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1	Introduction
According to the Rel-18 study item description (SID) on further NR RedCap UE complexity reduction ‎[1], some further complexity reduction enhancements may be considered in order to further expand the market for RedCap use cases with relatively low cost, low energy consumption, and low data rate requirements, e.g., industrial wireless sensor network use cases. Rel-18 enhanced RedCap (eRedCap) should provide NR support for low-tier devices between existing LPWA UEs and the capabilities of Rel-17 RedCap UEs. The supported peak data rate for Rel-18 eRedCap targets to 10 Mbps and Rel-18 eRedCap should not overlap with existing LPWA solutions.
Specifically, the objectives of this SID are as follows ‎[1]:
	· Study further UE complexity reduction techniques based on Rel-17 evaluation methodology in TR 38.875 [RAN1]
· Consider network impact, coexistence of Rel-17 and Rel-18 RedCap and non-RedCap UEs in a cell, UE impact, specification impact
· Potential solutions, which may complement each other, for reducing device complexity are focusing on:
· UE bandwidth reduction to 5 MHz in FR1,
· Possibly in combination with relaxed UE processing timeline for PDSCH and/or PUSCH and/or CSI
· reduced UE peak data rate in FR1, 
· Possibly including restricted bandwidth for PDSCH and/or PUSCH
· Possibly in combination with relaxed UE processing timeline for PDSCH and/or PUSCH and/or CSI
· Notes:
· Rel-15 SSB should be reused and L1 changes minimized.
· Operation in BWP with/without SSB and without/with RF retuning should be considered.
· It is not precluded that some solutions for FR1 can be applied to FR2 in WI stage.
· Aim to define a single Rel-18 RedCap UE type for further UE complexity reduction.




In addition, the draft skeleton for TR 38.865 and work plan for study on further NR RedCap UE complexity reduction have been provided by the rapporteur in ‎[2] and ‎[3]. 
In this contribution, we present our analysis on the further UE complexity reduction techniques according to the SID. For each complexity reduction technique, we analyze its cost reduction benefit, performance impacts, coexistence with legacy UEs, and specification impacts.
2 	Evaluation methodology for UE complexity reduction
For cost/complexity evaluation of further UE complexity reduction techniques, the methodology used for Rel-17 RedCap in TR 38.875 [4] can be reused.
The reference Rel-15 NR devices were defined as follows [4]:
	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



The detailed cost breakdown for the reference NR devices is provided in Table 1 (Table 6.1-1 in [4]). The RF-to-baseband cost ratio was assumed to be 40:60 for an FR1 UE.
[bookmark: _Ref99194669]Table 1: Detailed cost breakdown for the reference Rel-15 NR devices (FR1).
	Functional block
	FR1 FDD (2Rx)
	FR1 TDD (4Rx)

	RF

	Power amplifier 
	~25%
	~25% 

	Filters
	~10%
	~15%

	RF transceiver
(including LNAs, mixer, and local oscillator)
	~45% 
	~55%

	Duplexer / Switch
	~20%
	~5%

	Baseband

	ADC / DAC
	~10%
	~9%

	FFT/IFFT
	~4%
	~4%

	Post-FFT data buffering
	~10%
	~10%

	Receiver processing block
	~24%
	~29%

	LDPC decoding
	~10%
	~9%

	HARQ buffer
	~14%
	~12%

	DL control processing & decoder
	~5%
	~4%

	Synchronization / cell search block
	~9%
	~9%

	UL processing block
	~5%
	~5%

	MIMO specific processing blocks
	~9%
	~9%



In FR1, the reference Rel-15 NR UE has the following features:
· FDD: 100 MHz, 2 Rx, 2 layers, DL 256QAM, FD-FDD
· TDD: 100 MHz, 4 Rx, 4 layers, DL 256QAM
Moreover, for comparison with Rel-17 RedCap, the potential gain should be evaluated with respect to the simplest version of Rel-17 RedCap UEs. Specifically, in FR1, the simplest Rel-17 RedCap UE has the following features:
· FDD: 20 MHz, 1 Rx, 1 layer, DL 64QAM, HD-FDD
· TDD: 20 MHz, 1 Rx, 1 layer, DL 64QAM

[bookmark: _Toc102066622]The potential gain of further complexity reduction in Rel-18 should be evaluated with respect to the simplest Rel-17 RedCap UEs with the following features:
· [bookmark: _Toc102066623]FDD: 20 MHz, 1 Rx, 1 layer, DL 64QAM, HD-FDD
· [bookmark: _Toc102066624]TDD: 20 MHz, 1 Rx, 1 layer, DL 64QAM

Therefore, the potential further UE complexity reduction features in Rel-18 (i.e., BW reduction, peak data rate reduction, relaxed UE processing time) are considered in combination with the following basic features (corresponding to simplest Rel-17 RedCap): 1 Rx, 1 layer, DL 64QAM, HD-FDD or TDD. 
[bookmark: _Toc102066625]The potential further UE complexity reduction features in Rel-18 are considered in combination with the following features: 1 Rx, 1 layer, DL 64QAM, HD-FDD or TDD.

3	Further UE bandwidth reduction
According to Rel-15/16 NR specifications, an NR UE is required to support 100 MHz in FR1. For Rel-17 RedCap UEs, the maximum UE bandwidth is 20 MHz in FR1. In Rel-18, one of the objectives is to study the possibility of further UE bandwidth reduction. According to the Rel-18 SID ‎[1], the following aspects are related to the UE bandwidth reduction:
	· UE bandwidth reduction to 5 MHz in FR1,
· reduced UE peak data rate in FR1, 
· Possibly including restricted bandwidth for PDSCH and/or PUSCH



In this section, we provide our analysis on the further UE bandwidth reduction.
3.1	Description of UE bandwidth reduction options
In general, the UE bandwidth reduction can be applied either to both RF and baseband or only to baseband (BB) components, as described in ‎[6]. More specifically the following bandwidth reduction options can be considered:
Option BW1: RF+BB bandwidth reduction to 5 MHz for all DL/UL channels
· In this case, the size of bandwidth parts (BWPs) is limited to 5 MHz and all transmissions/receptions of the UE are within the 5 MHz UE bandwidth.

Option BW2: BB-only bandwidth reduction to 5 MHz for DL/UL data channels
· No further RF BW reduction (i.e., 20 MHz RF BW as for Rel-17 RedCap in FR1).
· Size of BWPs can be up 20 MHz but data transmission/reception/processing (both UL and DL) is limited to 5 MHz. 
· Control channel, synchronization signal block, and other reference signals needed for acquisition of channel state information, such as CSI-RS and SRS, are still allowed to use the BWP up to the maximum UE RF bandwidth (i.e., 20 MHz).

Option BW3: BB-only bandwidth reduction to  MHz for DL/UL data channels
· No further RF BW reduction (i.e., 20 MHz RF BW as for Rel-17 RedCap in FR1)
· This is a more general case of BB-only BW reduction in which the BB bandwidth for data channels can be  MHz (larger or smaller than 5 MHz). Also, in principle,  can be the same or different for DL and UL cases.
· The value of 𝑥 should be determined based on factors such as Rel-18 eRedCap peak data rate requirement (e.g., 10 Mbps) is met. For example, the 10 Mbps data rate can be achieved in FDD with 3 MHz BB BW (), 64QAM modulation, and one receiver branch.
· With this option, further cost reduction can be potentially achieved by reducing the BB BW to less than 5 MHz. 

As an illustrative example, Figure 1 shows the concept of UE RF bandwidth and BB bandwidth within a carrier bandwidth.
[image: ]
[bookmark: _Ref99726022]Figure 1: Illustration of UE RF bandwidth and baseband bandwidth within a carrier bandwidth.

