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1	Introduction
[bookmark: _GoBack]This contribution is a revision of R1-2007529. The only revisions are made in the two tables in the Conclusion section. Among these, the most notable changes are made for fixing some typos in the FR2 table.
The study on support of reduced capability NR devices started in RAN1#101e [1]. In RAN1#101e and RAN1#102e, the scope of UE complexity reduction features for RedCap is further refined [2] according to the agreements listed below.
· Reduced number of UE Rx/Tx antennas
	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.

Conclusion:
· The study of reduced number of UE (physical) antenna elements and panels in FR2 is not prioritized in the RedCap study item.



· UE bandwidth reduction
	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 RedCap UEs in FR1,
· The baseline UE bandwidth capability is 20 MHz, which can be assumed during the initial access procedure. 
· Discuss further by email whether there is an issue or a necessity in achieving up to 150Mbps assuming a 20MHz and rank 1 transmission. 

[bookmark: _Hlk49419066]Agreements:
· For the baseline UE bandwidth capability of RedCap UEs, the same maximum UE bandwidth in a band applies to both RF and baseband.
· This maximum UE bandwidth applies to both data and control channels.
· This maximum UE bandwidth is assumed for both DL and UL.
· Complexity analyses with other mixes of bandwidths are not precluded.



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



· Relaxed UE processing time
	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:
· For the purpose of evaluation, the UE processing time in terms of N1/N2 can be 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

Agreements:
· Study of relaxed UE processing time related to CSI computation is not prioritized in the RedCap study item.



· Relaxed UE processing capability
	Agreements:
· For FR1 DL, study relaxation of maximum mandatory modulation to 64QAM instead of 256QAM.
· For FR1 UL, study relaxation of maximum mandatory modulation to 16QAM instead of 64QAM.
· For FR2 DL, study relaxation of maximum mandatory modulation to 16QAM instead of 64QAM.
· For FR2 UL, study relaxation of maximum mandatory modulation to 16QAM instead of 64QAM.
· Restriction to 1 or 2 MIMO layers in DL can be studied.
· No TBS restriction is considered in this SI beyond the implicit TBS restrictions resulting from reduced UE bandwidth or reduced number of MIMO layers.



In this contribution, we focus on the UE complexity reduction techniques according to the refined scope. For each complexity reduction technique, we analyze its cost reduction benefit, performance impacts, coexistence with legacy UEs, and specification impacts in Sections 3, 4, 5, 6, and 7. Regarding performance impacts such as coverage, cell capacity, cell spectral efficiency, UE power consumption, and PDCCH blocking probability, more detailed and thorough analyses are also presented in our companion paper [3][12].
Based on the cost estimates of the individual UE complexity reduction techniques, cost estimates for certain combinations of complexity reduction techniques are presented in Section 8. In the conclusion section, we highlight the combinations of techniques that achieve a meaningful cost difference between the established eMBB UE segment, and the new reduced capability UE segment envisioned for industrial sensors, wearables, and video surveillance use cases.
[bookmark: _Ref178064866]2	Cost reduction estimate evaluation methodology
In RAN1#101e, the capability of reference UEs in FR1 FDD, FR1 TDD, and FR2 was agreed. 
	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 RAN1#102e, the cost breakdown for the reference UEs was agreed.
	Agreements:
· For cost/complexity reduction analysis, the RF-to-baseband cost ratio for an FR1 UE is assumed to be 40:60.
· For cost/complexity reduction analysis, the RF-to-baseband cost ratio for an FR2 UE is assumed to be approximately 50:50.

Agreements:
· Assume the detailed cost breakdown for FR1 FDD/TDD and FR2 in the table below:
	Functional block
	FR1 FDD (2Rx)
	FR1 TDD (4Rx)
	FR2

	RF

	Antenna array for FR2
	
	
	~33%

	Power amplifier 
	~25%
	~25% 
	~18%

	Filters
	~10%
	~15%
	~8% 

	RF transceiver
(including LNAs, mixer, and local oscillator)
	~45% 
	~55%
	~41%

	Duplexer / Switch
	~20%
	~5%
	~0%

	Baseband

	ADC / DAC
	~10%
	~9%
	~4%

	FFT/IFFT
	~4%
	~4%
	~4%

	Post-FFT data buffering
	~10%
	~10%
	~11%

	Receiver processing block
	~24%
	~29%
	~24%

	LDPC decoding
	~10%
	~9%
	~9%

	HARQ buffer
	~14%
	~12%
	~11%

	DL control processing & decoder
	~5%
	~4%
	~5%

	Synchronization / cell search block
	~9%
	~9%
	~7%

	UL processing block
	~5%
	~5%
	~7%

	MIMO specific processing blocks
	~9%
	~9%
	~18%



Agreements:
· In potential cost evaluations for a UE, it is assumed that the multi-band support affects the RF cost but not the baseband cost significantly.
· In the TR, at least include a qualitative statement; relevant numerical results can also be considered.



The cost reduction analysis in this contribution is based on the above agreed evaluation methodology. Cost reduction estimates achieved by a complexity reduction technique are provided in Sections 3 to 7 for reduced number of UE Rx/Tx antennas, UE bandwidth reduction, half-duplex FDD, relaxed UE processing time, and relaxed UE processing capability, respectively. Cost reduction estimates achieved by combinations of techniques are provided in Section 8.
2.1	Support of multiple RF bands in FR1 or FR2
Depending on the UE 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 and complexity of the RF functional blocks would scale up, although not linearly, with the number of supported bands within FR1 or FR2. The cost of baseband blocks, however, is not expected to increase significantly, as the reference NR device is required to support operation only in a single band at a time. Based on these considerations, the following agreements were made in RAN1#102e:
	Agreements:
· In potential cost evaluations for a UE, it is assumed that the multi-band support affects the RF cost but not the baseband cost significantly.
· In the TR, at least include a qualitative statement; relevant numerical results can also be considered.



Naturally, increasing the RF cost would increase the overall cost of the device, more greatly for FR2 devices. It is also expected that the device size would increase with an increase in the number of supported bands. Some advanced UEs may be 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 not decrease.
[bookmark: _Toc53800313]Depending on the UE implementation and the frequency separation between the supported bands, the device size may increase with an increase in the number of supported bands within FR1 or FR2.

3	Reduced number of UE Rx/Tx antennas
3.1	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 performance loss, causing coexistence issues with legacy UEs, 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 UE Tx configuration is the same as the reference UE, we discuss only the impact of reduced 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.




In FR2, the UE can be equipped with 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. It has been concluded in RAN1#102e that the study on reduced number of UE antenna elements and panels is not prioritized in the RedCap study item [4]. Therefore, in the following sections, reduction in antenna elements and panels are not considered. 
	Conclusion:
· The study of reduced number of UE (physical) antenna elements and panels in FR2 is not prioritized in the RedCap study item.




It is worth emphasizing that “Tx” and “Rx” mentioned above and in RedCap RAN1 agreements refer to the transmitter and the receiver branches, and not physical 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 [7]. 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 [8]. The radiated requirements, unlike the conducted requirements, will account for antenna gain in specific direction(s) at the UE. Therefore, antenna implementation has a critical role in the derivation of these radiated requirements. Consequently, unlike in FR1, where reducing the number of receiver branches can help to reduce the number of physical antennas, this is not the case in FR2.
3.2	Analysis of UE complexity reduction
[bookmark: _Ref52963830]3.2.1	FR1
The detailed cost breakdowns for the reference FR1 FDD and FR1 TDD UEs have been agreed in RAN1#102e, where the cost drivers are categorized into two parts: RF and baseband processing. The RF-to-baseband cost ratio is assumed to be 40:60, for both FDD and TDD UEs in FR1. It is worth noting that the reference UE is assumed to be equipped with 2 Rx branches in an FR1 FDD band, and 4 Rx branches in an FR1 TDD band. The detailed cost estimates of the RedCap UE with reduced number of Rx branches are provided in Table 1.
The RedCap cost estimates for FR1 can be summarized as follows:
· The cost of a 1 Rx FDD UE is estimated to be ~83% for the RF part and ~77% for the baseband processing part. Thus, the overall cost is estimated to be ~79%.
· The cost of a 2 Rx TDD UE is estimated to be ~78% for the RF part and ~75% for the baseband processing part. Thus, the overall cost is estimated to be ~76%.
· The cost of a 1 Rx TDD UE is estimated to be ~66% for the RF part and ~62% for the baseband processing part. Thus, the overall cost is estimated to be ~64%.
[bookmark: _Ref52920675][bookmark: _Ref52920663]Table 1: Cost estimates of a RedCap UE due to reduction in number of Rx branches.
	Functional block
	FR1 FDD (2Rx à 1Rx)
	FR1 TDD (4Rx à 2Rx)
	FR1 TDD (4Rx à 1Rx)
	FR2 (2Rx à 1Rx)

	
	RF

	Antenna array for FR2
	
	
	
