-duplex device according to TS 38.211:
“A UE not capable of full-duplex communication and not supporting simultaneous transmission and reception as defined by parameter simultaneousRxTxInterBandENDC, simultaneousRxTxInterBandCA or simultaneousRxTxSUL [10, TS 38.306] among all cells within a group of cells is not expected to transmit in the uplink in one cell within the group of cells earlier than  after the end of the last received downlink symbol in the same or different cell within the group of cells where  is given by Table 4.3.2-3
A UE not capable of full-duplex communication and not supporting simultaneous transmission and reception as defined by parameter simultaneousRxTxInterBandENDC, simultaneousRxTxInterBandCA or simultaneousRxTxSUL [10, TS 38.306] among all cells within a group of cells is not expected to receive in the downlink in one cell within the group of cells earlier than  after the end of the last transmitted uplink symbol in the same or different cell within the group of cells where  is given by Table 4.3.2-3”
As described above, a transition time has been defined to facilitate the transition from Tx and Rx, or vice versa, for a non-full-duplex device. However, the transition time specified in the mentioned table requires a device to have one frequency generator each for Tx and Rx, i.e. Type A HD-FDD operation. Thus, to support Type A HD-FDD operation, a simple extension in the TS 38.211 specifications is to broaden the notion of non-full-duplex device to specifically include Type A HD-FDD devices.
[bookmark: _Toc40491666][bookmark: _Toc47691976]NR specifications can be extended to support Type A half-duplex FDD operation by broadening the notion of non-full-duplex device to further specifically include Type A HD-FDD devices.
One constraint that needs to be introduced might be that while a UE is transmitting in the uplink it is not required to monitor PDCCH.
[bookmark: _Toc47691977]The specifications might need to introduce a new constraint that while an HD-FDD UE is transmitting in the uplink the UE is not required to monitor PDCCH.
Another potential specification impact might be on TS 38.101 considering that HD-FDD may result in a lower noise figure.
[bookmark: _Toc40491667][bookmark: _Toc47691978][bookmark: _Toc39594045][bookmark: _Toc39594046][bookmark: _Toc39594047][bookmark: _Toc39594048][bookmark: _Toc39594049][bookmark: _Toc39594050][bookmark: _Toc39594051]Introducing HD-FDD operation might have impact on TS 38.101 due to a reduced device noise figure.
Relaxed UE processing time
Description
Based on the agreement from RAN1_101e, the study of relaxed UE processing time should be focused on a UE processing time in terms of N1/N2.
	Agreements:
The reference NR device for evaluation of cost/complexity reduction supports the following:
· […]
· Processing time: Capability 1
· [...]

Agreements:
· For UE complexity reduction through relaxed UE processing time, study a more relaxed UE processing time in terms of N1/N2 compared to capability #1.




According to the specification, UE PDSCH processing time (N1) is the major part of the minimum time (Tproc,1) between the end of PDSCH and the start of PUCCH carrying the corresponding HARQ-ACK, while UE PUSCH preparation time (N2) is the major part of the minimum time (Tproc,2) between the end of the scheduling PDCCH and the start of the scheduled PUSCH. We note that Tproc,1 includes the time for processing PDCCH, PDSCH, and preparing for PUCCH, while Tproc,2 includes the time for processing PDCCH and preparing for PUSCH. There are currently two existing UE processing time capabilities (#1 and #2) specified for N1 and N2, where capability #1 represents a baseline UE capability while capability #2 is a higher capability with lower N1/N2 values. The specified N1/N2 values for capability #1 are provided in Table 3 and Table 4 as a reference. More details can be found in Section 5.3 and 6.4 of TS 38.214.
[bookmark: _Ref34989120]Table 3: PDSCH processing time for PDSCH processing capability 1
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	PDSCH decoding time N1 [symbols]

	
	Only front-loaded DMRS
	Additional DMRS symbol configured 
or no higher layer parameter configured 

	0
	8
	13 or 14 depending on the position of additional DMRS

	1
	10
	13

	2
	17
	20

	3
	20
	24



[bookmark: _Ref45881950]Table 4: PUSCH preparation time for PUSCH timing capability 1
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	PUSCH preparation time N2 [symbols]