Note that in this contribution, option BW1 is referred to as RF BW reduction and options BW2/BW3 are considered as BB-only BW reduction. Next, we provide our cost reduction estimates for different BW reduction options.
3.2	Analysis of UE cost/complexity reduction
UE bandwidth reduction can result in complexity and cost reduction in some of the functional blocks in a UE implementation. Depending on the bandwidth reduction option, the complexity of different functional blocks can be reduced:
· With both RF and BB UE bandwidth reduction for DL and UL (Option BW1 discussed above), the complexity of ADC/DAC, FFT/IFFT, post-FFT data buffering, receiver processing block, LDPC decoding, HARQ buffer, and UL processing block can be reduced.
· With BB-only BW reduction (Options BW2 and BW3 discussed above), the complexity of post-FFT data buffering, receiver processing block, LDPC decoding, HARQ buffer, and UL processing block (in case of UL BW reduction) can be reduced. For post-FFT data buffering, the cost does not decrease linearly with BW reduction as still data buffering might be needed in some symbols for control channels. Specifically, UE may need to buffer the full bandwidth (i.e., around 20 MHz) for few symbols in which PDCCH transmission may occur and the additional time required to decode PDCCH. Once the PDCCH has been decoded, the UE knows the frequency location for the PDSCH transmission (if any) and only needs to buffer and process that fraction of the full bandwidth. Here, we assume that the complexity of the post-FFT data buffer can be reduced by around 65% proportional to the amount of bandwidth reduction (corresponding to buffering the full bandwidth for control channel in 5 symbols out of 14 symbols in each slot). For illustration, in Figure 2 we show how post-FFT buffer size can be impacted in the BB-only BW reduction options.
 

[image: ]
[bookmark: _Ref101970609]Figure 2: Illustrative example of the post-FFT buffering approach for BB-only BW reduction option.

Our cost estimates for different options for FDD and TDD are provided in Table 2 and Table 3. The total cost reductions are presented compared to the simplest Rel-17 RedCap UE. 

[bookmark: _Ref99352553]Table 2: Cost reduction for different BW reduction options in FDD.
	Option
	FR1 FDD UE features for each option
	RF reduction compared to Rel-15 reference
	BB reduction compared to Rel-15 reference
	Total reduction compared to Rel-15 reference
	Total reduction compared to simplest Rel-17 RedCap UE

	Simplest Rel-17 RedCap UE
	20 MHz, 1 layer, 1 Rx, DL 64QAM, HD-FDD (type A)
	34.4%
	80.2%
	61.9%
	0%

	Option BW1
	5 MHz, 1 layer, 1 Rx, DL 64QAM, HD-FDD
	34.4%
	86.0%
	65.4%
	9.1%

	Option BW2
	5 MHz BB-only, 1 layer, 1 Rx, DL 64QAM, HD-FDD
	34.4%
	84.5%
	64.4%
	6.8%

	Option BW3
	3 MHz BB-only, 1 layer, 1 Rx, DL 64QAM, HD-FDD
	34.4%
	85.0%
	64.7%
	7.5%



[bookmark: _Ref99298869]Table 3: Cost reduction for different BW reduction options in TDD.
	Option
	FR1 TDD UE features for each option
	RF reduction compared to Rel-15 reference
	BB reduction compared to Rel-15 reference
	Total reduction compared to Rel-15 reference
	Total reduction compared to simplest Rel-17 RedCap UE

	Simplest 
Rel-17 RedCap UE
	20 MHz, 1 layer, 1 Rx, DL 64QAM
	35.3%
	86.5%
	66%
	0%

	Option BW1
	5 MHz, 1 layer, 1 Rx, DL 64QAM
	35.3%
	90.4%
	68.4%
	6.9%

	Option BW2
	5 MHz BB-only, 1 layer, 1 Rx, DL 64QAM
	35.3%
	89.4%
	67.7%
	5.1%

	Option BW3
	3 MHz BB-only, 1 layer, 1 Rx, DL 64QAM
	35.3%
	89.7%
	67.9%
	5.6%




Figure 3 and Figure 4 show the total cost metrics for the Rel-15 reference UE, the simplest Rel-17 RedCap, and different Rel-18 eRedCap options for FDD and TDD. As we can see, Rel-17 RedCap can already provide significant cost saving compared to Rel-15 reference UEs, and the additional cost saving by further UE bandwidth reduction in Rel-18 is small. Also, as shown in our previous contribution [5], reducing the BW for both DL and UL provides more cost saving compared to DL-only or UL-only BW reduction cases.
[image: ]
[bookmark: _Ref100587958]Figure 3: Total cost metric for Rel-15 reference UE, simplest Rel-17 RedCap, and Rel-18 eRedCap options (FDD).

[image: ]
[bookmark: _Ref100587967]Figure 4: Total cost metric for Rel-15 reference UE, simplest Rel-17 RedCap, and Rel-18 eRedCap options (TDD).

[bookmark: _Toc102066589]Rel-17 RedCap can already provide significant cost saving compared to Rel-15 reference UEs and the additional cost saving by further UE bandwidth reduction in Rel-18 is small. 

For comparison, the cost reduction estimates for different BW reduction options compared to simplest Rel-17 RedCap are illustrated in Figure 5 and Figure 6.
[image: ]
[bookmark: _Ref99379608]Figure 5: Cost reduction estimates for different BW reduction options compared to simplest Rel-17 RedCap, FDD.

[image: ]
[bookmark: _Ref99379615]Figure 6: Cost reduction estimates for different BW reduction options compared to simplest Rel-17 RedCap, TDD.

For BW reduction options BW1 and BW2, we have the following observations on the cost reduction:
[bookmark: _Toc102066590]Compared to simplest Rel-17 RedCap, cost reduction for 5 MHz (RF+BB) BW is 9.1% in FDD and 6.9% in TDD.
[bookmark: _Toc102066591]Compared to simplest Rel-17 RedCap, cost reduction for 5 MHz BB-only BW is 6.8% in FDD and 5.1% in TDD.

For BW reduction option BW3 in which the BB bandwidth can be even smaller than 5 MHz, we have the following observations on the cost reduction:

[bookmark: _Toc102066592]Compared to simplest Rel-17 RedCap, cost reduction for 3 MHz BB-only BW is 7.5% in FDD and 5.6% in TDD.

Based on the above cost estimates, it can be concluded that there is no significant further cost reduction in the RF part from further UE bandwidth reduction and that the potential further cost reduction is in the BB part.

[bookmark: _Toc87059831][bookmark: _Toc102066593]The estimated cost reduction from further UE bandwidth reduction is in the BB part, i.e., there is no significant further cost reduction in the RF part.
[bookmark: _Toc102066594]The cost saving with BB-only BW reduction options are close to the case of (RF+BB) BW reduction to 5 MHz (e.g., around 1%-2% difference in cost saving). 
[bookmark: _Toc102066595]Further cost saving can be achieved with BB-only BW reduction by allowing the BB bandwidth to be smaller than 5 MHz.

3.3	Analysis of performance impacts
In this section, we investigate various performance impacts of further UE bandwidth reduction.
3.3.1	Data rate
Bandwidth reduction naturally results in peak data rate reduction. For example, by further UE bandwidth reduction from 20 MHz to 5 MHz, the peak data rate can be reduced by more than 75%. However, the Rel-18 eRedCap use cases do not have demanding data rate requirements. According to the SID ‎[1], the peak data rate target for Rel-18 eRedCap use cases is 10 Mbps. Such peak data rate requirement can be fulfilled with 5 MHz UE bandwidth and high modulation orders (e.g., 64QAM) in FDD. However, in TDD, whether the peak data rate requirement is met depends on the UL/DL TDD pattern, although the instantaneous peak rate (i.e., UL+DL) satisfies the 10 Mbps requirement. Some examples of achievable peak data rates are as follows:
· 5 MHz BW, 15 kHz SCS, 64QAM, 1 Rx, 1 layer, FDD: around 20 Mbps peak data rate
· For HD-FDD, the data rates will be lower as the device cannot transmit and receive at the same time
· 5 MHz BW, 15 kHz SCS, 64QAM, 1 Rx, 1 layer, TDD (DL/UL pattern of 3:1): around 15 Mbps data rate in DL and 5 Mbps data rate in UL.

Table 4 shows the achievable peak data rate for different cases using the expression from TS 38.306.
[bookmark: _Ref100515854]Table 4: Peak data rate for Rel-18 eRedCap with reduced bandwidth.
	