	~33% à ~33%

	Power amplifier 
	~25% à ~25%
	~25% à ~25%
	~25% à ~25%	
	~18% à ~18%

	Filters
	~10% à ~7%
	~15% à ~9%
	~15% à ~6%
	~8% à ~7%

	RF transceiver
(including LNAs, mixer, and local oscillator)
	~45% à ~32%
	~55% à ~39%
	~55% à ~30%
	~41% à ~35%

	Duplexer / Switch
	~20% à ~20%
	~5% à ~5%
	~5% à ~5%
	~0% à ~0%

	Total of RF
	~100% à ~83%
	~100% à ~78%
	~100% à ~66%
	~100% à ~93%

	
	Baseband

	ADC / DAC
	~10% à ~6%
	~9% à ~5%
	~9% à ~3%
	~4% à ~2%

	FFT/IFFT
	~4% à ~3%
	~4% à ~2%
	~4% à ~2%
	~4% à ~3%

	Post-FFT data buffering
	~10% à ~5%
	~10% à ~5%
	~10% à ~3%
	~11% à ~6%

	Receiver processing block
	~24% à ~16%
	~29% à ~19%
	~29% à ~14%
	~24% à ~16%

	LDPC decoding
	~10% à ~10%
	~9% à ~9%
	~9% à ~9%
	~9% à ~9%

	HARQ buffer
	~14% à ~14%
	~12% à ~12%
	~12% à ~12%
	~11% à ~11%

	DL control processing & decoder
	~5%à ~5%
	~4% à ~4%
	~4% à ~4%
	~5% à ~5%

	Synchronization / cell search block
	~9% à ~5%
	~9% à ~5%
	~9% à ~2%
	~7% à ~3.5%

	UL processing block
	~5% à ~5%
	~5% à ~5%
	~5% à ~5%
	~7% à ~7%

	MIMO specific processing blocks
	~9% à ~9%
	~9% à ~9%
	~9% à ~9%
	~18% à ~18%

	Total of baseband
	~100% à ~77%
	~100% à ~75%
	~100% à ~62%
	~100% à ~80%

	Overall cost (RF + baseband)
	~100% à ~79%
	~100% à ~76%
	~100% à ~64%
	~100% à ~86%

	Overall relative cost reduction (RF + baseband)
	21%
	24%
	36%
	14%



In what follows, we provide detailed cost analysis for the different functional blocks in Table 1. For the ease of exposition, we consider only 1 Rx FDD UE in the following bullet points. The rationale for the cost estimates of 1 Rx and 2 Rx TDD UEs are provided later in the section.
· RF
· Power amplifier (PA): The cost of PA is not reduced when the number of Rx branches is reduced by a factor of 2. Thus, the cost estimate of the PA will be ~25%, which is the same as that for the reference UE.
· Filters: The receive RF filtering cost can be reduced by ~50% relative to that of the reference UE, when the number of Rx branches is reduced by a factor of 2. However, the cost of the analog filter on the Tx branch, which is needed to control unwanted emissions, is not reduced. Assuming the same filter complexity for each RX/TX branch, the cost estimate of the filters will thus be ~7% for the RedCap UE. 
· Transceiver: The RF transceiver unit includes mixers, LNAs and LOs. The cost of LNAs and mixers can be reduced by ~50% and ~33% (a mixer is also contained in the Tx branch), respectively. However, the cost of LOs is unchanged, as it is most likely that the two Rx branches share the same LO (though different LOs are needed for Tx and Rx branches for an FDD UE). Therefore, the cost reduction of the whole transceiver unit can be ~30% relative to that of the reference UE, and thus, the cost estimate will be ~32% for the RedCap UE.
· Duplexer: Since the duplexer exists only on the antenna driven by the Tx branch [6], there is no reduction in the cost of duplexer.  Thus, the cost estimate of the duplexer will be ~20%, which is the same as that for the reference UE.

· Baseband
· ADC/DAC: The cost of ADCs in the Rx branches can be reduced by 50% relative to that of the reference NR UE. However, the cost of DAC in the Tx branch is not reduced. Due to this reason, and by considering that ADCs are typically costlier than DACs, the cost reduction of the ADC/DAC block can be ~40% relative to that of the reference UE. Thus, the cost estimate of the ADC/DAC block will be ~6% for the RedCap UE.
· FFT/IFFT: The cost of the FFTs in the Rx branches can be reduced by 50% relative to that of the reference UE. However, the IFFT cost remains the same. Assuming that FFT and IFFT functional blocks cost roughly the same, the cost reduction can be ~33% relative to that of the reference UE. Thus, the cost estimate of the FFT/IFFT block will be ~3% for the RedCap UE. 
· Post-FFT data buffering: The post-FFT data buffer needs to store samples received from all the Rx branches. Therefore, reducing the number of Rx branches by a factor of 2 can also reduce the buffer size (and cost) by ~50% relative to that of the reference UE. Thus, the cost estimate of the post-FFT data buffer will be ~5% for the RedCap UE.
· Receiver processing block: We assume that the main functionalities included in the receiver processing block are receiver combining, frequency-domain equalization, soft-demapping, demodulation, channel estimation, RSRP/RSRQ estimation and CSI processing (for rank-1). When the number of Rx branches is reduced by a factor of 2, the cost of receiver processing block can be reduced by ~35% relative to that of the reference UE. Thus, the cost estimate of the receiver processing block will be ~16% for the RedCap UE.
· LDPC decoding/HARQ buffer/MIMO specific processing blocks: Reduction of the number of Rx branches is not expected to have any impact on the cost estimates of the LDPC decoding block, HARQ buffer and MIMO specific processing block. Thus, the cost estimates of these blocks will be the same as that of the corresponding blocks for the reference UE, i.e., ~10%, ~14%, and 9%, respectively. It is important to note, especially for these blocks, that the cost reduction due to reduced number of downlink MIMO layers resulting from reduced number of Rx branches has not been taken into consideration in this section. That is, the focus is solely on reduction of number of Rx branches, in accordance with the feature lead’s recommendation. The cost estimates for the combination of reduced number of Rx branches and reduced number of downlink MIMO layers is provided in Section 8.
· DL control processing and decoder: Similar to the blocks above, the reduction of number of Rx branches is not expected to bring any cost reduction benefit for the DL control processing and decoder block. Thus, the cost estimate will be ~5%, which is the same as that for the reference UE.
· Synchronization/cell search block: The synchronization/cell search block must process samples from all the Rx branches. Therefore, when the number of Rx branches is reduced by a factor of 2, the cost of this block can also be reduced by ~50% relative to that of the reference UE. Thus, the cost estimate of the synchronization/cell search block will be ~5% for the RedCap UE.
· UL processing block: The cost of UL processing block remains the same irrespective of the number of Rx branches. Therefore, the cost estimate will be ~5%, which is the same as that for the reference UE. 