	0
	10

	1
	12

	2
	23

	3
	36



Analysis of UE complexity reduction
The timing requirements for PDSCH/PUSCH processing and preparation can be related to complexity at the UE. For example, without the need to transmit HARQ-ACK in a relatively fast time frame, a UE may process PDSCH in a less complex manner. According to companies’ inputs from RAN1#101e, this may allow for possible slower processor with reduced clock frequency, possible distribution of computation load over time, or possible reduced hardware process for pipeline computation. 
To analyze the corresponding cost/complexity reduction, one might follow a breakdown in UE cost as shown in Table 1, focusing on the relevant components especially those related to baseband processing. For example, some cost reduction may be expected for the receiver processing block on LDPC decoding and DL control processing & decoder, and also for the UL processing block. These relevant parts together account for roughly 15-30% of the total baseband cost for LTE Cat-1 although the value is expected to be different for NR. However, it is unclear how much actual cost/complexity reduction can be achieved from the relaxed UE processing time in terms of N1/N2 since it is dependent on specific UE implementation. Therefore, further analysis of the actual gain from complexity/cost reduction through relaxed UE processing time is needed.
We note that there is a dependency between relaxed UE processing time and other relaxed UE processing capability features. One is about providing UE a longer time to process the number of tasks, while another is about allowing UE to process less in a given time duration. It is not necessarily so that both relaxations are needed for RedCap UE. In our view, it is more reasonable to focus on reducing UE processing capability in terms of processing demand which can provide a meaningful gain on UE cost/complexity reduction, rather than relaxing the UE processing time requirement. For example, N1 and N2 are directly related to PDSCH processing and PUSCH preparation time. If UE processing capability on maximum modulation order, number of MIMO layers, and TBS as discussed in Section 7 are relaxed, the UE processing demand related to PDSCH decoding or PUSCH preparation will naturally be relaxed within the time requirement of existing UE processing time capability #1. This implies that the UE processing time capability #1 might already be relaxed for RedCap UEs and any further relaxed UE processing time may not provide any significant cost reduction.
[bookmark: _Toc40491668][bookmark: _Toc47691979]How much cost/complexity reduction can be achieved from relaxed UE processing time is unclear as it is dependent on UE implementation.
[bookmark: _Toc47691980]There is a dependency between relaxed UE processing time and other relaxed UE processing capability features. The gain from a more relaxed UE processing time is less clear compared to those from other relaxed UE processing capabilities.
[bookmark: _Toc40491698][bookmark: _Toc47691997][bookmark: _Toc39840012][bookmark: _Toc40491697]Actual cost/complexity reduction from relaxing the UE processing time in terms of N1/N2 needs to be considered in connection with other UE complexity reduction features to investigate whether the gain from a more relaxed UE processing time is justified.  

Analysis of performance impacts
[bookmark: _Ref47088523]Latency
Most of the typical use cases for RedCap UEs have very relaxed latency requirements, e.g. <100 ms for non-safety related industrial wireless sensors, or <500 ms for video surveillance. Thus, it might be reasonable that UE processing time capability in terms of N1/N2 is relaxed for typical RedCap UEs especially if the cost/complexity reduction is found to be meaningful. However, for devices intended for use cases that require tight latency, e.g., safety-related sensors with 5-10 ms latency requirement, relaxed UE processing time might not be suitable and UE capability 1, or even 2, might be needed.
In the following, we investigate how average latency for different number of HARQ retransmissions would be impacted if the processing time were to be relaxed for RedCap UE. 
We provide an example of (SR-based) UL latency analysis where N1/N2 are assumed to be doubled compared to those of Capability #1. Note that this assumption of the relaxed N1/N2 values is only intended for the discussion purpose. 
We assume a TDD system with ‘DDSU’ pattern, i.e. two DL slots followed by a special slot and one UL slot, where the special slot S consist of 10 DL symbols, 2 guard symbols, and 2 UL symbols, respectively. Other assumptions include SCS = 30 kHz, PUSCH with only front-loaded DMRS, PDCCH monitoring occasion periodicity = 1 slot, SR periodicity = 4 slots, SR duration = 14 symbols, and PUSCH duration = 14 symbols.
The average user-plane one-way [15] UL achievable latencies for different numbers of HARQ retransmissions are given in Table 5, where the overall latency includes different components as illustrated in Figure 3.
[image: ]
[bookmark: _Ref39659403]Figure 3: Illustration of the analysis of one-way latency considering different components of the overall transmission latency.  
[bookmark: _Ref39659189]Table 5: Average one-way UL latency for different number of HARQ retransmissions[footnoteRef:2] [2:  It might also be relevant to consider the worst-case latency for safety related sensors. In that case, another 1 ms can be added to all values in the table to account for the worst-case waiting time of 4 slots for the SR opportunity.] 

	Average one-way (SR-based) UL achievable RAN latency (ms)
	UE capability #1 (Rel-15), i.e., N1=10, N2=12
	Assumed relaxed UE capability with doubled N1/N2 values compared to Cap #1 (N1=20, N2=24) 

	Initial transmission
	3.68
	5.86

	1 HARQ retransmission
	5.68
	9.86

	2 HARQ retransmissions
	7.68
	13.86

	3 HARQ retransmissions
	9.68
	17.86



To understand how the numbers in Table 5 are obtained, we can consider e.g. the latency of an initial UL transmission for UE capability #1. On average, there is a waiting time of roughly 2 slots for the SR opportunity. Then SR transmission itself takes 1 slot, followed by some processing at gNB and waiting time for PDCCH occasion which together contribute another 1 slot. The UL grant transmission, UE PUSCH preparation time (dependent on N2), and waiting time for UL symbols according to the assumed TDD pattern for the PUSCH transmission together take another 2 slots. Lastly, the PUSCH transmission takes 1 slot, followed by some gNB decoding time of PUSCH which is assumed to be N1/2. In total, the initial UL transmission takes roughly 7.4 slots or 3.68 ms on average.
As seen in Table 5, already for the initial transmission, if we relaxed N1/N2 by two times, it can impact the average one-way UL latency such that a 5-ms requirement cannot be fulfilled. If a 10-ms latency is considered, then only up to 1 HARQ retransmission can be supported. If a number of HARQ retransmissions are used as a possible coverage loss recovery solution due other complexity reduction features, the latency impact due to relaxed UE processing time would be amplified even further.
[bookmark: _Toc47691981]Relaxed UE processing time capability in terms of N1/N2 has an impact on achievable transmission latency. 
[bookmark: _Toc47691982]It might be reasonable that N1/N2 is relaxed for typical RedCap UEs if there is a meaningful cost/complexity reduction. But for devices intended for use cases that require tight latency, UE capability 1, or even 2, might be needed.