	FDD, 15 kHz SCS
	FDD, 30 kHz SCS
	TDD (DL/UL pattern 3:1),
15 kHz SCS
	TDD (DL/UL pattern 3:1),
30 kHz SCS

	5 MHz BW (RF+BB or BB-only),
64QAM, 1 Rx, 1 layer
	DL: 20 Mbps
UL: 21 Mbps
(25 PRBs)
	DL: 17.6 Mbps
UL: 18.8 Mbps
(11 PRBs)
	DL: 15 Mbps
UL: 5.25 Mbps
(25 PRBs)
	DL: 13.2 Mbps
UL: 4.7 Mbps
(11 PRBs)

	3 MHz BB BW,
64QAM, 1 Rx, 1 layer
	DL: 12 Mbps
UL: 12.6 Mbps
(15 PRBs)
	DL: 11.2 Mbps
UL: 12 Mbps
(7 PRBs)
	DL: 9 Mbps
UL: 3.2 Mbps
(15 PRBs)
	DL: 8.4 Mbps
UL: 3 Mbps
(7 PRBs)


[bookmark: _Toc53800339]
[bookmark: _Toc102066596]Further UE bandwidth reduction results in peak data rate reduction.
[bookmark: _Toc102066597]In terms of the instantaneous peak data rate (i.e., sum of UL and DL), all BW reduction options BW1 (5 MHz RF+BB), BW2 (5 MHz BB-only), and BW3 (3 MHz BB-only) fulfil the 10 Mbps peak data rate requirement.
[bookmark: _Toc102066598]In FR1 FDD, for all BW reduction options BW1 (5 MHz RF+BB), BW2 (5 MHz BB-only), and BW3 (3 MHz BB-only) the achievable peak data rate is more than 10 Mbps.
[bookmark: _Toc102066599]In FR1 TDD, with 5 MHz UE bandwidth (either RF+BB or BB-only option), the achievable peak data rate for UL or DL can be less than 10 Mbps depending on the TDD pattern.
[bookmark: _Toc102066600]For 5 MHz UE bandwidth (either RF+BB or BB-only option), 15 kHz SCS, 64QAM, 1 Rx, 1 layer, and TDD (DL/UL pattern of 3:1), the peak data rates in DL and UL are approximately 15 Mbps and 5 Mbps.

3.3.2	Latency
Latency can increase with the further UE bandwidth reduction due to the potentially increased transmission time. However, the latency requirements of RedCap use cases are relaxed (e.g., industrial sensors, wearables) and the size of messages are not expected to be very large. Therefore, the potential impact of further bandwidth reduction on the latency is insignificant.
[bookmark: _Toc102066601]The potential impact of further UE bandwidth reduction on the latency is insignificant.
[bookmark: _Toc102066602]In FR1, 5 MHz UE bandwidth (either FR+BB or BB-only option) can sufficiently fulfil relaxed latency requirements of Rel-18 eRedCap use cases.

3.3.3	Link performance in terms of BLER
In general, reduction of the maximum UE bandwidth may result in some degradation in the coverage due to a lower frequency diversity gain. However, the coverage impact due to loss of frequency diversity in the affected channels is expected to be small. For the RF BW reduction option, there will be impact on both data and control channels while for BB-only BW reduction only data channels may be affected. In fact, the main advantage of BB-only BW reduction option is that the control channels and SSB are not affected. 
In case of RF BW reduction to 5 MHz, there can be significant impact on the PDCCH coverage. In particular, the maximum supported aggregation level (AL) decreases by further RF BW reduction which results in PDCCH coverage degradation. For example, by reducing the maximum UE RF bandwidth from 20 MHz to 5 MHz the maximum supported PDCCH AL decreases from 16 to 8. As we can see from Figure 7, decreasing the AL from 16 to AL 8 results in 4.5 dB coverage loss at a 1% BLER target.

[bookmark: _Toc102066603]By reducing the maximum UE RF bandwidth from 20 MHz to 5 MHz the maximum supported PDCCH AL decreases from 16 to 8 which results in a 4.5 dB link performance degradation in terms of BLER.

[image: ]
[bookmark: _Ref101953210]Figure 7: Impact of further RF BW reduction on the PDCCH BLER performance.

Moreover, in case of 30 kHz SCS, the bandwidths of CORESET #0 and SSB is larger than 5 MHz. Therefore, when configuring existing CORESET#0 and SSB configurations with 30 kHz SCS, if the UE is constrained to have 5 MHz RF bandwidth, it must skip/puncture the PRBs that fall outside of its Rx bandwidth. This, in turn, results in coverage loss for PDCCH transmitted in the CORESET#0 as well as PBCH in the SSB. For example, for a 30 kHz SCS SSB, puncturing due to the further UE RF BW reduction results in a 2.6 dB link performance loss at 1% BLER as shown in Figure 8.
[image: ]
[bookmark: _Ref99954691]Figure 8: Impact of further RF BW reduction on the SSB (PBCH) BLER performance.

[bookmark: _Toc102066604]CORESET #0 and SSB bandwidths are larger than 5 MHz for 30 kHz SCS, in which case PRB skipping/puncturing for a UE with 5 MHz RF bandwidth can result in a significant link performance degradation.
[bookmark: _Toc102066605]For a 30 kHz SCS SSB, puncturing due to the further UE RF BW reduction results in a 2.6 dB link performance loss at 1% BLER.

3.3.4	PDCCH blocking probability 
RF bandwidth reduction from 20 MHz to 5 MHz can significantly increase the PDCCH blocking probability as the maximum size of the CORESET decreases by reducing the bandwidth of control channels. Consequently, the number of PDCCH candidates decreases and the PDCCH blocking probability increases. However, with BB-only bandwidth reduction for data channel, the control channels are allowed to use 20 MHz bandwidth, thus the impact on the PDCCH blocking probability is avoided.
Our analysis on the impact of RF bandwidth reduction from 20 MHz to 5 MHz is provided below. We consider the following cases considering that the CORESET size decreases by reducing the UE RF BW:
· 5 MHz UE RF BW, CORESET size: 24 PRBs and 2 OFDM symbols
· 20 MHz UE RF BW, CORESET size: 96 PRBs and 2 OFDM symbols
· Number of PDCCH candidates for ALs {1, 2, 4, 8} are {6,4, 2, 1}

As we can see from Figure 9, reducing the UE RF BW from 20 MHz to 5 MHz has a significant impact on the PDCCH blocking probability. For example, considering number of UEs equal to 7, the PDCCH blocking probability increases from 8% to 37% (increased by factor of 4.6) when reducing the UE RF BW from 20 MHz to 5 MHz.
[image: ]
[bookmark: _Ref99956636]Figure 9: Impact of UE RF bandwidth reduction on PDCCH blocking probability.

[bookmark: _Toc102066606]Reducing the UE RF BW from 20 MHz to 5 MHz has a significant impact on the PDCCH blocking probability. For example, it can increase by a factor of 4.6 (for number of UEs equal to 7) when reducing the UE RF BW from 20 MHz to 5 MHz.

3.3.5	Network capacity and spectral efficiency
Further UE bandwidth reduction is not expected to have any considerable impact on network capacity and spectral efficiency particularly since the potential impact on the frequency diversity is insignificant.
3.4	Analysis of coexistence with legacy UEs
With the existing BWP framework in NR, it is possible to configure different BWPs of different sizes to support UEs operating with different bandwidths. However, it can be challenging to ensure the coexistence of a UE with maximum 5 MHz RF bandwidth with Rel-15 NR UEs and Rel-17 RedCap UEs that support 100 MHz and 20 MHz bandwidths in FR1, respectively. 

CORESET#0/SSB configuration
One important aspect is related to sharing CORESET #0 between UEs with different bandwidths. In FR1, CORESET #0 BW can be 4.32 MHz, 8.64 MHz, or 17.28 MHz depending on the configuration. With a 20 MHz UE BW for Rel-17 RedCap, there is no issue with sharing the CORESET #0 between legacy and reduced BW UEs. For the two main further UE BW reduction options, we have the following cases:
· BB-only BW reduction: with BB-only BW reduction for data channel, the control channel can still use 20 MHz BW thus all CORESET #0 configurations can be supported and shared between legacy (Rel-15/16/17 UEs) and Rel-18 eRedCap UEs.
· RF and BB BW reduction to 5 MHz: by reducing the RF BW to 5 MHz the control channels need to be limited to 5 MHz. Therefore, only CORESET #0 with 4.32 MHz BW (corresponding to 24 PRBs and 15 kHz SCS) can be supported for such reduced BW UEs. In this case, it may not be possible to share CORESET#0 configurations with 8.64 MHz or 17.28 MHz BW for legacy and Rel-18 eRedCap UEs. Such limitation impacts the configuration flexibility and degrades the PDCCH capacity resulting in significant coexistence impact. 