The cost reduction estimates (and thus the cost estimates in Table 1) for the 4 Rx à 2 Rx FR1 TDD case can be obtained using similar line of reasoning as for FR1 FDD. For the 4 Rx à 1 Rx FR1 TDD case, the cost reduction estimates are simply 1.5 times the cost reduction estimates for the 4 Rx à 2 Rx FR1 TDD case. Note that the duplexer is replaced with switch for the TDD cases. 
In addition to the cost savings described above, the reduction of number of UE Rx branches (and the associated antennas) is beneficial in terms of reducing the device size in FR1.
[bookmark: _Ref52456274][bookmark: _Toc53800314]In an FR1 FDD band, the overall cost of a 1 Rx RedCap UE is estimated to be ~79% of a reference NR UE.
[bookmark: _Toc53800315]In an FR1 TDD band, the overall cost of a 2 Rx RedCap UE is estimated to be ~76% of a reference NR UE.
[bookmark: _Toc53800316]In an FR1 TDD band, the overall cost of a 1 Rx RedCap UE is estimated to be ~64% of a reference NR UE.
[bookmark: _Toc53800317]Reduced number of UE Rx branches is beneficial in terms of reducing the device size in FR1.
3.2.2	FR2
The RF implementation at 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 at these frequencies in order to compensate for the higher propagation loss due to less diffraction, higher environmental attenuation, and smaller antenna aperture. 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 RF-to-baseband cost ratio. Unlike in FR1, where the RF-to-baseband cost ratio was 40:60, this ratio is 50:50 in FR2 [2]. The detailed RedCap cost estimates for FR2 is provided in Table 1. In summary, the cost of a 1 Rx RedCap UE is estimated to be ~93% for the RF part and ~80% for the baseband processing part. Thus, the overall cost estimate is ~86%. Like for FR1, we provide detailed analysis for the FR2 cost estimates below.
· RF
· Antenna array: We assume antenna array block includes one or more antenna panels, with each panel containing several single or dual polarized antenna elements. We also assume that RF phase shifters, which are typically placed in the RF front-end path of each antenna element to facilitate analogue beamforming, is part of the antenna array block. Considering these assumptions, reducing the number of Rx branches from 2 to 1 will not have any impact on reducing the cost of the antenna array. The reason is that the number of antenna panels and elements are determined based on RAN4 UE requirements on minimum peak EIRP and spherical coverage, and not on the number of Rx branches. Therefore, the cost estimate of the antenna array block will be ~33%, which is the same as that for the reference UE. Note that it has been agreed in RAN#102e to down prioritize the study of reduced number of UE antenna panels and elements in the RedCap SI. However, it is worth mentioning here that the aforementioned RAN4 requirements are derived based on the assumption that the UE supports 2 antenna panels, with each panel containing at least 4 dual polarized antenna elements [9], [10]. These numbers on antenna panels/elements provide an indication of a possible UE antenna configuration but does not preclude the UE vendors from using other implementations that fulfil the RAN4 requirements.
· Power amplifier: Like in FR1, the cost of PA is not reduced when the number of Rx branches is reduced in FR2. Thus, the cost estimate will be ~18%, which is the same as that for the reference UE. However, unlike in FR1, it is likely that a PA will be placed in the front-end path of each antenna element on the transmit chain in FR2. This is to compensate for the lower efficiency and the output power of the PAs at mm-wave frequencies.
· Filters: As described in [11], filters can be placed in multiple places in the analogue front-end [11]: (1) Behind or inside the antenna element (F1 or F0), (2) Behind the first amplifiers when looking from the antenna side (F2), and (3) on the high frequency side of mixers (F3), where signals have been combined in the case of analogue beamforming. Only F3 filters are reduced when reducing the number of Rx branches, as there must be one F1/F0 filter and one F2 filter associated with each antenna element. However, since there are only a few F3 filters, they can be relatively costlier (with higher Q-value) than F0/F1 and F2 filters. Based on these considerations, our estimate of cost reduction is ~10% relative to that of the reference UE. Thus, the cost estimate of the filters will be ~7% for the RedCap UE. Note that the purposes of F0/F1, F2 and F3 filters are also described in [11].
· RF transceiver: Depending on the UE architecture, each antenna element can be associated with an LNA on the receive chain. Therefore, reducing only the number of Rx branches most likely will not reduce the number of LNAs at the UE. With regards to the LOs, different Rx branches may share the same LO, and hence no cost reduction of LOs are expected. On the other hand, the cost of mixers can be reduced. In addition to LNAs, mixers and LOs, the transceiver block may also include automatic gain control (AGC), in-between the LNA and the ADC. The AGC helps to optimize the input signal of ADC to its dynamic range, as the dynamic range of LNA is typically much larger than that of ADC . The AGC cost can be reduced when the number of Rx branches is reduced. Based on these considerations, in our view, the cost reduction is ~15% relative to that of the reference UE. Thus, the cost estimate of the RF transceiver block will be ~35% for the RedCap UE.
· Baseband
· In addition to the cost of RF functional blocks, the cost of baseband processing blocks can also be reduced when the number of Rx branches is reduced. The rationale for the cost estimates is similar to those provided for FR1 FDD in Section 3.2.1 and has been omitted here for brevity.

Finally, reducing the number of Rx branches from 2 to 1 is not expected to provide much benefit in terms of reducing the device size in FR2. This is mainly because of the much lower wavelength in FR2, as well as that the number of UE antenna panels and elements required to satisfy the RAN4 requirements on peak EIRP and spherical coverage remains the same, regardless of 1 or 2 Rx branches. 
[bookmark: _Toc53800318]In FR2, the overall cost of a 1 Rx RedCap UE is estimated to be ~86% of a reference NR UE.
[bookmark: _Toc53800319]Reducing the number of UE Rx branches from 2 to 1 has no significant benefit in terms of reducing the device size in FR2.
3.3	Analysis of performance impacts
3.3.1	Coverage
A reduction in the number of Rx branches will negatively affect the demodulation performance at the UE, and consequently 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 [12]. The main observations can be summarized as follows:
· FR1 FDD (2 Rx  1 Rx): The downlink coverage loss incurred from reducing the number of UE Rx branches from 2 to 1 in an FR1 FDD band is in the range 3.5 – 4.4 dB. 
· FR1 TDD (4 Rx  2/1 Rx): The downlink coverage loss incurred from reducing the number of UE Rx branches from 4 to 2 in an FR1 TDD band is in the range 3.0 – 3.7 dB.  There is an additional loss of 3.2 – 4.9 dB when further reducing the Rx branches to 1.
· FR2 (2 Rx  1 Rx): The downlink coverage loss incurred from reducing the number of UE Rx branches from 2 to 1 in FR2 is in the range 3.7 – 5.7 dB. 
[bookmark: _Ref52969386]Table 2: Downlink coverage reduction due to reduced number of UE Rx branches
	DL physical channel/signal
	FR1 FDD
(2 Rx  1 Rx, @700 MHz)

	FR1 TDD
(4 Rx  2 Rx, @2.6 GHz)

	FR1 TDD
(4 Rx  1 Rx, @2.6 GHz)

	FR2
(2 Rx  1 Rx, @28 GHz)


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

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

	Msg2, PDSCH
(10% BLER)
	4.1 dB
	3.7 dB
	8.6 dB
	5.7 dB

	Msg4, PDSCH
(10% BLER)
	3.7 dB
	3.5 dB
	7.5 dB
	4.4 dB

	PDSCH data
(10% BLER, Data rate)
	3.6 dB 
(1 Mbps)
	3.0 dB
(10 Mbps)
	6.2 dB
(10 Mbps)
	4 dB 
(25 Mbps)



Our simulation results indicate that downlink channels, such as Msg2 (PDSCH) and Msg4 (PDSCH) will need coverage compensation at carrier frequencies of 2.6 GHz and 28 GHz for RedCap. More details on this aspect is available in [12], where the link budget evaluation as well as potential coverage recovery solutions are also presented. Furthermore, the performance impact resulting from the reduced antenna efficiency due to device size limitations will be considered during the link budget evaluation, not here. Note that TS 38.101-4 [18] provides the demodulation performance needed for downlink channels under different propagation conditions when the UE is equipped with 2 or 4 Rx branches. It is seen that the difference is roughly 3 dB for most channels in FR1 (for FR2, results are provided only for 2 Rx branches). 
In addition to impacting the downlink coverage, the reduction of Rx branches will also have other performance impacts [4]. These are described in sections 3.3.2	Data rate/throughput - 3.3.6	PDCCH blocking probability.
[bookmark: _Toc53800320]In an FR1 FDD band, the downlink coverage loss incurred from reducing the number of UE Rx branches from 2 to 1 is in the range 3.5 – 4.4 dB. 
[bookmark: _Toc53800321]In an FR1 TDD band, the downlink coverage loss incurred from reducing the number of UE Rx branches from 4 to 2 is in the range 3.0 – 3.7 dB. 
[bookmark: _Toc53800322]In an FR1 TDD band, the downlink coverage loss incurred from reducing the number of UE Rx branches from 4 to 1 is in the range 6.2 – 8.6 dB. 
[bookmark: _Toc53800323]In FR2, the downlink coverage loss incurred from reducing the number of UE Rx branches from 2 to 1 is in the range 3.7 – 5.7 dB. 
[bookmark: _Ref53749262]3.3.2	Data rate/throughput
With the reduction of number of Rx branches, the maximum channel rank using which the gNB can transmit in the downlink also reduces. This leads to a reduction in downlink peak data rate, given by the expression in [13], that the UE can support. The downlink throughput of the UEs is also expected to be reduced when there is a reduction in the number of Rx branches. 
[bookmark: _Toc53800324]Reducing the number of UE Rx branches will reduce the downlink peak data rate and the downlink throughput. 


3.3.3	Latency and reliability 
Reducing the number of Rx branches is not expected to impact the reliability, as the downlink reliability requirements of various RedCap use cases, as given in the SID [1], can be met through the use of slot aggregation, i.e., repetition of the same TBS across multiple slots, HARQ retransmissions and link adaptation.. The latency of the UEs, however, can in general increase due to the following: (1) possible use of slot aggregation and more HARQ retransmissions  to compensate for the coverage loss and to achieve the required reliability, (2)  segmentation of MAC PDUs in order to transmit each TB with more robust MCS [14], and (3) reduction in MIMO capability. Despite these, the relaxed latency requirements needed for typical RedCap use cases (e.g., end-to-end latency less than 100 ms for industrial wireless sensors and 500 ms for video surveillance) can still be achieved. Even for safety related sensors with the user-plane requirement latency of 5-10 ms in the RRC Connected state, the latency requirement can be met, as the packet sizes for safety related messages are not expected to be very large.
[bookmark: _Toc53800325]The RedCap UEs with reduced of number of UE Rx branches can sufficiently fulfil the latency and reliability requirements of all RedCap use cases.
3.3.4	Power consumption
The reduction of Rx branches can help to reduce power consumption in the RF and the baseband modules of the UE. This, however, can also result in a longer reception time needed to receive PDSCH or to acquire SSB, depending on traffic and coverage conditions. Consequently, the average power consumption at the UE is expected can increase in some scenarios.
[bookmark: _Toc53800326]Reducing the number of UE Rx branches can increase or decrease the average power consumption at the UE depending on traffic and coverage conditions.
3.3.5	Spectral efficiency/network capacity loss
 In general, there will be loss in downlink spectral efficiency and network capacity (i.e., the number of UEs that can be simultaneously scheduled in the downlink within a cell) due to, as also identified in TR 36.888 [6], the use of less efficient MCS and/or slot aggregation for PDSCH, the use of higher ALs for PDCCH, and the inability to use receiver algorithms with spatial interference rejection capabilities. 
[bookmark: _Toc53800327]Reducing the number of UE Rx branches will lead to losses in downlink spectral efficiency and the network capacity. 
[bookmark: _Ref53764635]3.3.6	PDCCH blocking probability
When the number of Rx branches is reduced, the UEs may have to use higher ALs in order to compensate for the coverage loss. This can result in the increase of PDCCH blocking probability, depending on system parameters, such as CORESET size traffic load, cell size, UE distribution, etc.
[bookmark: _Toc53800328]Reducing the number of UE Rx branches can lead to an increase in the PDCCH blocking probability.
3.4	Analysis of coexistence with legacy UEs
A reduction in number of Rx branches may lead to the following coexistence issues with legacy NR UEs [4]:
· Initial access
· Early indication in Msg1: If a RedCap 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.