Scheduling flexibility and complexity
Relaxed UE processing time in terms of N1/N2 will directly impact PUSCH and HARQ-ACK scheduling flexibility, i.e., N2 impacts how fast PUSCH can be scheduled after an UL grant, while N1 impacts how fast HARQ-ACK corresponding to scheduled PDSCH can be sent on PUCCH. Depending on the degree of relaxation, same-slot scheduling may not be possible which limits the scheduling flexibility. The impact is not only limited to operation in connected mode. Moreover, N1/N2 are related to other timing requirements such as the time from Msg2 to Msg3 or PUCCH timing of Msg4 in random access procedure. 
In NR, there exist already two UE processing time capabilities in terms of N1/N2. The scheduler needs to take these two capabilities into account when performing scheduling decision, i.e., deciding on K0/K1/K2. There is an intricate timing relationship between UE processing time capability and scheduling timing especially in TDD where valid slots/symbols within certain TDD pattern need to be ensured by the scheduler. If another processing time capability were introduced, the scheduler complexity would increase even further which in turn can impact the overall system performance. 
[bookmark: _Toc47691983]Relaxed UE processing time in terms of N1/N2 can have significant impact on scheduling flexibility and complexity. 

UE power consumption
One aspect related to the UE timing is the support for cross-slot scheduling based on the configuration of minimum scheduling slot-offset which can help to inform UE in advance the minimum gap between PDCCH and its scheduled PDSCH/PUSCH. The potential benefit is that UE does not need to buffer data symbols during PDCCH decoding, giving the UE a possibility to turn off some RF parts or some blocks in the baseband module, and thus lower UE power consumption. 
However, it should be noted that this is not necessarily related to UE processing time capability in terms of N1/N2. There is no need to introduce a more relaxed N1/N2 in order to support the cross-slot scheduling. In most cases, gNB can enable this by choosing appropriate K0/K2. We note also that it is possible to configure TDRA tables already in SIB1 for an initial BWP to be used instead of the default tables which can enable some more relaxed entries to be used. 
[bookmark: _Toc47691984]There is no need to introduce a new relaxed UE processing time capability in order to support cross-slot scheduling for UE power saving. In most cases, gNB can already enable this by appropriate indication of K0/K2. 

Analysis of coexistence with legacy UEs
Relaxed UE processing time in terms of N1/N2 may have some impacts on the random-access procedure as there exists the UE time gap requirement of N1+N2+ 0.5ms between RAR UL grant and Msg3. 
We note that most likely RedCap UE capability can be known at the gNB at the earliest from Msg3. In this sense, introducing a more relaxed UE processing time capability might not help to reduce UE complexity since RedCap UE still needs to be able to process RAR message and prepare for transmission of Msg3 according to N1/N2 of the UE capability #1 anyway.
On the other hand, if a more relaxed requirement for the time gap between RAR UL grant and Msg3 was to be introduced, it would impact how gNB schedules legacy UEs for Msg3 transmission. This is because gNB does not know which UEs are in the cell as RedCap and legacy UEs can coexist. It therefore must assume for the worst case by using the relaxed timing requirement for all UEs which would impact the performance of existing eMBB UEs.
Note that the timing between PDCCH scheduling of SIB1, paging, or RAR is according to the indicated K0. However, there is no direct connection between K0 and N1/N2. 
[bookmark: _Toc47691985]Scheduling of Msg3 is done before RedCap UE capability is known at gNB.
[bookmark: _Toc47691986]Introducing a more relaxed UE processing time capability in terms of N1/N2 does not help to reduce the UE complexity since the UE still needs to be able to process RAR UL grant and prepare for Msg3 according to UE processing time capability #1.
[bookmark: _Toc47691987]Introducing a more relaxed requirement for Msg3 scheduling can impact Msg3 scheduling for legacy UEs in the coexistence scenarios. 