In addition, the SSB bandwidth can be 3.6 MHz for 15 kHz SCS and 7.2 MHz for 30 kHz SCS. With further UE BW reduction, there can be impact on sharing SSB between UEs with different bandwidths. Specifically:
· BB-only BW reduction: with BB-only BW reduction for data channel, there is no impact on the SSB thus all SSB configurations can be supported and shared between legacy and Rel-18 eRedCap UEs.
· RF and BB BW reduction to 5 MHz: 3.6 MHz BW (15 kHz SCS) can be supported for such reduced BW UEs. In this case, it may not be possible to share SSB with 30 kHz SCS for legacy and Rel-18 eRedCap UEs. Such limitation impacts the configuration flexibility resulting in significant coexistence impact. 

Random access
In NR, a short preamble occupies 12 PRBs in the frequency domain for all the preamble numerologies. For 30 kHz SCS, the number of supported PRBs for a 5 MHz UE RF bandwidth is 11. Therefore the 30 kHz SCS, a short preamble is not fully supported for a UE supporting maximum 5 MHz RF bandwidth. This can limit the random-access configuration flexibility.

BWP configuration
In Rel-17 RedCap work item, there have been extensive discussions on the BWP configuration for coexistence of RedCap and non-RedCap UEs. In particular, the focus of discussions was to handle issues of UL resource fragmentation, TDD center frequency alignment, and the presence of SSB and CORESET #0 in the RedCap DL BWP. With further UE RF BW reduction, the size of UL/DL BWPs is limited to 5 MHz. In this case, it is very likely that a relatively small DL BWP does not contain the legacy cell-defining SSB (CD-SSB) and CORESET #0 which can result in the transmission of additional non-cell-defining (NCD)-SSBs. Transmission of additional SSBs can have several coexistence impacts due to additional overhead, increased inter-cell interference, and reduced network energy/spectral efficiency.

 
Early indication
If a Rel-18 eRedCap UE is required to be known to the network as early as after Msg1 (PRACH) detection, there will be potential impact on the coexistence with legacy UEs. For instance, one of the obvious solutions for early RedCap indication in Msg1 is PRACH partitioning. This, however, will require fragmenting the PRACH resources available for legacy UEs. Also, depending on the BW reduction option, there can be coverage impact for Rel-18 eRedCap UEs and potentially a need for coverage compensation for transmissions during initial access. In this case, depending on the early indication of Rel-18 eRedCap, the same coverage compensation solutions will be applied also for other UEs which result in the coexistence impact.

[bookmark: _Toc102066607]Further UE RF bandwidth reduction to 5 MHz can have significant coexistence impacts in terms of initial access, random access, SSB/CORESET #0 configurations (especially 30 kHz SCS), BWP configuration, and early indication.
[bookmark: _Toc102066608]The potential coexistence impact for BB-only bandwidth reduction is small.

3.5	Analysis of specification impacts
The specification impacts depend on the BW reduction option.
BB-only BW reduction: With BB-only BW reduction for data channel, the bandwidth of UL and DL BWPs can be up to 20 MHz and the UE can receive control channels and SSB. Therefore, all legacy CORESET #0/SSB configurations (both 15 kHz SCS and 30 kHz SCS) can be supported. Since in this case the RF bandwidth for Rel-18 eRedCap is the same as Rel-17 RedCap and there is no impact on CORESET #0 and SSB, additional specification impact is expected to be none or very small.
RF and BB BW reduction to 5 MHz: In this case all transmissions/receptions are limited to be within the 5 MHz UE bandwidth. Since all SSB and CORESET #0 bandwidths in 30 kHz SCS exceed 5 MHz, it is not feasible to fully reuse the existing legacy configurations. Consequently, the specification impacts will be significant for potentially redesigning SSB and CORESET#0 for Rel-18 eRedCap. In addition, specification impacts are expected to address the potential performance and coexistence impacts identified in the previous sections. Related to BWP configuration for Rel-18 eRedCap, any new support for BWP (initial and/or non-initial) operation with/without SSB will result in the specification impacts.
[bookmark: _Toc102066609]Further UE RF bandwidth reduction to 5 MHz has significant specification impacts, considering the impacts on initial access, random access, SSB/CORESET #0 configurations (especially 30 kHz SCS), BWP configuration, and early indication.
[bookmark: _Toc102066610]The potential specification impact for BB-only bandwidth reduction is none or very small.

4	UE peak rate reduction
The peak data rate supported by an NR UE can be computed using the following expression from TS 38.306 ‎[13]:
	[bookmark: _Toc12750882][bookmark: _Toc29382246][bookmark: _Toc37093363][bookmark: _Toc37238639][bookmark: _Toc37238753][bookmark: _Toc46488648][bookmark: _Toc52574069][bookmark: _Toc52574155][bookmark: _Toc76511753]4.1.2	Supported max data rate for DL/UL
For NR, the approximate data rate for a given number of aggregated carriers in a band or band combination is computed as follows.


wherein
J is the number of aggregated component carriers in a band or band combination
Rmax = 948/1024
For the j-th CC,
	[image: ] is the maximum number of supported layers given by higher layer parameter maxNumberMIMO-LayersPDSCH for downlink and maximum of higher layer parameters maxNumberMIMO-LayersCB-PUSCH and maxNumberMIMO-LayersNonCB-PUSCH for uplink.

	 is the maximum supported modulation order given by higher layer parameter supportedModulationOrderDL for downlink and higher layer parameter supportedModulationOrderUL for uplink.

	is the scaling factor given by higher layer parameter scalingFactor and can take the values 1, 0.8, 0.75, and 0.4.

	 is the numerology (as defined in TS 38.211 [6])



[bookmark: OLE_LINK8]	 is the average OFDM symbol duration in a subframe for numerology , i.e. . Note that normal cyclic prefix is assumed.




[bookmark: _Hlk100447109]	 is the maximum RB allocation in bandwidth  with numerology , as defined in 5.3 TS 38.101-1 [2] and 5.3 TS 38.101-2 [3], where  is the UE supported maximum bandwidth in the given band or band combination.

	is the overhead and takes the following values
0.14, for frequency range FR1 for DL
0.18, for frequency range FR2 for DL
0.08, for frequency range FR1 for UL
0.10, for frequency range FR2 for UL
[…]
The approximate maximum data rate can be computed as the maximum of the approximate data rates computed using the above formula for each of the supported band or band combinations.
For single carrier NR SA operation, the UE shall support a data rate for the carrier that is no smaller than the data rate computed using the above formula, with  and component  is no smaller than 4.
NOTE: As an example, the value 4 in the component above can correspond to ,  and .