· Indication in Msg3: Our link budget evaluations in [12] indicate that Msg2 may need coverage compensation at 2.6 GHz, 4GHz and 28 GHz carrier frequencies. Also, PDCCH CSS, which is used to schedule RAR, may also need may need some amount of coverage compensation at 4GHz. If, however, RedCap indication is available to the network only in Msg3, the same coverage compensation solutions will be applied also for legacy UEs. Consequently, the spectral efficiency and the network capacity of the legacy UEs will be impacted. It is worth mentioning that the required coverage compensation is determined based on the coverage impact due to the combination of complexity reduction techniques (e.g., Rx reduction + bandwidth reduction), and not due to Rx reduction alone. 

· Indication after Msg3: Our link budget evaluations in [12] also indicate that Msg4 may need coverage compensation at 2.6 GHz (for 1 Rx only), 4GHz and 28 GHz carrier frequencies. As mentioned earlier, PDCCH CSS, which is also used to schedule Msg4, may need coverage compensation at 4GHz. Depending on the outcome of the work item phase, the RedCap indication may be available to the network only in Msg5. Therefore, like the case above, the same coverage compensation solutions will be applied also for legacy UEs, and consequently impacts the spectral efficiency and the network capacity of the legacy UEs.

· PDCCH blocking probability: In general, RedCap UEs with reduced number of Rx branches is likely to use higher PDCCH ALs than legacy UEs, provided other system parameters are the same. In addition, it is also likely that RedCap and normal UEs will share the same CORESET for the reception of PDCCH. These factors can lead to an increased PDCCH blocking probability for legacy UEs.

· Common physical channel for both legacy UEs and RedCap UEs: If the gNB does not distinguish between RedCap and legacy UEs when transmitting downlink physical channels (e.g., , link parameters (e.g., AL for PDCCH and MCS/TBS/aggregation factor for PDSCH corresponding to SIB/Msg2/paging) will be determined to cater to the RedCap UEs with reduced number of Rx branches. This will impact the spectral efficiency and the network capacity for the legacy UEs. Furthermore, the extent of coexistence impact increases with increase in the proportion of the RedCap UEs in the cell. 

[bookmark: _Toc53800329][bookmark: _Toc47691956]Depending on when the RedCap indication is available to the network, reducing the number of UE Rx branches may impact the downlink spectral efficiency and the network capacity of the legacy UEs, or the PRACH resources available to the legacy UEs. 
[bookmark: _Toc53800330][bookmark: _Toc47691957]Reducing the number of UE Rx branches may impact the PDCCH blocking probability of legacy UEs, if the same CORESET for the reception of PDCCH is shared between RedCap and normal UEs. 
[bookmark: _Toc53800331]Reducing the number of UE Rx branches may lead to reduced downlink spectral efficiency and network capacity, if common physical channel is used for both legacy and RedCap UEs.
3.5	Analysis of specification impacts
RAN1 specification impacts
If needed, the reduction in downlink performance, as highlighted in Section 3.3, 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 slot-aggregation (≤ 8) for PDSCH, the use of higher aggregation level (≤ 16) for PDCCH, and the 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 needed for RedCap. During RAN1#102e, companies have proposed a number of such solutions, such as: (1) PDCCH repetition, (2) additional repetitions (>8) for PDSCH, (3) PDCCH ALs greater than 16, (4) compact DCI, (5) CSI enhancement to improve spectral efficiency, and (6)  early indication of RedCap UE in random access. From our link budget evaluations in [12] , however, we do not see a need to introduce new coverage recovery solutions specifically for RedCap. The solutions available for NR, including those in Rel-17, can be reused for RedCap. Therefore, in our view, RAN1 specification impact would be limited. Nevertheless, in some cases, it may be useful to have early indication of RedCap UE in Msg1 in some scenarios, e.g., to mitigate the Msg2 coverage loss, which would impact RAN1 specifications. Note that early indication in Msg1 will also have RAN2 specification impacts.
RAN4 specification impacts
Reduced number of Rx branches will impact several aspects of RAN4 specifications, including RF, demodulation and RRM. Furthermore, the extent of the impact would depend on the number of Rx branches in each band that would eventually be agreed for RedCap. Some instances where there would be RAN4 specification impacts are as follows:
· TS 38.101-1/2 [7], [8]: The receiver side reference sensitivity requirements specified in TS 38.101-1/2 are based on at least 2 Rx branches in FR1 (additional requirements for 4 Rx branches are specified for the bands n7, n38, n41, n77, n78 and n79), and 2 Rx branches in FR2. Therefore, the reduction of Rx branches to 1 will necessitate a significant effort from RAN4 to update the specifications on UE transmission and reception.
· TS 38.101-4 [18] The demodulation performance and CSI reporting requirements specified in TS 38.101-4 for different channels under various propagation conditions are based on 2 and 4 Rx branches in FR1, and 2 Rx branches in FR2. Therefore, like the case above, the support of 1 Rx branch will require a significant RAN4 effort.
· TS 38.133 [15]: The RRM measurement performance requirements specified in TS 38.133 will be affected due to the reduction in number of Rx branches. In addition, it is most likely that the procedure requirements (e.g., for beam management, radio link management, cell change, etc.) in all RRC states will need to be revisited. 
· It has been agreed in RAN1#102e that the study of reduced number of UE antenna panels and elements in FR2 is not prioritized in the RedCap study item [2]. This, if needed, can be treated in RAN4 during the work item phase. If considered in RAN4, it would potentially impact various RAN4 requirements, such as minimum peak EIRP, EIRP/EIS spherical coverage, etc [38.101-2]. It can also be argued that relaxations on these RAN4 requirements may be needed 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 the wall, respectively [11].

It needs to be emphasized that the RAN4 specification impacts may go well beyond than what has been listed above. The above list is only meant to get a feel for the extend of RAN4 impact. An in-depth study of the impacts is not possible without RAN4’s participation.
[bookmark: _Toc53800332][bookmark: _Toc47691958][bookmark: _Toc47691959]Reducing the number of Rx branches, in general, would have limited RAN1 specification impact. Nevertheless, it might be useful to have early indication of RedCap UE in Msg1 in some scenarios, e.g., to mitigate Msg2 coverage loss, which would impact both RAN1 and RAN2 specifications. 
[bookmark: _Toc53800333]The reduction in Rx branches will affect several aspects of RAN4 specifications, including RF, demodulation and RRM. However, the impact is manageable and comparable (atleast for FR1) to the corresponding changes done for Cat M1 UEs in LTE. 
[bookmark: _Toc53800334]For RedCap UEs in FR1, reducing the requirement on the number of Rx branches by a factor of 2 relative to that of the reference NR UE provides a good trade-off between cost reduction, device size reduction, performance impacts and specification impacts. 
4	UE bandwidth reduction
4.1	Description
According to Release 15 and 16 NR specifications, a UE is required to support 100 MHz in FR1 and 200 MHz in FR2. These bandwidth requirements are considerably higher than what is needed from the data rate requirements of the RedCap use cases. In RAN1#101e and RAN1#102e [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
In this section, we present the analysis on these bandwidth reduction options. In our analysis, we assume the same maximum UE bandwidth in a band applies to both RF and baseband and applies to both data and control channels. Furthermore, this maximum UE bandwidth is assumed for both DL and UL.
4.2	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. Our detailed analysis is as follows.
· RF
· Power amplifier: the cost of power amplifier at the 23 dBm power level is not sensitive to bandwidth. Thus, we do not expect any cost saving here.