[bookmark: _Ref47610894]Analysis of specification impacts
First of all, if a new relaxed UE processing time is introduced, RAN1 specification impact can be expected where another UE processing time capability is introduced in TS 38.214. Other than that, we do not expect other specification impact related to scheduling timing such as time domain resource indication or HARQ-ACK timing indication. The analysis of both connected mode and during initial access are outlined below. 
In connected mode, 
· TDRA tables
· UE can be configured with TDRA tables containing entries with suitable K0/K2 values according to UE capability. Thus, no specification impact on TDRA indication is expected due to relaxed N1/N2 (if introduced).
· HARQ-ACK timing 
· Up to eight K1 values from {0, 1, …, 15} (slot) can be configured. Thus, no specification impact on HARQ-ACK timing indication is expected due to relaxed N1 (if introduced).
During initial access,
· Default PDSCH TDRA table
· Note that the time requirement for UE PDSCH reception preparation (how fast PDSCH can be scheduled with respect to PDCCH) only exists for the case of cross-carrier scheduling with different numerology. This is not expected to be relevant for RedCap UE. Also, there is no direct impact on this time requirement due to N1 since N1 is more related to PDSCH processing than to PDCCH processing. Thus, no specification impact on the default PDSCH TDRA table e.g., for scheduling SIB1 or RAR message is expecteddue to relaxed N1/N2 (if introduced).
· Default PUSCH TDRA table
· The smallest K2 in the default PUSCH TDRA table is K2 = j (slot), where j= 1, 1, 2, and 3 for 15, 30, 60, and 120 kHz SCS, respectively. For Msg3 PUSCH scheduled by RAR UL grant, an extra = 2, 3, 4, 6 slots are added to K2 for 15, 30, 60, and 120 kHz SCS, respectively. There would still exist entries with K2 value up j+3 to use even if N1/N2 were relaxed even though some other entries may not be usable for RedCap UE. Thus, no specification impact on the default PUSCH TDRA table is expected with relaxed N1/N2 (if introduced).
· Timing of PRACH transmission in case RAR is not received
· If requested by higher layers, the UE is expected to transmit a PRACH if no response is received within the RAR window. The timing of this PRACH transmission after the end of RAR window or the last symbol of PDSCH reception is no later than N1 + 0.75ms, where N1 is according to UE processing time capability #1 when additional DMRS is configured. 
· When comparing the processing involved in the reception of RAR and preparation for potential PRACH transmission to those for reporting HARQ-ACK corresponding to received PDSCH in connected mode, we see that similar processing steps are included, namely, PDCCH processing, PDSCH processing, and some UL transmission preparation. However, the processing time requirement for RAR could be considered more relaxed due to, e.g., 1) a smaller number of PDCCH candidates to monitor and 2) less PDSCH processing due to possible absence of RAR. Moreover, there is already 0.75 ms buffer in addition to N1 for RAR processing. Thus, there is no need to change any specification on the timing requirement of PRACH transmission in case no response received within the RAR window for RedCap UEs. 
[bookmark: _Toc47691988]No other specification impact related to scheduling timing is expected if a more relaxed UE processing time in terms of N1/N2 is introduced. 

To summarize, there exists argumentation both for supporting and not supporting a more relaxed UE processing time in terms of N1/N2. At a first glance, a more relaxed UE processing time might seem beneficial due to potential UE cost/complexity reduction. However, the actual gain is unclear as it depends on UE implementation and its dependency on other UE complexity reduction features. On the other hand, there are many negative impacts associated with the UE processing time relaxation. Most prominently, relaxing UE processing time capability can cause a strong impact on scheduling flexibility/complexity where many scheduling timings are dependent upon. The coexistence issues with legacy UEs, e.g., on Msg3 scheduling also pose a concern on the overall system performance. 
[bookmark: _Toc47681208][bookmark: _Toc47690681][bookmark: _Toc47692400][bookmark: _Toc47692594][bookmark: _Toc47700973][bookmark: _Toc47704037][bookmark: _Toc47713031][bookmark: _Toc47686479][bookmark: _Toc47691989]Relaxing UE processing in terms of N1/N2 brings unclear cost reduction benefit while having negative impacts on scheduling flexibility/complexity and coexistence with legacy UEs.