[bookmark: _Hlk102074508]Based on the above expression, the peak data rates for the simplest Rel-17 FR1 RedCap UE in DL/UL are ~85/91 Mbps with 15 kHz SCS and ~82/88 Mbps with 30 kHz SCS. These peak data rates are excessive for lower tier UEs between existing LPWA UEs and the capabilities of Rel-17 RedCap UEs ‎[1]. In fact, as per the SID, the target peak data rate for Rel-18 eRedCap UEs is 10 Mbps. Clearly, there is room (if motivated by the cost reduction) for UE peak data rate reduction for Rel-18 eRedCap. The different flavours of BW reduction as discussed in Section 3 can implicitly reduce the peak data rate that a UE needs to support. In this section, we discuss few additional features that take different approaches to peak data rate reduction. 
4.1	Description of the feature
The following techniques can be considered for UE peak data rate reduction:
Option PR1: Relaxation of the  constraint from ≥4 to ≥0.8
· As shown in Clause 4.1.2 of TS 38.306 (copied earlier), the scaling factor, given by the higher layer parameter scalingFactor, can be used to scale down the peak data rate supported by the UE. Currently, the peak rate scaling factor can take the values 1, 0.8, 0.75, and 0.4. The original intention of the scaling factor for an NR SA UE was to reflect the potential mismatch between its RF and baseband processing capabilities ‎[16]. 
· In addition to the peak rate scaling factor, an NR UE can also indicate its peak data rate capability using the maximum supported modulation order, given by the higher layer parameters supportedModulationOrderDL and supportedModulationOrderUL for DL and UL, respectively. The maximum supported modulation order can take the values 1, 2, 4, 6, and 8, corresponding to pi/2-BPSK/BPSK, QPSK, 16QAM, 64QAM, and 256QAM, respectively. It is important to note that the maximum supported modulation order concerns only the modulation order assumed in the peak data rate calculations. The network may still use a modulation order higher than the value indicated by this field while scheduling the UE.
· When the two capabilities described above (scaling factor and maximum supported modulation order) are combined, the peak data rate can be scaled down quite substantially if the UE indicates low values for these capabilities. For example, if the UE indicates a scaling factor of 0.4 and a maximum supported modulation order of BPSK, the UE can effectively indicate its peak data rate capability as 5.5 Mbps in the DL and 5.8 Mbps in the UL, which is less than the target peak data rate for the Rel-18 eRedCap. Therefore, we do not see a need to introduce new scaling factor values to scale down the supported peak data rate. Rather, we think that the current constraint on the scaling factor and the maximum supported modulation order that can be reported by the UE could be relaxed.
· The constraint referred to above more specifically is that the component , i.e., the product of the maximum number of supported MIMO layers, the maximum supported modulation order and the scaling factor, should be no smaller than 4 for NR SA single carrier operation. With this constraint, the peak data rate that should be supported by the simplest Rel-17 RedCap UE is at least 54.6 Mbps in the DL and 58.4 Mbps in the UL (for 15 kHz SCS). 
· For the Rel-18 eRedCap UE, the constraint could be reduced to one-fifth of the current value, i.e., from 4 to 0.8, and still meet the target peak data rate requirement of 10 Mbps with the current values for peak rate scaling factor. 

Option PR2: Restriction of maximum TBS for PDSCH and PUSCH to 10000/5000 bits for 15/30 kHz SCS
· As described earlier, the peak data rates for the simplest Rel-17 FR1 RedCap UE in DL/UL are ~85/91 Mbps with 15 kHz SCS and ~82/88 Mbps with 30 kHz SCS. 
· However, based on the constraint that , the simplest Rel-17 RedCap UE is, in principle, required to support only 54.6/58.4 Mbps with 15 kHz SCS and 56.7/60.7 Mbps with 30 kHz SCS in the DL/UL. This corresponds to TBS of 56713/60670 bits with 15 kHz SCS and TBS of 27286/29190 bits with 30 kHz SCS in the DL/UL. 
· As the target peak data rate for the Rel-18 eRedCap UE is only 10 Mbps, the maximum TBS for PDSCH and PUSCH that the UE needs to handle could be restricted to 10000 bits with 15 kHz SCS and 5000 bits with 30 kHz SCS. 
· That is, the maximum TBS that the Rel-18 eRedCap UE should support could be scaled down to roughly one-fifth compared to that of the Rel-17 RedCap UE. 

Option PR3: Restriction of maximum number of PRBs for PDSCH and PUSCH to 25/11 PRBs for 15/30 kHz SCS
· For the Rel-17 RedCap UE, the maximum PRB allocation, , for 15 kHz SCS is 106 and for 30 kHz SCS it is 51. Plugging these values in the expression for the peak data rate and assuming , we obtain 54.6/58.4 Mbps with 15 kHz SCS and 56.7/60.7 Mbps with 30 kHz SCS in the DL/UL. 
· To scale down these peak data rate values, another alternative could be to restrict the maximum number of PRBs used while scheduling the UEs to 25 PRBs with 15 kHz SCS and 11 PRBs with 30 kHz SCS, both which corresponds to maximum transmission bandwidth configuration for 5 MHz UE BW. This would lead to a peak data rate of 13.4/14.3 Mbps with 15 kHz SCS and 11.8/12.6 Mbps with 30 kHz SCS in DL/UL, and hence, meets the target peak data rate requirements for the Rel-18 eRedCap UE. 

Although further relaxing the maximum modulation order from 64QAM to 16QAM or QPSK could be another possibility, we think that options PR1, PR2, and PR3 are more attractive solutions for peak data rate reduction, and therefore, we focus on those in this section. 
4.2	Analysis of UE cost/complexity reduction
The estimated costs for a device with reduced peak rate realized using options PR1, PR2, and PR3, relative to that of the Rel-15 reference NR device, are summarized in Table 5 (for FDD) and Table 6 (for TDD). As can be seen from these tables, the estimated cost reduction for options PR1, PR2, and PR3, compared to the simplest Rel-17 RedCap device, are 3.7/2.4%, 3.7/2.4%, and 4.8/3.2%, respectively, for FDD/TDD. 
Detailed breakdowns of the cost estimates are provided in our companion contribution ‎[17]. It can be observed from ‎[17] that the main contributors of the cost reduction for options PR1 and PR2 are the following functional blocks:
· LDPC decoding
· HARQ buffer
· UL processing block

For option PR3, the main contributors of the cost reduction are the following functional blocks:
· Receiver processing block
· LDPC decoding
· HARQ buffer
· UL processing block

Note that for the reference NR device with 100 MHz BW (i.e., = 273), , and 30 kHz SCS, the peak data rates are 292 Mbps in the DL and 313 Mbps in the UL, and the corresponding TBSs are 146060 bits in the DL and 156250 bits in the UL. 
The cost reduction estimates in ‎[17] deserve some further comments:
· The UL processing block is associated with functionalities that scale with peak rate/TBS, for e.g., preparation of PUSCH, as well as with functionalities that do not (for a fixed PRB size), for e.g., generation of reference signals (DMRS and SRS) and preparation of PUCCH. Hence, the relative cost saving in the UL processing blocks for PR1, PR2, and PR3 are not linear in contrast to LDPC and HARQ buffer. 
· Assuming same-slot scheduling and non-contiguous resource allocation, the UE may need to buffer the full RF BW for the full slot if the UE is scheduled. Therefore, the size and the complexity of post-FFT data buffer may not reduce with restriction of PRBs in Option PR3. This is one of the key differences between options PR3 and BW2 (although both are similar in terms of restriction of BW for PDSCH/PUSCH). It is also worth pointing out that they can provide roughly the same cost reduction in specific scenarios (e.g., contiguous PRB allocations).
· The CQI/CSI processing functionality (e.g., using CSI-RS) of the receiver processing block may not be impacted by restriction of PRBs. Therefore, cost saving for the receiver processing block are not linear with regards to option PR3. 

[bookmark: _Ref100575017]Table 5: Cost reduction for different UE peak rate reduction options in FDD.
	Option
	FR1 FDD UE features for each option
	RF reduction compared to Rel-15 reference
	BB reduction compared to Rel-15 reference
	Total reduction compared to Rel-15 reference
	Total reduction compared to simplest Rel-17 RedCap UE

	Simplest Rel-17 RedCap UE
	20 MHz, 1 layer, 1 Rx, DL 64QAM, HD-FDD
	34.4%
	80.2%
	61.9%
	0%

	Option PR1
	20 MHz, 1 layer, 1 Rx, DL 64QAM, HD-FDD, 
	34.4%
	82.5%
	63.3%
	3.7%

	Option PR2
	20 MHz, 1 layer, 1 Rx, DL 64QAM, HD-FDD, restriction of maximum TBS for PDSCH and PUSCH
	34.4%
	82.5%
	63.3%
	3.7%

	Option PR3 
	20 MHz, 1 layer, 1 Rx, DL 64QAM, HD-FDD, restriction of maximum number of PRBs for PDSCH and PUSCH
	34.4%
	83.3%
	63.7%
	4.8%



[bookmark: _Ref100575021]Table 6: Cost reduction for different UE peak rate reduction options in TDD.
	Option
	FR1 TDD UE features for each option
	RF reduction compared to Rel-15 reference
	BB reduction compared to Rel-15 reference
	Total reduction compared to Rel-15 reference
	Total reduction compared to simplest Rel-17 RedCap UE

	Simplest Rel-17 RedCap UE
	20 MHz, 1 layer, 1 Rx, DL 64QAM
	35.3%
	86.5%
	66%
	0%

	Option PR1
	20 MHz, 1 layer, 1 Rx, DL 64QAM, HD-FDD, 
	35.3%
	87.9%
	66.8%
	2.4%

	Option PR2
	20 MHz, 1 layer, 1 Rx, DL 64QAM, HD-FDD, restriction of maximum TBS for PDSCH and PUSCH
	35.3%
	87.9%
	66.8%
	2.4%