· Filters: legacy NR UEs in FR1 may need to support 5, 10, 15, 20, 25, 30, 40, 50, 60, 80, 90, and 100 MHz channel bandwidths. Exactly which of these bandwidths need to be supported depends on the band and MNO requirements. When reducing the maximum UE bandwidth to 20 MHz, the UE at most needs to support 5, 10, 15, and 20 MHz channel bandwidths. Similarly,  legacy UEs in FR2 need to support 50, 100, and 200 MHz channel bandwidths. When the maximum UE bandwidth is reduced to 50 MHz, the UE does not need to support additional channel bandwidth. In the case of maximum UE bandwidth of 100 MHz, the UE only needs to support 50 and 100 MHz channel bandwidths.
In the DL, a common RF filter per receive branch may be employed, and further reduction in channel bandwidth may be accomplished by digital filters. Thus, bandwidth reduction may not result in cost saving in RF receive filters. Similarly, in the uplink, most of what is needed in terms of spectrum shaping can be handled through digital filtering. There might be also a simple analog filter which is mainly used for controlling the emissions outside the carrier bandwidth toward adjacent systems. This analog filter, however, would not change even if the UE TX bandwidth would change. In FR2, as discussed in Section 3.2.2, there are additional RF filters placed in multiple places in the analogue front-end. Since these filters are not intended for processing the receive or transmit signal to adapt to the channel bandwidth, all these additional filters can be common for all the bandwidth options. Thus, in conclusion, reducing the UE bandwidth will not result in cost reduction in RF filtering. 

· Transceiver, duplexer, switch: the cost of duplexer and switch as well as transceiver components such as LNAs, mixer, and local oscillator is not sensitive to bandwidth. Thus, we do not expect any cost saving here.

· Baseband
· ADC/DAC: The complexity of ADC/DAC is reduced when the sampling rate is reduced. The cost factor scales approximately linearly with the sampling rate. Our estimates of the cost of ADC/DAC are shown below. These estimates are expressed in terms of cost reduction as well as relative cost with respect to the total baseband cost of the reference UE, reflecting the cost breakdown agreement shown in Section 2.
	
	FR1, 100à20 (MHz)
	FR2, 200à100 (MHz)
	FR2, 200à50 (MHz)

	Cost reduction
	~75%
	~45%
	~70%

	Cost estimate
	~3% (FDD); ~2% (TDD)
	~2%
	~1%



· FFT/IFFT: The complexity of FFT/IFFT scales with , where  is the size of FFT/IFFT. Reference NR UEs are required to support  up to 4096. In FR1, the maximum UE bandwidth 20 MHz requires supporting  up to 2048. In FR2, the maximum UE bandwidths 100 MHz and 50 MHz require supporting  up to 2048 and up to 1024, respectively. Our estimates of the cost of FFT/IFFT are shown below.
	
	FR1, 10020 (MHz)
	FR2, 200100 (MHz)
	FR2, 20050 (MHz)

	Cost reduction
	~54%
	~54%
	~79%

	Cost estimate
	~2% (FDD); ~2% (TDD)
	~2%
	~1%



· Post-FFT data buffering: The size and complexity of post-FFT data buffering scales linearly with bandwidth. Our estimates of the cost of post-FFT data buffering are shown below.
	
	FR1, 10020 (MHz)
	FR2, 200100 (MHz)
	FR2, 20050 (MHz)

	Cost reduction
	~80%
	~50%
	~75%

	Cost estimate
	~2% (FDD); ~2% (TDD)
	~6%
	~3%



· Receiver processing block: The receiver processing block supports functionalities such as channel estimation, frequency-domain equalization, soft-demapping, demodulation, RSRP/RSRQ estimation, CQI/CSI processing, and precoder selection. All these functionalities involve processing data symbols or reference signals such as DMRS, CSI-RS, etc. Since the number of data symbols or references symbols scales linearly with the UE bandwidth, the complexity of most of the functionalities (~90%) within the receiver processing block scales linearly with the maximum UE bandwidth. Our estimates of the cost of the receiver processing block are shown below.
	
	FR1, 10020 (MHz)
	FR2, 200100 (MHz)
	FR2, 20050 (MHz)

	Cost reduction
	~72%
	~45%
	~68%

	Cost estimate
	~7% (FDD); ~8% (TDD)
	~13%
	~8%



· LDPC decoder: The complexity of LDPC decoder scales approximately linearly with the codeword length. The maximum codeword length scales linearly with the maximum UE bandwidth. Our estimates of the cost of the LDPC decoder are shown below.
	
	FR1, 10020 (MHz)
	FR2, 200100 (MHz)
	FR2, 20050 (MHz)

	Cost reduction
	~75%
	~45%
	~70%

	Cost estimate
	~3% (FDD); ~2% (TDD)
	~5%
	~3%



· HARQ buffer: The size and complexity of HARQ buffer also scales linearly with the maximum UE bandwidth. Our estimates of the cost of the HARQ buffer are shown below.
	
	FR1, 10020 (MHz)
	FR2, 200100 (MHz)
	FR2, 20050 (MHz)

	Cost reduction
	~80%
	~50%
	~75%

	Cost estimate
	~3% (FDD); ~2% (TDD)
	~6%
	~3%



· DL control processing and decoding: Here the complexity does not scale linearly with the bandwidth. First, there are limits in terms of the numbers of nonoverlapped CCEs and blind decodes regardless of the CORESET or UE bandwidth. Second, the decoding operation of PDCCH may not scale with UE bandwidth at all since the length of the mother code is limited and the soft values associated with the repetitions of the coded bits can be combined before decoding. Thus, the cost saving from bandwidth reduction is very insignificant.
	
	FR1, 10020 (MHz)
	FR2, 200100 (MHz)
	FR2, 20050 (MHz)

	Cost reduction
	~0%
	~0%
	~0%

	Cost estimate
	~5% (FDD); ~3% (TDD)
	~5%
	~4%



· UL processing block: The UL processing block supports functionalities such as generation of reference signals such as DMRS and SRS, modulation, and preparation of PUCCH and PUSCH. The complexity of most of these functionalities scale with UL bandwidth, except for PUCCH preparation. Our estimates of the cost of the UL processing block are shown below.
	
	FR1, 10020 (MHz)
	FR2, 200100 (MHz)
	FR2, 20050 (MHz)

	Cost reduction
	~60%
	~35%
	~45%

	Cost estimate
	~2% (FDD); ~2% (TDD)
	~5%
	~4%



· Synchronization and cell search block: The complexity and cost of this is not impacted by the bandwidth reduction.
	
	FR1, 10020 (MHz)
	FR2, 200100 (MHz)
	FR2, 20050 (MHz)

	Cost reduction
	~0%
	~0%
	~0%

	Cost estimate
	~9% (FDD); ~9% (TDD)
	~7%
	~7%



· MIMO specific processing blocks: The complexity and cost of this is not impacted by the bandwidth reduction.
	
	FR1, 10020 (MHz)
	FR2, 200100 (MHz)
	FR2, 20050 (MHz)

	Cost reduction
	~0%
	~0%
	~0%

	Cost estimate
	~9% (FDD); ~9% (TDD)
	~18%
	~18%



In summary, the overall baseband cost estimates as a result of bandwidth reductions are as follows.
	Baseband
	FR1, 10020 (MHz)
	FR2, 200100 (MHz)
	FR2, 20050 (MHz)

	Cost reduction
	~57% (FDD); ~57% (TDD)
	~32%
	~48%

	Cost estimate
	~43% (FDD); ~43% (TDD)
	~68%
	~52%



Using the agreed RF and baseband (BB) cost ratios, the overall UE cost estimates as a result of bandwidth reductions are as follows.
	Total (RF+BB)
	FR1, 10020 (MHz)
	FR2, 200100 (MHz)
	FR2, 20050 (MHz)