[bookmark: _Ref47602126][bookmark: _Ref39672136]Relaxed UE processing capability
Description
[bookmark: _Ref421460494]After RAN1#101e, prioritization on the following four main potential techniques for UE processing capability relaxation were discussed [17]: 
· Maximum modulation order
· Maximum number of MIMO layers
· Maximum TBS
· Maximum number of HARQ processes
No consensus could be made on whether to include the above techniques in the RedCap study item as a few companies were skeptical about the potential gains of some of the techniques in complexity/cost reduction and preferred to focus on the techniques described in earlier sections in this contribution.
In this section, we present our views on the above techniques for UE processing capability relaxation.  
Analysis of UE complexity reduction
HARQ buffer size is one of the metrics used for evaluating UE complexity. For simplicity, the HARQ buffer size is approximated by Eq. 1 from [20] and is used in the subsequent HARQ buffer size calculations:
 [bytes],		(Eq. 1)
where  is the maximum number of HARQ processes (i.e. 16 mandatory HARQ processes in NR Rel-16 specification), the LBRM factor = 2/3 in NR for DL, and  is the number of bits per Log-Likelihood Ratio (LLR) which is assumed to be 6. It should be noted that Eq.1 assumes static HARQ buffer dimensioning for all HARQ processes. In practice, dynamic HARQ buffer sharing is up to UE implementation in NR. The actual cost saving on HARQ buffer (using different techniques) may be smaller than those indicated below.
In the following, we discuss the complexity/cost reduction when the techniques discussed in section 7.1 are employed. Note that the cost saving indications in the discussions are mostly derived based on 36.888 [3] and adapted for RedCap scenarios.
Maximum number of HARQ processes:
Assuming the maximum number of HARQ processes is reduced from 16 to 8 for RedCap devices, this can provide 50% reduction on HARQ buffer size. However, it is only estimated to provide ~3.0-4.5% cost reduction.
Maximum number of MIMO layers:
As discussed in section 3, the number of antenna configurations to study includes 2Rx/1Tx and 1Rx/1Tx. This implies that at most 2 MIMO layers could be supported while not restricting the RedCap UEs to only support single MIMO layer. Currently, the NR eMBB UEs are mandatory with signaling capability to support at least 4 DL MIMO layers in bands n7, n38, n41, n77, n78, n79 in FR1, and support of at least 2 DL MIMO layers is mandatory in FR2. 
Assuming the maximum number of DL MIMO layers is reduced from 4 to 2 or from 2 to 1, a marginal amount of complexity reduction/cost saving due to relaxed baseband (i.e. channel estimation, demodulation, LDPC decoding and HARQ buffer size) could be expected. The complexity reduction and/or cost saving could be even less in FR2, as in FR2 the cost and complexity of UE devices are expected to be dominated by RF components. 
Reducing the number of DL MIMO layers from 4 to 1 would provide further baseband complexity relaxation/cost reduction. This may provide ~50% cost reduction in the MIMO specific processing blocks alone. With additional cost savings on other baseband components, medium to significant (i.e. > 10%) total UE cost reduction may be expected.
Note that the restriction of the maximum number of MIMO layers was not studied in 36.888, and a qualitative estimation of potential cost saving is given here instead.
Maximum modulation order:
In Rel-16 NR, the highest modulation orders that eMBB UEs are mandatory to support are:
· In FR1: 256QAM in DL with capability signaling, and 64QAM in UL
· In FR2: 64QAM in UL and DL
By restricting the maximum mandatory modulation order, the following are gained from design complexity: 
· ease RF requirements (such as less stringent EVM requirements and cost saving in power amplifier), and
· relax baseband complexity (due to less bit resolution for ADC/DAC, cost saving on post-FFT data buffer, and UL processing block).
To meet the data rate requirements, RedCap devices supporting 64QAM in FR1 is enough to cover most of the RedCap uses cases. By restricting the maximum modulation order to 64QM in FR1, it can be expected to provide roughly ~0-5% cost saving in RF components and ~3-4% in baseband cost reduction (based on interpolation of the study results presented in [3]). 
In FR12, the data rate requirements can be met with 16QAM considering 50 MHz or 100 MHz UE bandwidth, restricting the maximum modulation order from 64QAM to 16QAM is also expected to provide roughly ~0-5% cost saving in RF components and ~3-4% in baseband cost reduction.
Maximum TBS:
In NR, the TBS calculation has the following relation [16]:
	(Eq. 2)
where NRE is determined by the number of allocated PRBs and symbols for data within a slot, R is the code rate, Qm is the modulation order, and  is the number of MIMO layers.
It should be noted that at RAN1#101e meeting, it was commonly understood that BW and potentially also reductions in terms of the number of antenna branches supported (hence the maximum number of supported MIMO layers) could be favorable for RedCap devices in both FR1 and FR2. The maximum TBS would naturally be restricted by BW reduction and potentially by the reduction of the maximum number of MIMO layers (due to the reduced number of antenna branches). The maximum TBS is also a consequence of relaxing the highest modulation order that a RedCap UE needs to support, if that is adopted.
From Eq. 2, it can be derived that with the BW restricted from 100 MHz to 20 MHz and the number of MIMO layers restricted to 1 layer, the TBS size can be reduced by ~10 fold compared to the 1Tx2Rx reference UE in FR1. This can already provide roughly 90% cost reduction in LDPC decoder, HARQ buffer and UL processing block. 
Further restricting the maximum modulation order from 256QAM to 64QAM, the TBS size could be reduced by ~93% which can provide additional cost reduction. Little gain in complexity reduction would be expected with additional TBS restriction via other techniques such as MCS (or correspondingly code rates) restriction.
[bookmark: _Toc47681210][bookmark: _Toc47690683][bookmark: _Toc47692402][bookmark: _Toc47692596][bookmark: _Toc47700975][bookmark: _Toc47704039][bookmark: _Toc47713033][bookmark: _Toc47686481][bookmark: _Toc47691990]With the restricted maximum UE bandwidth, and potentially the maximum number of MIMO layers and the modulation order, little gain could be expected by further restricting the TBS via other techniques such as code rates or MCS restriction. 
Note that Similar RF and baseband cost reductions could be expected when the same techniques are applied in FR2. However, it should be stressed that the RF components in FR2 may contribute more to the total UE costs. 
Analysis of performance impacts
Analysis of performance against data rate requirements
Maximum modulation order and maximum number of MIMO layers:
According to the use cases specified in RP-201386 [1], the data rate requirements can be supported by:
· In FR1, 20 MHz bandwidth, 64QAM and single MIMO layer.
· In FR2, 50 MHz bandwidth, 16QAM and single MIMO layer 
This is enough to cover most of the Rel-17 RedCap use cases.
Currently, in Rel-16 NR specification, DL has the following requirements:
· In FR1, 256QAM is mandatory with capability signaling, and 4-MIMO layers support is mandatory for bands n7, n38, n41, n77, n78, n79 with capability signaling.
· In FR2, 256QAM is optional whereas 2-MIMO layer support is mandatory with capability signaling.