	Option PR3 
	20 MHz, 1 layer, 1 Rx, DL 64QAM, HD-FDD, restriction of maximum number of PRBs for PDSCH and PUSCH
	35.3%
	88.3%
	67.1%
	3.2%



[bookmark: _Toc102066611]Compared to the simplest Rel-17 RedCap device, cost reductions for Option PR1 () is 3.7% in FDD and 2.4% in TDD.
[bookmark: _Toc102066612]Compared to the simplest Rel-17 RedCap device, cost reductions for Option PR2 (restriction of maximum TBS for PDSCH and PUSCH) is 3.7% in FDD and 2.4% in TDD. 
[bookmark: _Toc102066613]Compared to the simplest Rel-17 RedCap device, cost reductions for Option PR3 (restriction of maximum number of PRBs for PDSCH and PUSCH) is 4.8% in FDD and 3.2% in TDD.  
[bookmark: _Toc102066614]From cost reduction point-of-view, options PR1 () and PR2 (restriction of maximum TBS for PDSCH and PUSCH) are equivalent. Therefore, for cost reduction analysis, they could be treated as the same option in TR 38.865. However, they may need to be considered separately for specification impact analysis.
4.3	Analysis of performance impacts
4.3.1	Data rate
The options PR1, PR2, and PR3 would obviously result in reduction in the instantaneous peak data rate supported by the UE. However, these options can sufficiently fulfil the peak data rate requirement of 10 Mbps for the Rel-18 eRedCap use cases. 
4.3.2	Latency and reliability
For some traffic conditions, if the higher layer payload size is larger than the restricted TBS or if the reduced peak data rate is smaller than the data rate determined based on the payload size, the overall required transmission and/or reception time would increase. This may lead to increase in the latency. However, this is inherent from supporting the lower 10 Mbps peak rate.  The latency and the reliability of RedCap use cases are also in general expected to be satisfied by options PR1, PR2, and PR3 ‎[7]. 
4.3.3	Coverage
The coverage of DL and UL channels is not expected to be impacted due to options PR1 and PR2. For PR3, some coverage loss (compared to the Rel-17 RedCap UE) for PDSCH is expected for relatively high data rates due to reduction in DL power.
4.3.4	Network capacity and spectral efficiency
The UE peak rate reduction options considered in this contribution are not expected to have a significant impact on capacity and spectral efficiency. 
4.4	Analysis of coexistence with legacy UEs
In general, options PR1, PR2, and PR3 would not lead to coexistence issues with legacy UEs, provided that restricted TBS and/or peak data rates are sufficiently large to handle initial access messages, SIB1, other SIBs, RAR, Msg3, and Msg4. Otherwise, early indication of the UEs, e.g., in Msg1, might be needed. Also, if the restricted TBS and/or peak data rates necessitate scheduling the UEs multiple times due to larger payload sizes, the PDCCH blocking rate for legacy UEs may increase if they share the same CORESET.
4.5	Analysis of specification impacts
The options PR1, PR2, and PR3 are expected to have smaller specification impacts compared to BW reduction option BW1 (RF+BB BW reduction). For instance, options PR1 and PR2 may require minor clarifications in TS 38.306 and TS 38.214. The option PR3 may require some minor updates at least in TS 38.212 and TS 38.214. Also, depending on the degree of peak data rate reduction (or TBS restriction), early indication of a new UE type may be required during random access. 
5	Relaxed UE processing timeline
5.1	Description of the feature
According to the SID [7], relaxed UE processing time may be considered for PDSCH (N1) and/or PUSCH (N2) and/or CSI (Z/Z’). In this contribution, the following options are considered.
Option RPT1: Relaxation of UE processing time in terms of N1 and N2
· Similar to the agreement made in RAN1 #102e, the relaxed UE processing time in terms of N1 and N2 are assumed to be doubled compared to those of capability 1, i.e.,
· N1 = 16, 20, 34, and 40 symbols for 15, 30, 60, and 120 kHz SCS (assuming only front-loaded DMRS)
· N2 = 20, 24, 46, and 72 symbols for 15, 30, 60, and 120 kHz SCS

Option RPT2: Relaxation of CSI computation time in terms of Z and Z'
· [bookmark: _Hlk101367027]Two CSI computation delay requirements are defined in TS 38.214. The CSI computation delay requirement 1 has many restrictions and aims to support low latency use cases which are less relevant for RedCap UEs. Therefore, we consider relaxation of CSI computation time based on the CSI computation delay requirement 2 in this contribution, i.e., Z and Z' are assumed to be doubled compared to the values defined in TS 38.214 Table 5.4.2. 

Option RPT3: Relaxation of both N1/N2 and Z/Z’ 
· RPT3 = RPT1 + RPT2

5.2	Analysis of UE cost/complexity reduction
In general, relaxed UE processing time can result in complexity and cost reduction in some of the functional blocks. The affected components and corresponding cost reduction are highly dependent on the UE implementation. 
For option RPT1, BB components related to PDCCH monitoring/decoding, PDSCH decoding/processing and PUSCH/PUCCH preparation will be impacted. The main contributors of the cost/complexity reduction are the following functional blocks:
· Baseband: Receiver processing block 
· Baseband: LDPC decoding 
· Baseband: DL control processing & decoder 
· Baseband: UL processing block 

For option RPT2, BB components related to PDCCH monitoring/decoding, RS measurements, CSI processing and PUSCH preparation will be impacted. Since Rel-17 RedCap UEs only support 1 layer for both DL and UL, the requirement for CSI computation is already reduced compared to Rel-15 reference UEs. Therefore, it is not expected that the cost reduction from relaxed CSI computation time will contribute significantly to the overall cost reduction of each processing block. The main contributors of the cost reduction/complexity are the following functional blocks. 
· Baseband: Receiver processing block 
· Baseband: DL control processing & decoder 
· Baseband: UL processing block 
· Baseband: MIMO specific processing blocks 

For option RPT3, the main contributors of the cost reduction will be the union set of above components corresponding to options RPT1 and RPT2. It is worth noting that doubling N1/N2 and doubling Z/Z’ may impact some overlapped components, e.g., when decoding PDCCH and when preparing PUSCH. Therefore, the cost/complexity reduction on ‘DL control processing & decoder’ and ‘UL processing block’ should not be overestimated in option RPT3. In such cases, we assume that the higher cost/complexity reduction value of option RPT1 and option RPT2 is selected. In the following tables, we provide our cost reduction estimates for different UE processing time relaxation options in FR1.
Table 7: Cost reduction for different relax UE processing time options in FDD.
	Option
	FR1 FDD UE features for each option
	RF reduction compared to Rel-15 reference
	BB reduction compared to Rel-15 reference
	Total reduction compared to Rel-15 reference
	Total reduction compared to simplest Rel-17 RedCap UE

	Simplest Rel-17 RedCap UE
	20 MHz, 1 layer, 1 Rx, DL 64QAM, HD-FDD
	34.4%
	80.2%
	61.9%
	0%

	Option RPT1
	Double N1/N2
	34.4%
	81.0%
	62.4%
	1.3%

	Option RPT2
	Double Z/Z’
	34.4%
	80.7%
	62.2%
	0.8%

	Option RPT3
	Double N1/N2 and Z/Z’
	34.4%
	81.2%
	62.4%
	1.3%



Table 8: Cost reduction for different relax UE processing time options in TDD.
	Option
	FR1 TDD UE features for each option
	RF reduction compared to Rel-15 reference
	BB reduction compared to Rel-15 reference
	Total reduction compared to Rel-15 reference
	Total reduction compared to simplest Rel-17 RedCap UE

	Simplest Rel-17 RedCap UE
	20 MHz, 1 layer, 1 Rx, DL 64QAM
	35.3%
	86.5%
	66%
	0%

	Option RPT1
	Double N1/N2
	35.3%
	87.1%
	66.4%
	1.2%

	Option RPT2
	Double Z/Z’
	35.3%
	87.0%
	66.3%
	0.9%

	Option RPT3
	Double N1/N2 and Z/Z’
	35.3%
	87.2%
	66.5%
	1.5%



[bookmark: _Toc53800391][bookmark: _Toc102066615]In an FR1 FDD band, compared to the simplest Rel-17 RedCap device, the total cost reduction achieved by doubling both N1/N2 and Z/Z’ is estimated to be up to 1.3%.
[bookmark: _Toc53800392][bookmark: _Toc102066616]In an FR1 TDD band, compared to the simplest Rel-17 RedCap device, the total cost reduction achieved by doubling both N1/N2 and Z/Z’ is estimated to be up to 1.5%.