	Cost reduction
	~34% (FDD); ~34% (TDD)
	~16%
	~24%

	Cost estimate
	~66% (FDD); ~66% (TDD)
	~84%
	~76%



[bookmark: _Toc53800335]In an FR1 FDD band, the total cost reduction achieved by reducing the UE bandwidth from 100 MHz to 20 MHz is estimated to be ~34%.
[bookmark: _Toc53800336]In an FR1 TDD band, the total cost reduction achieved by reducing the UE bandwidth from 100 MHz to 20 MHz is estimated to be ~34%.
[bookmark: _Toc53800337]In an FR2 band, the total cost reduction achieved by reducing the UE bandwidth from 200 MHz to 100 MHz is estimated to be ~16%.
[bookmark: _Toc53800338]In an FR2 band, the total cost reduction achieved by reducing the UE bandwidth from 200 MHz to 50 MHz is estimated to be ~24%.
4.3	Analysis of performance impacts
4.3.1	Data rate
Bandwidth reduction results in data rate reduction. However, the RedCap use cases do not have as demanding data rate requirements as eMBB use cases. Specifically, the data rate requirements of the RedCap use cases are as follows.
· Industrial wireless sensors: Reference bit rate is less than 2 Mbps (potentially asymmetric e.g. UL heavy traffic).
· Video Surveillance: reference economic video bit rate would be 2-4 Mbps, High-end video, e.g. for farming, would require bitrates 7.5-25 Mbps.
· Wearables: Reference bit rate for smart wearable application can be 5-50 Mbps in DL and 2-5 Mbps in UL and peak bit rate of the device higher, up to 150 Mbps for downlink and up to 50 Mbps for uplink.  
These requirements can be sufficiently met by 20 MHz maximum UE bandwidth in FR1 and 50 MHz or 100 MHz in FR2. In our view, although the downlink peak bit rate of wearables may be up to 150 Mbps for high-end use cases, most wearable use cases only require much lower peak downlink bit rates. The combination of 20 MHz and 64QAM achieves a peak bit rate greater than 80 Mbps even without MIMO. We consider this enough for a great majority of wearable use cases. In the uplink, without MIMO, the combination of 20 MHz and 16QAM can already achieve a peak bit rate around 50 Mbps. Thus, 20 MHz maximum UE bandwidth in FR1 can adequately fulfil the peak bit rate requirements of all RedCap use cases.
[bookmark: _Toc53800339]20 MHz maximum UE bandwidth in FR1 can adequately fulfil the data rate requirements of RedCap use cases.
In FR2, both 50 MHz and 100 MHz would result in higher bit rates compared to 20 MHz in FR1. Thus, both options can also adequately fulfil the peak bit rate requirements of all RedCap use cases.
[bookmark: _Toc53800340]Both 50 MHz and 100 MHz maximum UE bandwidth options in FR2 can adequately fulfil the data rate requirements of RedCap use cases.
4.3.2	Coverage
Reduction of the maximum UE bandwidth may result in some degradation in the coverage due to a lower frequency diversity gain. However, the bandwidth options under consideration all have sufficiently large bandwidths (20 MHz in FR1, and 50 MHz or 100 MHz in FR2), and thus we do not expect a significant reduction in the frequency diversity gain compared to that achievable by a reference UE. Furthermore, 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). Considering all these factors, we expect the coverage impact due to reduced frequency diversity to be very minor.
Furthermore, for PDSCH, the reduced UE bandwidth would result in a lower number of resource elements as well as a reduced power level as the gNB transmit power is split evenly across all PRBs. Thus, PDSCH coverage might be reduced if the same target data rate is maintained, despite of UE bandwidth reduction, due to reduced received energy per information bit. However, if coverage is compared based on the same target spectral efficiency (e.g., modulation and coding scheme), bandwidth reduction has a very minor impact on the PDSCH coverage. For PUSCH, for cell edge UEs, the achievable data rate is power limited rather than bandwidth limited. Thus, there is no significant coverage reduction for PUSCH from bandwidth reduction.
[bookmark: _Toc53800341]The bandwidth reduction options under consideration only have minor impacts on the PDSCH coverage for a given modulation and coding scheme.
[bookmark: _Toc53800342]For PUSCH, bandwidth reduction will not have a significant impact on coverage.

For rest of this section, we focus on SSB, PUCCH, PDCCH as well as PDSCH that need to be scheduled within the bandwidth of CORESET#0.
4.3.2.1	FR1
In FR1, all the SSB and CORESET#0 configurations have bandwidths lower than 20 MHz. Thus, there is no performance impact on the SSB and CORESET#0 performance. 
[bookmark: _Toc53800343]In FR1, reducing the maximum UE bandwidth to 20 MHz does not have coverage impact on SSB, PDCCH, and PDSCH scheduled within the CORESET#0 bandwidth.
For PDCCH in a CORESET other than CORESET#0, similar to the above discussion for PDSCH and PUSCH, coverage reduction due to the reduced frequency diversity is expected to be small. Furthermore, with a 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][bookmark: _Toc53800344]UE bandwidth 20 MHz is enough to support PDCCH AL 16 in FR1.
For PUCCH, coverage reduction due to the 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: _Toc53800345]Bandwidth reduction will not have a significant impact on PUCCH coverage.
4.3.2.2	FR2
In FR2, the situation for PDSCH, PUSCH, and PUCCH is similar to FR1. We therefore focus on the 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 (30.48 MHz bandwidth) 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 in the guardband (GB) or outside of its receive bandwidth. This will have some impact on the PBCH coverage. 
One potential issue is that the guardband for the combination of 50 MHz UE channel bandwidth and 240 kHz SSB subcarrier spacing is not defined in the specifications. In our studies we consider three possible guardband configurations shown below to demonstrate the feasibility. The exact guardband requirement can be discussed in RAN4 in the work item phase.
· 3.8 MHz: this is the same as the guardband specified in TS 38.101-2 for 100 MHz UE bandwidth and 240 kHz SCS. Using this guardband configuration will result in a pessimistic performance for the case of 50 MHz UE bandwidth since the guardband can be expected to be smaller when the UE bandwidth is reduced.
· 1.9 MHz: this is the same as the guardband specified in TS 38.101-2 for 50 MHz UE bandwidth and 120 kHz SCS. Using this guardband configuration will result in an optimistic performance for the case of 240 kHz SCS since the guardband can be expected to be larger when the SCS increases.
· 2.85 MHz: This is the middle point between the first two cases. This value can be expected to be closer to a reasonable guardband value for 50 MHz UE bandwidth and 240 kHz SCS.
Figure 1 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 less than 0.5 dB for 2 Rx and 0.7 dB for 1 Rx.
[bookmark: _Toc47691966][bookmark: _Toc53800346]In FR2, a UE with a 50 MHz bandwidth limitation can still detect an SSB of 240 kHz SCS. The performance loss at 1% BLER is less than 0.5 dB for 2 Rx and 0.7 dB for 1 Rx compared to a UE with 100 MHz UE bandwidth.
[bookmark: _Toc53800347]In FR2, there is no performance loss for PSS/SSS for a UE with a 50 MHz bandwidth limitation.

[image: ]
[bookmark: _Ref51946779]Figure 1: SSB detection performance after 1 transmission (SCS 240 kHz).


[image: ]
Figure 2: PSS/SSS detection after 1 transmission (240 kHz SCS).

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. Figure 3 shows the block error rate (BLER) performance of PDCCH aggregation level (AL) 16. We also consider a 1.9 MHz guardband (each side) for the UE with 120 kHz SCS. 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 2 dB.
[image: ] 
[bookmark: _Ref51946886]Figure 3: PDCCH block error rate performance when the CORESET for Type0-PDCCH is configured to 69.12 MHz with AL=16 (1.9 MHz each side guardband).

[bookmark: _Toc47691967][bookmark: _Toc53800348]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 for AL 16 is about 2 dB.

4.3.3	Latency
Latency can increase due to the UE bandwidth reduction. However, the latency requirements of RedCap use cases are relaxed, e.g. end-to-end latency less than 100 ms for industrial wireless sensors and 500 ms for video surveillance. The only exception is the 5-10 ms requirement for safety related sensors. However, the tight latency requirement for safety related sensors is user-plane latency for UEs in the RRC Connected state and the packet sizes for safety related messages are not expected to be very large. In FR1, the peak data rate achievable with 20 MHz UE bandwidth per MIMO layer is around 80 Mbps. This means in 1 ms, layer 1 can deliver a payload up to 10 k bytes. This is more than sufficient to ensure the 5-10 ms latency requirement for safety related sensors.
[bookmark: _Toc53800349]20 MHz maximum UE bandwidth in FR1 can sufficiently fulfil the latency requirements of all RedCap use cases, including the most demanding requirement of 5-10 ms for safety related sensors.
In FR2, both 50 MHz and 100 MHz would result in higher bit rates compared to 20 MHz in FR1. Thus, both options can also sufficiently fulfil the latency requirements of all RedCap use cases.
[bookmark: _Toc53800350]Both 50 MHz and 100 MHz maximum UE bandwidth options in FR2 can sufficiently fulfil the latency requirements of all RedCap use cases, including the most demanding requirement of 5-10 ms for safety related sensors.
4.3.4	Reliability
In [1], it is mentioned that the reliability for video surveillance is 99%-99.9% and the latency is 500 ms. As such, reliability is not expected to be impacted due to bandwidth reduction considering the relaxed latency requirement of 500 ms. Thus, sufficient reliability can be achieved through repetitions or HARQ retransmissions. Furthermore, for safety related sensors, link adaptation can be used to ensure robust performance after the first N transmissions, where N is determined based on the latency budget, e.g. 5-10 ms.
[bookmark: _Toc53800351]All the RedCap bandwidth options (i.e. 20 MHz in FR1 as well as 50 MHz and 100 MHz in FR2) can meet the reliability target of RedCap use cases.
4.3.5	Power consumption
Bandwidth reduction reduces the power consumption when the UE is transmitting and receiving. UE receiving activities include monitoring paging during Inactive and Idle states. These benefits are however offset by a longer ON time for PDSCH or PUSCH due to reduced data rates. Overall, there is no clear power consumption advantage or disadvantage due to UE bandwidth reduction. It may depend on the specific traffic scenario.
[bookmark: _Toc53800352]There is no clear power consumption advantage or disadvantage due to UE bandwidth reduction. It may depend on the specific traffic scenario.
4.3.6	Spectral efficiency
Bandwidth reduction may affect spectral efficiency due to the reduced frequency diversity. However, all the bandwidth options considered for RedCap are expected to have achieved enough frequency diversity. The additional frequency diversity beyond 20 MHz in FR1, or beyond either 50 MHz or 100 MHz in FR2 is minimal.
[bookmark: _Toc53800353]All the bandwidth options considered for RedCap are expected to have achieved enough frequency diversity. The additional frequency diversity beyond 20 MHz in FR1, or beyond either 50 MHz or 100 MHz in FR2 is minimal.
4.3.7	PDCCH blocking probability
Bandwidth reduction can potentially impact the PDCCH block probability as the number of PDCCH candidates can decrease. This is analysed in this subsection.
In CORESET #0 used for Type0/0A CSS, since DCI scrambled with SI-RNTI is for all UEs, PDCCH blocking does not occur. In this case, we do not see any impact on PDCCH blocking probability due to the BW reduction. However, there can be some potential impacts for other CORESETs. In the following, we provide our PDCCH blocking evaluations for 100 MHz and 50 MHz UE BW cases in FR2. 
Assumptions for the PDCCH blocking probability evaluation are listed below:
· 100 MHz option (120 kHz SCS):
· 2-symbol CORESET, 66 RBs
· CORESET size: 22 CCEs
· 50 MHz option (120 kHz SCS):
· 2-symbol CORESET, 30 RBs
· CORESET size: 10 CCEs
· Number of PDCCH candidates for ALs [1, 2, 4, 8, 16]:
·  [4, 3, 1, 1, 1] for 100 MHz
·  [4, 3, 1, 1, 0] for 50 MHz (AL 16 is not fully supported)
· Note: the BD limit is 20 for 120 kHz SCS. This limit is satisfied with above number of candidates, assuming 2 DCI sizes.