[bookmark: _Toc47691991]256QAM DL could be considered optional and only one MIMO support is necessary for both FR1 and FR2 RedCap devices.

Maximum TBS:
Restricting the maximum TBS would not affect the peak data rate requirements if the maximum TB sizes are properly dimensioned to meet the data rate requirements.
Maximum number of HARQ processes:
In NR, ultra-low cost is not one of the design targets for RedCap devices. Thus, from system performance and scheduling flexibility point of view, it is preferable not to overdesign RedCap devices for limited deployment scenarios and/or specific traffic profiles that may impact sustained data rate requirements.
It should be noted that in Rel-13 LTE-M, the number of HARQ processes for LTE-MTC devices were designed to have the same number of HARQ processes compared to normal LTE devices, and in subsequent LTE-MTC releases, the number of HARQ processes has even been increased in order to optimize the performance when operating in HD-FDD. It does not seem clear that reducing the number of HARQ processes makes any more sense in RedCap than in LTE-M.
[bookmark: _Toc47691992]NR RedCap design (such as maximum number of HARQ processes) should not be restricted to limited deployment scenarios and/or traffic profiles. It should further strive to avoid small enhancements in later releases that could potentially lead to additional NR RedCap device types.
Analysis of coexistence with legacy UEs
Relaxing UE complexity by employing any of the techniques discussed in Section 7 will not impact the legacy UEs. 
[bookmark: _Toc47691993]RedCap UEs with restricted maximum modulation order, maximum number of MIMO layers, TB size, and maximum number of HARQ processes would not impact coexistence with legacy UEs.
Analysis of specification impacts
The following potential specification impacts may be expected:
· Restricting the maximum modulation order and/or TB sizes may impact the MCS tables and the CQI tables.
· If new MCS or CQI tables are defined, it may impact RAN4 performance requirements.
· Restricting the maximum number of HARQ processes may impact RAN4 performance requirement.
· Restricting the maximum modulation order, maximum number of MIMO layers, maximum TB sizes, and reducing the maximum number of HARQ processes may impact 38.306 that captures the requirements for User Equipment radio access capabilities.
[bookmark: _Ref47711164]Summary
The above analyses of cost and performance impacts for FR1 and FR2 are summarized in the following two tables. A colour coding is used where green represents distinct pros and red represents distinct cons.
Note 1: If there is a need for coverage recovery, there may be coexistence and specification impacts, but this is FFS and not captured in these tables.
Note 2: Impacts on capacity and spectral efficiency are FFS and are not captured in these tables.

Table 6: Summary of analysis for FR1
	Complexity reduction technique
	Complexity reduction benefit
	Impact on performance
	Coexistence with legacy UEs
	Specification Impact

	Reduce # of Rx branches to 2 in bands n7, n38, n41, n77, n78 and n79, and to 1 in all other bands
	High
	High on DL coverage
	See Note 1
	RAN1: See Note 1
RAN4: performance and procedure requirements
(higher impact for 1 Rx)

	BW reduction to 20 MHz
	High
	Negligible
	Low (PUCCH FH related)
	Low (UL UE retuning)

	HD-FDD (Type A)
	Medium (for multi-band UEs)
	Low impact on data channel throughput
	Low
	Low

	Relaxed UE processing time in terms of N1 and N2
	Negligible additional benefit on top of other complexity reduction solutions
	High on latency and scheduling complexity
	Low (Msg3 scheduling timing)
	Low (if no aggressive relaxation)

	Support only 1 MIMO layer
	Medium
	Only on peak data rate; however DL data rate around 80 Mbps is achievable (with 64QAM)
	No
	No

	No 256QAM (DL)
	Low
	Only on peak data rate; however DL data rate around 80 Mbps is achievable
	No
	Low

	Limit max TBS
	Negligible
	Only on peak data rate
	No
	Low 
RAN1: potential CQI and/or MCS tables impacts
RAN4: performance requirements 

	Reduce # of HARQ processes to 8
	Negligible
	Medium (latency; sustained data rate)
	No
	Low



Table 7: Summary of analysis for FR2
	Complexity reduction technique
	Complexity reduction benefit
	Impact on performance
	Coexistence with legacy UEs
	Specification Impact

	Reduce # of Rx branches
	Low to medium
	High on DL coverage
	See Note 1
	RAN1: See Note 1
RAN4: performance and procedure requirements

	BW reduction to 50 MHz
	High
	Low (PDCCH coverage)
	Low (PUCCH FH related)
	Low (UL UE retuning)

	BW reduction to 100 MHz
	Medium
	Negligible
	Low (PUCCH FH related)
	Low (UL UE retuning)