5.3	Analysis of performance impacts
5.3.1	Data rate
No impact on instantaneous peak data rate is expected from a more relaxed UE processing time in terms of N1/N2 and Z/Z’ as it depends on UE capabilities on supported parameters such as maximum RB allocation, maximum number of supported layers and highest MCS. However, the UE DL throughput may be reduced if HARQ retransmission is taken into account as the HARQ round trip time is extended due to the relaxed processing time. Similarly, the UE UL throughout can be impacted due to relaxed CSI processing time as another PUSCH cannot be transmitted before the triggered aperiodic CSI (A-CSI) is transmitted due to the out-of-order scheduling restriction.
5.3.2	Latency
Relaxed UE processing time will impact latency of DL and UL data transmissions. For DL transmission, after the reception of PDSCH, relaxed N1 value will delay the transmission of the corresponding HARQ-ACK. For UL transmission, relaxed N2 value will delay the scheduling of PUSCH with respect to the UL grant. If A-CSI is required, relaxed Z/Z’ will also impact the scheduling of PUSCH on which the A-CSI is multiplexed. Meanwhile, since after the A-CSI triggering no other PUSCH can be scheduled before the A-CSI is transmitted due to the out-of-order scheduling restriction, relaxed Z/Z’ may increase the latency of the following data as well.
[bookmark: _Toc47691981][bookmark: _Toc53800397][bookmark: _Toc102066617]Relaxed UE processing time capability in terms of N1/N2 and Z/Z’ has a negative impact on achievable transmission latency. 
5.3.3	Coverage
No impact on DL and UL coverage is expected from a more relaxed UE processing time with options described in section 5.1.
5.3.4	Spectral efficiency
No significant impact on overall spectral efficiency is expected from the relaxed UE processing time. It is up to gNB to efficiently schedule other UEs on any available resources.
5.3.5	Scheduling flexibility/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. 
Relaxed UE CSI computation time Z/Z’ can also impact scheduling flexibility and efficiency. As mentioned earlier, the CSI computation time for A-CSI on PUSCH is considered a bottleneck, preventing other PUSCH scheduling in between due to out-of-order scheduling restriction. The restriction period will be even longer with further relaxed UE CSI computation time which limits the scheduling flexibility.
[bookmark: _Toc47691983][bookmark: _Toc53800401][bookmark: _Toc102066618]Relaxed UE processing time in terms of N1/N2 and/or Z/Z’ can have significant impact on scheduling flexibility and complexity. 

5.4	Analysis of coexistence with legacy UEs
In the scenario where RedCap UEs coexist with legacy UEs, if a more relaxed UE processing time capability is defined for RedCap UEs, the scheduler must consider multiple UE processing timelines, e.g., up to three, when performing scheduling. This has a significant impact on the scheduler complexity.
The relaxed UE processing time might also have impact on the random-access procedure as there exists the UE time gap requirement of N1+N2+ 0.5ms between RAR UL grant and Msg3 based on the processing time capability #1. For example, if a more relaxed UE processing time is defined and used for the time gap requirement for scheduling Msg3, and gNB does not know which UEs are in the cell since RedCap and legacy UEs can coexist, it must assume for the worst case by using the relaxed timing requirement for all UEs which would impact the performance of existing eMBB UEs and Rel-17 RedCap UEs. 
[bookmark: _Toc47691987][bookmark: _Toc53800403][bookmark: _Toc102066619]Introducing a more relaxed requirement for Msg3 scheduling can potentially impact Msg3 scheduling for legacy UEs in the coexistence scenarios. 
5.5	Analysis of specification impacts
A new UE processing time capability needs to be defined in TS 38.214 if relaxed UE processing time in terms of N1 and N2 is introduced. Also, a new CSI computation delay requirement needs to be defined in TS 38.214 if relaxed UE processing time in terms of Z and Z’ is introduced.
To summarize, from the analysis of cost/complexity reduction, we find that the actual gain is expected to be very small. Furthermore, 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 potential coexistence issues with legacy UEs, e.g., on Msg3 scheduling may 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][bookmark: _Toc53800406][bookmark: _Toc102066620]Relaxing UE processing in terms of N1/N2 and Z/Z’ brings negligible cost reduction benefit while having negative impacts on scheduling flexibility/complexity and potential coexistence with legacy UEs.

[bookmark: _Hlk99965690]6	Combinations of UE complexity reduction techniques
6.1	Cost reduction estimates 
The cost estimates for all the prioritized cost and complexity reduction techniques have been analysed in previous sections. Note that since the BW reduction techniques naturally result in the peak data rate reduction, it may not be possible to combine all BW reduction and peak data rate reduction techniques. Here, we focus on a number of feasible combinations.
Table 9: Cost reduction estimates for combinations complexity reduction techniques in FDD.
	Further UE complexity reduction technique(s) added to simplest Rel-17 RedCap (FR1 FDD)
	RF reduction compared to Rel-15 reference
	BB reduction compared to Rel-15 reference
	Total reduction compared to Rel-15 reference
	Total reduction compared to simplest Rel-17 RedCap UE

	5 MHz RF BW
	34.4%
	86.0%
	65.4%
	9.1%

	5 MHz RF BW, relaxed processing timeline (double N1/N2)
	34.4%

	86.5%

	65.7%

	10.0%


	5 MHz RF BW, relaxed processing timeline (double N1/N2 and Z/Z’)
	34.4%

	86.6%

	65.7%
	10.1%


	5 MHz BB-only
	34.4%
	84.5%
	64.4%
	6.8%

	5 MHz BB-only, relaxed processing timeline (double N1/N2)
	34.4%

	85%

	64.8%

	7.6%


	5 MHz BB-only, relaxed processing timeline (double N1/N2 and Z/Z’)
	34.4%

	85.1%
	64.8%
	7.7%

	3 MHz BB-only
	34.4%
	85.0%
	64.7%
	7.5%

	3 MHz BB-only, relaxed processing timeline (double N1/N2)
	34.4%

	85.5%

	65%

	8.3%


	3 MHz BB-only, relaxed processing timeline (double N1/N2 and Z/Z’)
	34.4%

	85.5%
	65.1%
	8.4%

	Reduced peak data rate by TBS restriction
	34.4%
	82.5%
	63.3%
	3.7%

	Reduced peak data rate (TBS restriction), relaxed processing timeline (double N1/N2)
	34.4%

	83.2%
	63.7%
	4.7%

	Reduced peak data rate (TBS restriction), relaxed processing timeline (double N1/N2 and Z/Z’)
	34.4%

	83.4%
	63.8%
	5%

	Reduced peak data rate by PRB restriction
	35.3%
	88.3%
	67.1%
	3.2%

	Reduced peak data rate (PRB restriction), relaxed processing timeline (double N1/N2)
	34.4%

	83.9%
	64.1%
	5.7%

	Reduced peak data rate (PRB restriction), relaxed processing timeline (double N1/N2 and Z/Z’)
	34.4%

	84%
	64.1%
	5.9%



Table 10: Cost reduction estimates for combinations complexity reduction techniques in TDD.
	Further UE complexity reduction technique(s) added to simplest Rel-17 RedCap (FR1 TDD)
	RF reduction compared to Rel-15 reference
	BB reduction compared to Rel-15 reference
	Total reduction compared to Rel-15 reference
	Total reduction compared to simplest Rel-17 RedCap UE