· Number of UEs for 50 MHz is half of the number of UEs for 100 MHz
· For different CORESET sizes it is fairer to consider different number of UEs.
· Note: from network perspective, 2 CORESETs of size around 50 MHz, and one CORESET for 100 MHz case can be considered.

· AL distribution for ALs [1, 2, 4, 8, 16]:
· Good coverage condition: [0.5, 0.4, 0.05, 0.03, 0.02]
· Medium coverage condition: [0.1, 0.2, 0.4, 0.2, 0.1]
· Poor coverage condition: [0.05, 0.05, 0.2, 0.3, 0.4]
PDCCH blocking probability for the AL distributions assumed for good, medium, and poor coverage is shown in the three figures below. For this analysis, digital beamforming is assumed at gNB. Based on the findings in [3], if analog beamforming is assumed, the blocking events are dominated by the cases where the gNB beam is not pointing to the directions where there are additional UEs to be scheduled. From the results shown below, we observe that Impact of BW reduction from 50 MHz to 100 MHz on the blocking probability is not significant. For example, for 5 UEs in 50 MHz case (10 UEs in 100 MHz case), we have:
· Increase of blocking probability for the good coverage: 0.089 to 0.091
· Increase of blocking probability for the medium coverage: 0.51 to 0.53
· Increase of blocking probability for the poor coverage:  0.73 to 0.78

[image: ]
Figure 4: PDCCH blocking probability for good coverage condition.
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Figure 5: PDCCH blocking probability for medium coverage condition.


[image: ]
Figure 6: PDCCH blocking probability for poor coverage condition.
[bookmark: _Toc53800354]PDCCH blocking probability is only slightly increased if the maximum UE bandwidth is further reduced from 100 MHz to 50 MHz.

4.3.8 	SSB/SIB acquisition time
In FR2, SSB and CORESET#0 are frequency domain multiplexed, and the total bandwidth can span larger than 100 MHz. This means that a RedCap UE cannot acquire SSB and SIB1 simultaneously.  This would result in a longer SSB/SIB acquisition time. However, for RedCap use cases, it is not necessary to have stringent SSB acquisition requirements.
[bookmark: _Toc53800355]Bandwidth reduction results in a longer SSB/SIB1 acquisition time in FR2. However, it is not necessary to have stringent SSB acquisition requirements for RedCap use cases.
4.3.9	Other performance impacts
According to [4], additional performance impacts were mentioned. However, we do not see the impacts in the table below are caused by bandwidth reduction.
	Performance impact captured in [4]
	Comments

	P12: CORESET#0 capacity before RRC connection setup and impact as such on spectral efficiency
	Since all the bandwidth options under consideration for RedCap support all the CORESET#0 configurations, we do not expect this to be an issue.



4.4	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 compared to the maximum bandwidth the UE supports. Thus, coexistence between UEs operating in a wide and small BWPs has been ensured since Rel-15. Established BWP framework can be used to ensure coexistence between legacy and RedCap UEs.
[bookmark: _Toc53800356]Thanks to the bandwidth part framework, coexistence between legacy UEs operating in a wide BWP and RedCap UEs operating in a small BWP is ensured.
In RAN1#102e, a few coexistence aspects were discussed as summarized in [4]. However, in our view the coexistence impacts as stated below are not caused by bandwidth reduction or may be avoided.
	Coexistence impact captured in [4]
	Comments

	C2: Fully reusing the legacy procedure for RedCap UEs will potentially impact the performance of legacy UEs during initial access and increase the load of the initial BWP
	This impact can be avoided if the constraint on initial BWP bandwidth for legacy UEs can be avoided when the cell enables the support of RedCap UEs.

	C3: Longer processing time for PRS is needed
	This may be true for RedCap UEs. However, for legacy UEs, there is no need to introduce linger PRS processing time.

	C4: Paging capacity may be a concern
	As discussed in Section 4.3.2, all the CORESET#0 configurations can be supported by each of the RedCap bandwidth reduction options in FR1 and FR2. So, there is no impact on paging capacity. 

	C5: Resource fragmentation and reduced peak data rates available for non-RedCap UEs
	RedCap does not introduce this impact. Such an impact exists due to the support of different BWPs.

	C6: Coexistence with URLLC UEs
	This impact can be avoided by proper scheduling.

	C7: Restrictions on SSB/CORESET#0 configurations or Type0-PDCCH monitoring (for the 50 MHz option in FR2)
	As shown in Section, 4.3.2, a RedCap UE with 50 MHz bandwidth can still receiver PDCCH in CORESET#0 configured with 69.12 MHz bandwidth. We do not see any restrictions need to be applied to SSB/CORESET#0 configurations if the 50 MHz bandwidth option is adopted.

	C14: UE retuning complexity
	We do not consider this as a coexistence issue.



4.5	Analysis of specification impacts
RAN2 is expecting RAN1 inputs regarding inputs on certain RAN2 procedures [2].
	Agreements:
· Depending on RAN1 input, discussion is expected at least on the following impacts on RAN2 procedures:
a.    Impact on cell (re)selection
b.    Impact on initial access
c.    Impact on other idle mode procedures (i.e. SI acquisition, paging)



In this section, we address the impacts on the procedures listed in the RAN2 agreement above and other foreseen potential specification impacts.

Cell (re)selection
Cell selection and reselection are supported for Rel-15 UEs operating in smaller BWPs. Thus, no impact is foreseen due to the UE bandwidth reduction.

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 signalling on PDCCH and PUCCH (e.g. DCI, 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 [4] 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.
One potential issue is frequency hopping (FH) for PUCCH and PUSCH. PUCCH is used for carrying the ACK/NACK for Msg4. In this case, frequency hopping (FH) is configured and the PRBs used for PUCCH are determined based in the initial UL BWP configuration, which may have a bandwidth larger than the maximum RedCap UE bandwidth. This issue can be addressed using one of the solutions below.
· The RedCap UE retunes its center frequency between the hops to ensure its PUCCH transmission is within its transmission bandwidth.
· A new FH rule for PUCCH of Msg4 when UE’s supported BW is smaller than configured initial UL BWP, assuming an early identification in either Msg1 or 3 is provided by the UE. The new rule may include disabling FH or using a different hopping pattern for RedCap UEs.
· Add a new column of RBoffset_new in the common PUCCH resource table. The value can be set so that PUCCH FH would be within UE supported BW. This new offset is applied only in the case that UE supported BW is smaller than the configured initial BWP. This solution also requires early UE indication. 
· Define a dedicated initial UL BWP for RedCap UEs. This dedicated initial BWP can be configured as a truncated version of the original initial BWP and is then used for Msg4 PUCCH FH following the existing procedures. This solution also requires early UE indication. 
A similar problem exists for FH of Msg3 PUSCH and one of the above solutions can be used.
[bookmark: _Toc53800357]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 if the center frequency is fixed to the center of the initial UL BWP.
[bookmark: _Toc53800358]For frequency-hopping Msg4 PUCCH or Msg3 PUSCH transmissions, the UE needs to frequency hop within the initial UL BWP, which may have a bandwidth larger than the maximum RedCap UE bandwidth. 