	Relaxed UE processing time in terms of N1 and N2
	Negligible additional benefit on top of other complexity reduction solutions
	High on latency and scheduling complexity
	Low (Msg3 scheduling timing)
	Low (if no aggressive relaxation)

	Support only 1 MIMO layer
	Low
	Only on peak data rate; however DL data rate around 200 Mbps is achievable (with 64QAM and 50 MHz BW)
	No
	No

	No 64QAM (both DL & UL)
	Low
	Only on peak data rate; however DL data rate around 140 Mbps is achievable (with 50 MHz BW)
	No
	Low

	Limit max TBS
	Negligible
	Only on peak data rate
	No
	Low 
RAN1: potential CQI and/or MCS tables impacts
RAN4: performance requirements 

	Reduce # of HARQ processes to 8
	Negligible
	Medium (latency; sustained data rate)
	No
	Low



Conclusion
[bookmark: _In-sequence_SDU_delivery]Based on the discussion in the previous sections we have the following observations:
Observation 1	It is necessary to discuss the antenna implementation that had been used to derive the RAN4 radiated requirements, as this will impact the cost/complexity breakdown for FR2.
Observation 2	The overall relative cost saving from reducing the number of receiver branches in FR1 is significant. The estimated savings are:
	15-38% for a 1 Rx RedCap UE relative to a 2 Rx reference UE in an FDD band.
	15-38% for a 2 Rx RedCap UE relative to a 4 Rx reference UE in a TDD band.
	22.5-57% for a 1 Rx RedCap UE relative to a 4 Rx reference UE in a TDD band.
Observation 3	The cost and the complexity of the FR2 reference UE modem is dominated by the RF part, containing many expensive analogue components per antenna element.
Observation 4	Reducing only the receiver branches from 2 to 1 in FR2 will have limited impact on the overall cost and complexity reduction, as well as on the UE form factor.
Observation 5	The cost, complexity and the size of a RedCap device would scale up, although not linearly, with the number of supported RF bands within FR1 or FR2.
Observation 6	The overall relative cost/complexity reduction due to reducing number of Rx branches in a multi-band case can be expected be of the similar order as in the single-band case.
Observation 7	For the evaluated scenarios, the coverage losses incurred from reducing the number of receiver branches for a RedCap UE with respect to the reference NR UE are:
	4.7 dB for SSB, 3.7 dB for PDCCH, and 4.0 dB for PDSCH for a 1 Rx RedCap UE in FR1 FDD band.
	3.0 dB for SSB, 3.2 dB for PDCCH, and 3.0 dB for PDSCH for a 2 Rx RedCap UE in FR1 TDD band.
	6.9 dB for SSB, 6.2 dB for PDCCH, and 6.2 dB for PDSCH for a 1 Rx RedCap UE in FR1 TDD band.
	3.7 dB for SSB, 3.9 dB for PDCCH, and 3.8 dB for PDSCH for a 1 Rx RedCap UE in FR2.
Observation 8	The reduction of receiver branches will have implications on MIMO support, spectral efficiency/network capacity, power consumption at the UE, and RRM accuracy and capability.
Observation 9	Reducing the number of UE Rx branches has no impact on the coexistence of RedCap with legacy UEs is foreseen.
Observation 10	If there is a need for coverage recovery during the initial access stage, there will be impact on the latency, the spectral efficiency and the network capacity for the legacy UEs as well.
Observation 11	The extend of RAN1 specification impact would depend on the coverage recovery solutions, if any, that would be agreed for RedCap.
Observation 12	The reduction in receiver branches will affect several aspects of RAN4 specifications, including RF, demodulation and RRM. The impact is more significant, in both FR1 and FR2, when reducing the number of receiver branches to 1.
Observation 13	If the findings from the LTE MTC study also hold for FR1, bandwidth reduction from 100 MHz to 20 MHz would be expected to achieve UE cost reduction approximately between 15% and 39%.
Observation 14	If the findings from the LTE MTC study also hold for FR2, bandwidth reduction from 200 MHz to 50 MHz would be expected to achieve approximately 15% UE cost reduction.
Observation 15	If the findings from the LTE MTC study also hold for FR2, bandwidth reduction from 200 MHz to 100 MHz would be expected to achieve less than 10% UE cost reduction.
Observation 16	Bandwidth reduction will not have a significant impact on PDSCH coverage provided that the PDSCH target data rate is adjusted accordingly to maintain the same target spectral efficiency.
Observation 17	UE bandwidth 20 MHz is enough to support PDCCH AL 16 in FR1.
Observation 18	The constraint of 20 MHz UE bandwidth can be expected to have small coverage degradation.
Observation 19	In FR2, a UE with a 50 MHz bandwidth limitation can still detect an SSB of 240 kHz SCS. The performance loss is very modest compared to a UE with 100 MHz UE bandwidth.
Observation 20	In FR2, a 50 MHz UE bandwidth can still detect PDCCH in the CORESET for Type0-PDCCH configured with 69.12 MHz bandwidth. At 1% BLER, the degradation is about 1.7 dB and 1.5 dB for 1 Rx and 2 Rx UEs, respectively.
Observation 21	All the existing SSB configurations can be reused for RedCap UEs supporting 20 MHz bandwidth in FR1 or 50 MHz or 100 MHz bandwidth in FR2.
Observation 22	All the existing CORESET configurations for Type0-PDCCH CSS can be reused for RedCap UEs supporting 20 MHz bandwidth in FR1 or 50 MHz or 100 MHz bandwidth in FR2.