	5 MHz RF BW
	35.3%
	90.4%
	68.4%
	6.9%

	5 MHz RF BW, relaxed processing timeline (double N1/N2)
	35.3%

	90.8%

	68.6%

	7.6%


	5 MHz RF BW, relaxed processing timeline (double N1/N2 and Z/Z’)
	35.3%

	90.9%
	68.6%

	7.7%

	5 MHz BB-only
	35.3%
	89.4%
	67.7%
	5.1%

	5 MHz BB-only, relaxed processing timeline (double N1/N2)
	35.3%

	89.8%

	68.0%

	5.8%


	5 MHz BB-only, relaxed processing timeline (double N1/N2 and Z/Z’)
	35.3%

	89.9%
	68%
	5.9%

	3 MHz BB-only
	35.3%
	89.7%
	67.9%
	5.6%

	3 MHz BB-only, relaxed processing timeline (double N1/N2)
	35.3%

	90.1%

	68.2%

	6.3%


	3 MHz BB-only, relaxed processing timeline (double N1/N2 and Z/Z’)
	35.3%

	90.1%

	68.2%

	6.4%

	Reduced peak data rate by TBS restriction
	35.3%
	87.9%
	66.8%
	2.4%

	Reduced peak data rate (TBS restriction), relaxed processing timeline (double N1/N2)
	35.3%

	88.4%
	67.1%
	3.3%

	Reduced peak data rate (TBS restriction), relaxed processing timeline (double N1/N2 and Z/Z’)
	35.3%

	88.5%
	67.2%
	3.5%

	Reduced peak data rate by PRB restriction
	35.3%
	88.3%
	67.1%
	3.2%

	Reduced peak data rate (PRB restriction), relaxed processing timeline (double N1/N2)
	35.3%

	88.8%
	67.4%
	4%

	Reduced peak data rate (PRB restriction), relaxed processing timeline (double N1/N2 and Z/Z’)
	35.3%

	88.9%
	67.4%
	4.1%



[bookmark: _Toc102066621]The cost saving of relaxed processing timelines in combination with other complexity reduction techniques is very small. 

6.2		Impacts
The potential impacts of different complexity reduction techniques were discussed in Sections 3, 4, and 5. In particular, the potential performance impacts, coexistence impacts, and specification impacts were discussed in these sections. 
7	Conclusion
In the previous sections we made the following observations: 
Observation 1	Rel-17 RedCap can already provide significant cost saving compared to Rel-15 reference UEs and the additional cost saving by further UE bandwidth reduction in Rel-18 is small.
Observation 2	Compared to simplest Rel-17 RedCap, cost reduction for 5 MHz (RF+BB) BW is 9.1% in FDD and 6.9% in TDD.
Observation 3	Compared to simplest Rel-17 RedCap, cost reduction for 5 MHz BB-only BW is 6.8% in FDD and 5.1% in TDD.
Observation 4	Compared to simplest Rel-17 RedCap, cost reduction for 3 MHz BB-only BW is 7.5% in FDD and 5.6% in TDD.
Observation 5	The estimated cost reduction from further UE bandwidth reduction is in the BB part, i.e., there is no significant further cost reduction in the RF part.
Observation 6	The cost saving with BB-only BW reduction options are close to the case of (RF+BB) BW reduction to 5 MHz (e.g., around 1%-2% difference in cost saving).
Observation 7	Further cost saving can be achieved with BB-only BW reduction by allowing the BB bandwidth to be smaller than 5 MHz.
Observation 8	Further UE bandwidth reduction results in peak data rate reduction.
Observation 9	In terms of the instantaneous peak data rate (i.e., sum of UL and DL), all BW reduction options BW1 (5 MHz RF+BB), BW2 (5 MHz BB-only), and BW3 (3 MHz BB-only) fulfil the 10 Mbps peak data rate requirement.
Observation 10	In FR1 FDD, for all BW reduction options BW1 (5 MHz RF+BB), BW2 (5 MHz BB-only), and BW3 (3 MHz BB-only) the achievable peak data rate is more than 10 Mbps.
Observation 11	In FR1 TDD, with 5 MHz UE bandwidth (either RF+BB or BB-only option), the achievable peak data rate for UL or DL can be less than 10 Mbps depending on the TDD pattern.
Observation 12	For 5 MHz UE bandwidth (either RF+BB or BB-only option), 15 kHz SCS, 64QAM, 1 Rx, 1 layer, and TDD (DL/UL pattern of 3:1), the peak data rates in DL and UL are approximately 15 Mbps and 5 Mbps.
Observation 13	The potential impact of further UE bandwidth reduction on the latency is insignificant.
Observation 14	In FR1, 5 MHz UE bandwidth (either FR+BB or BB-only option) can sufficiently fulfil relaxed latency requirements of Rel-18 eRedCap use cases.
Observation 15	By reducing the maximum UE RF bandwidth from 20 MHz to 5 MHz the maximum supported PDCCH AL decreases from 16 to 8 which results in a 4.5 dB link performance degradation in terms of BLER.
Observation 16	CORESET #0 and SSB bandwidths are larger than 5 MHz for 30 kHz SCS, in which case PRB skipping/puncturing for a UE with 5 MHz RF bandwidth can result in a significant link performance degradation.
Observation 17	For a 30 kHz SCS SSB, puncturing due to the further UE RF BW reduction results in a 2.6 dB link performance loss at 1% BLER.
Observation 18	Reducing the UE RF BW from 20 MHz to 5 MHz has a significant impact on the PDCCH blocking probability. For example, it can increase by a factor of 4.6 (for number of UEs equal to 7) when reducing the UE RF BW from 20 MHz to 5 MHz.
Observation 19	Further UE RF bandwidth reduction to 5 MHz can have significant coexistence impacts in terms of initial access, random access, SSB/CORESET #0 configurations (especially 30 kHz SCS), BWP configuration, and early indication.
Observation 20	The potential coexistence impact for BB-only bandwidth reduction is small.
Observation 21	Further UE RF bandwidth reduction to 5 MHz has significant specification impacts, considering the impacts on initial access, random access, SSB/CORESET #0 configurations (especially 30 kHz SCS), BWP configuration, and early indication.
Observation 22	The potential specification impact for BB-only bandwidth reduction is none or very small.
Observation 23	Compared to the simplest Rel-17 RedCap device, cost reductions for Option PR1 () is 3.7% in FDD and 2.4% in TDD.
Observation 24	Compared to the simplest Rel-17 RedCap device, cost reductions for Option PR2 (restriction of maximum TBS for PDSCH and PUSCH) is 3.7% in FDD and 2.4% in TDD.
Observation 25	Compared to the simplest Rel-17 RedCap device, cost reductions for Option PR3 (restriction of maximum number of PRBs for PDSCH and PUSCH) is 4.8% in FDD and 3.2% in TDD.
Observation 26	From cost reduction point-of-view, options PR1 () and PR2 (restriction of maximum TBS for PDSCH and PUSCH) are equivalent. Therefore, for cost reduction analysis, they could be treated as the same option in TR 38.865. However, they may need to be considered separately for specification impact analysis.
Observation 27	In an FR1 FDD band, compared to the simplest Rel-17 RedCap device, the total cost reduction achieved by doubling both N1/N2 and Z/Z’ is estimated to be up to 1.3%.
Observation 28	In an FR1 TDD band, compared to the simplest Rel-17 RedCap device, the total cost reduction achieved by doubling both N1/N2 and Z/Z’ is estimated to be up to 1.5%.
Observation 29	Relaxed UE processing time capability in terms of N1/N2 and Z/Z’ has a negative impact on achievable transmission latency.
Observation 30	Relaxed UE processing time in terms of N1/N2 and/or Z/Z’ can have significant impact on scheduling flexibility and complexity.
Observation 31	Introducing a more relaxed requirement for Msg3 scheduling can potentially impact Msg3 scheduling for legacy UEs in the coexistence scenarios.
Observation 32	Relaxing UE processing in terms of N1/N2 and Z/Z’ brings negligible cost reduction benefit while having negative impacts on scheduling flexibility/complexity and potential coexistence with legacy UEs.
Observation 33	The cost saving of relaxed processing timelines in combination with other complexity reduction techniques is very small.
Based on the discussion in the previous sections we propose the following:
Proposal 1	The potential gain of further complexity reduction in Rel-18 should be evaluated with respect to the simplest Rel-17 RedCap UEs with the following features:
 FDD: 20 MHz, 1 Rx, 1 layer, DL 64QAM, HD-FDD
 TDD: 20 MHz, 1 Rx, 1 layer, DL 64QAM
Proposal 2	The potential further UE complexity reduction features in Rel-18 are considered in combination with the following features: 1 Rx, 1 layer, DL 64QAM, HD-FDD or TDD.
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