Observation 23	Regarding UE bandwidth reduction, two potential specification impacts are identified, both related to the location of the UE center frequency for uplink transmissions. First, the center frequency for PRACH preamble transmission needs to be defined for a RedCap UE to address the issue where the UE’s preferred RACH Occasion has a frequency allocation outside of the UE transmission bandwidth. Second, for PUCCH transmissions, the UE might need to have center frequency retuning if the PUCCH is configured to the frequency hopping on BWP edges and the bandwidth of the BWP is greater than the RedCap UE bandwidth.
Observation 24	Reducing the number of frequency generators from 2 to 1 is not expected to achieve noticeable UE cost benefit.
Observation 25	If the findings from the LTE MTC study also hold for FR1, HD-FDD would be expected to achieve total UE cost reduction approximately between 4% an 19%.
Observation 26	An HD-FDD device in RRC_CONNECTED can meet the 5-10 ms latency requirement for safety related sensors
Observation 27	HD-FDD will not results in a coverage loss.
Observation 28	Supporting HD-FDD UEs will not introduce any coexistence issues with legacy UEs.
Observation 29	NR specifications can be extended to support Type A half-duplex FDD operation by broadening the notion of non-full-duplex device to further specifically include Type A HD-FDD devices.
Observation 30	The specifications might need to introduce a new constraint that while an HD-FDD UE is transmitting in the uplink the UE is not required to monitor PDCCH.
Observation 31	Introducing HD-FDD operation might have impact on TS 38.101 due to a reduced device noise figure.
Observation 32	How much cost/complexity reduction can be achieved from relaxed UE processing time is unclear as it is dependent on UE implementation.
Observation 33	There is a dependency between relaxed UE processing time and other relaxed UE processing capability features. The gain from a more relaxed UE processing time is less clear compared to those from other relaxed UE processing capabilities.
Observation 34	Relaxed UE processing time capability in terms of N1/N2 has an impact on achievable transmission latency.
Observation 35	It might be reasonable that N1/N2 is relaxed for typical RedCap UEs if there is a meaningful cost/complexity reduction. But for devices intended for use cases that require tight latency, UE capability 1, or even 2, might be needed.
Observation 36	Relaxed UE processing time in terms of N1/N2 can have significant impact on scheduling flexibility and complexity.
Observation 37	There is no need to introduce a new relaxed UE processing time capability in order to support cross-slot scheduling for UE power saving. In most cases, gNB can already enable this by appropriate indication of K0/K2.
Observation 38	Scheduling of Msg3 is done before RedCap UE capability is known at gNB.
Observation 39	Introducing a more relaxed UE processing time capability in terms of N1/N2 does not help to reduce the UE complexity since the UE still needs to be able to process RAR UL grant and prepare for Msg3 according to UE processing time capability #1.
Observation 40	Introducing a more relaxed requirement for Msg3 scheduling can impact Msg3 scheduling for legacy UEs in the coexistence scenarios.
Observation 41	No other specification impact related to scheduling timing is expected if a more relaxed UE processing time in terms of N1/N2 is introduced.
Observation 42	Relaxing UE processing in terms of N1/N2 brings unclear cost reduction benefit while having negative impacts on scheduling flexibility/complexity and coexistence with legacy UEs.
Observation 43	With the restricted maximum UE bandwidth, and potentially the maximum number of MIMO layers and the modulation order, little gain could be expected by further restricting the TBS via other techniques such as code rates or MCS restriction.
Observation 44	256QAM DL could be considered optional and only one MIMO support is necessary for both FR1 and FR2 RedCap devices.
Observation 45	NR RedCap design (such as maximum number of HARQ processes) should not be restricted to limited deployment scenarios and/or traffic profiles. It should further strive to avoid small enhancements in later releases that could potentially lead to additional NR RedCap device types.
Observation 46	RedCap UEs with restricted maximum modulation order, maximum number of MIMO layers, TB size, and maximum number of HARQ processes would not impact coexistence with legacy UEs.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Capture in the recommendation and conclusion of the TR that in FR1, a RedCap UE is required to support at least 2 receiver branches in bands n7, n38, n41, n77, n78 and n79, and 1 receiver branch in all other bands.
Proposal 2	Capture in the recommendation and conclusion of the TR that in FR2, a RedCap UE is required to support at least support 2 receiver branches.
Proposal 3	Type B HD-FDD operation is not considered further during the study.
Proposal 4	Actual cost/complexity reduction from relaxing the UE processing time in terms of N1/N2 needs to be considered in connection with other UE complexity reduction features to investigate whether the gain from a more relaxed UE processing time is justified.

The analysis in this contribution is also summarized in Section 8 of this contribution.
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