SSB and SI acquisition
As discussed above, an SSB consists of 240 contiguous subcarriers. If a minimum of 20 MHz bandwidth is used in FR1 and a minimum of 50 MHz bandwidth is used in FR2, the specification for SSB is not expected to be impacted. 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. According to the results in Figure 1, the performance degradation due to subcarrier skipping is very small.
After acquiring the SSB, the next step is to acquire other SIBs. In NR, other SIBs are scheduled by the Type0-PDCCH CSS. The UE procedure for monitoring Type0-PDCCH CSS Sets is given in Subclause 13 of TS 38.213. In Subclause 13 of TS 38.213, we can see that for FR1, CORESET for Type0-PDCCH can be configured as large as 17.28 MHz in frequency domain and up to 3 OFDM symbols. For FR2 assuming 120 kHz subcarrier spacing is used for PDCCH, CORESET for Type0-PDCCH can be configured as large as 69.12 MHz in frequency domain and up to 2 OFDM symbols. 
Therefore, for FR1, if a minimum of 20 MHz UE bandwidth is assumed, all the current configurations of CORESET for Type0-PDCCH can be supported. However, for FR2, if a minimum bandwidth of 50 MHz UE bandwidth is assumed, backward-compatible enhancements to the CORESET for Type0-PDCCH may need to be considered for the Redcap UEs to access the system. For example, if the CORESET for Type0-PDCCH is configured to 69.12 MHz, the UE can simply skip the PRBs that are outside of its Rx bandwidth. This will result in a coverage loss for the Redcap UE as shown in Figure 3.
In general, from a UE battery consumption point of view, it is better for the UE to quickly identify whether it can camp on a cell. Therefore, it is beneficial for the UE to as early as possible identify whether the cell supports Redcap. Furthermore, there might be additional RRC information needed for supporting RedCap UEs in the cell. Such information may be convened as a new information element in one of the existing SI blocks or as a new SI block. As some of the SI blocks in NR can be configured to be transmitted based on the UE’s demand, the additional overhead from introducing some new sets of SI blocks only for Redcap UEs is expected to be small. 
[bookmark: _Toc53800359]A new set of system information may be needed to indicate whether the cell supports RedCap UEs and to provide RRC configuration information.
[bookmark: _Toc53800360]System information that is needed for supporting RedCap UEs may be added as new information elements to existing SI blocks or as new SI blocks.

Paging
The PDCCH and PDSCH for paging are constrained to the same CORESET#0 bandwidth even if a different CORESET than CORESET#0 is configured. As discussed above, all the bandwidth options under consideration support all the CORESET#0 configurations, the legacy paging procedure will work fine for RedCap UEs.
[bookmark: _Toc53800361]The legacy paging procedure will work fine for RedCap UEs with 20 MHz bandwidth in FR1 and 50 MHz or 100 MHz bandwidth in FR2.

Initial BWP
The initial BWP may be configured up to the entire carrier bandwidth. There is a question regarding whether a RedCap UE can camp on a cell when the initial DL or UL BWP is larger than the maximum UE bandwidth. For this case, as discussed in Section 4.5.2, there are a couple issues associated with the random access procedure and possible solutions for addressing these issues are identified. Thus, there is no need to define a dedicated initial BWP for RedCap UEs. We propose that a RedCap UE is allowed to camp on a cell even when the initial DL or UL BWP configured in the cell is larger than the maximum UE bandwidth.
[bookmark: _Toc53800362]There are solutions that can be used to support RedCap UEs camping on a cell with initial DL or UL BWP bandwidth larger than the maximum UE bandwidth.
[bookmark: _Toc53800363]There is no need to define a dedicated initial BWP for RedCap UEs.
[bookmark: _Toc53800364]It is feasible to allow a RedCap UE to camp on a cell even when the initial DL or UL BWP configured in the cell is larger than the maximum UE bandwidth.

RAN4 impacts
Most RF core requirements can be reused from the requirements. However, some modifications may be considered. For example, there may be new RRM requirements due to the fact that a UE may not measure on the SSB at all times, if scheduled in other parts of the carrier.
[bookmark: _Toc53800365]Most RF core requirements can be reused for supporting RedCap UE bandwidth reduction. However, certain modifications may be considered to reflect that the UE may not measure on the SSB at all times, if scheduled in other parts of the carrier.
In TS 38.101-2, the minimum guardband of receiving SSB configured with 240 kHz SCS is specified for UE channel bandwidths 100, 200, and 400 MHz operating in an FR2 band. However, there is no specification for 50 MHz UE channel bandwidth. Thus, to allow the 240 kHz SCS SSB configuration to be used for the 50 MHz maximum UE bandwidth option, the minimum guardband for this case needs to be specified.
[bookmark: _Toc53800366]To allow the 240 kHz SCS SSB configuration to be used UEs with 50 MHz maximum bandwidth, the minimum guardband for SSB reception needs to be specified.

Other specification impacts
In [4], there were additional specification impacts mentioned. Among these, we do not consider the issues described below are essential.
	Specification impact captured in [4]
	Comments

	S3: UE behaviour (not expecting resource allocations exceeding the number of PRBs corresponding to the maximum UE bandwidth
	This impact can be avoided by properly scheduling decision when the UE is in RRC_Connected.
During the random-access procedure, the solutions described in Section 4.5.2 can be used.

	S11: Dedicated PO configuration
	This is not needed considering all the RedCap bandwidth options under consideration work with all the CORESET#0 configurations.

	S16: Limiting the supported SCS combinations for {SSB, CORESET#0} for the 50 MHz option in FR2.
	This is not needed considering the 50 MHz BW option in FR2 can work with all the SCS combinations for {SSB, CORESET#0}.



5 	Half-duplex FDD operation
5.1	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 operation 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.

A key difference between Type A and Type B is that Type A has a much faster DL-to-UL and UL-to-DL switching time, typically symbol-level, or even sub-symbol level, switching time in Type A versus slot or subframe-level switching time in Type B. The fast DL-to-UL and UL-to-DL switching time in the Type A case is made possible by having one oscillator each for UL and DL. In the Type B case, UL and DL can share the same oscillator because the operation allows enough time for the UE to tune the oscillator from DL frequency to UL frequency, and vice versa.
Since the FDD bands are all in FR1, HD-FDD is only pertinent to FR1. Note that the gNB is assumed to operate in the FD-FDD mode.
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.



5.2	Analysis of UE complexity reduction
The cost saving achieved by HD-FDD is analyzed below.
5.2.1 Type A HD-FDD
· RF: Duplexer / Switch: This is where HD-FDD has a major impact on UE cost. UE cost saving is achieved by replacing one or more duplex filters with a switch. Our estimates are expressed in terms of cost reduction as well as in terms of relative cost with respect to the total RF cost of the reference UE, reflecting the cost breakdown agreement shown in Section 2.
	
	FR1, FD-FDD HD-FDD

	Cost reduction
	~80%

	Cost estimate (% of RF)
	~4%



· Baseband: FFT/IFFT: Considering there is no simultaneous DL reception and UL transmission, there is a small saving in total FFT/IFFT processing complexity. Again, the estimates are expressed in terms of cost reduction as well as in terms of relative cost with respect to the total baseband cost of the reference UE, reflecting the cost breakdown agreement shown in Section 2.
	
	FR1, FD-FDDHD-FDD

	Cost reduction
	~40%

	Cost estimate (% of baseband)
	~2%



· Baseband: Post-FFT data buffering: The size and complexity of post-FFT data buffering can also be slightly reduced considering no simultaneous DL reception and UL transmission.
	
	FR1, FD-FDDHD-FDD

	Cost reduction
	~10%

	Cost estimate (% of baseband)
	~9%



All the other RF and baseband function blocks are not impacted. 
Using the agreed RF and baseband cost ratio for FR1 FDD bands, the overall UE cost estimates achieved by only requiring Type A HD-FDD operation at the UE are as follows.
	Total (RF+BB)
	FR1, FD-FDDType A HD-FDD

	Cost reduction
	~8%

	Cost estimate
	~92%



[bookmark: _Toc53800367]In an FR1 FDD band, the total UE cost reduction achieved by only requiring Type A HD-FDD operation at the UE is estimated to be ~8%.

5.2.2 Type B HD-FDD
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. Reflecting the saving of one oscillator, the cost of RF transceiver can be slightly reduced, but all the other cost estimates from the above analysis for Type A HD-FDD still hold. Below, we only show the aspects where there is a difference between Type A and Type B cost estimates.
· RF: RF transceiver

	
	FR1, FD-FDD Type B HD-FDD

	Cost reduction
	~4%

	Cost estimate (% of RF)
	~43%



The overall UE cost estimates as a result of Type B HD-FDD are as follows.
	Total (RF+BB)
	FR1, FD-FDDType B HD-FDD

	Cost reduction
	~9%

	Cost estimate
	~91%



[bookmark: _Toc53800368]In an FR1 FDD band, the total UE cost reduction achieved by only requiring Type A HD-FDD operation at the UE is estimated to be ~9%.
[bookmark: _Toc53800369]Type A and Type B HD-FDD achieve approximately the same UE cost reduction.
5.3	Analysis of performance impacts
5.3.1	Data rate
For wireless sensor and video surveillance use cases, it is expected that the traffic is more uplink oriented. In this case, the scheduler has great flexibility to schedule the device for uplink transmissions to ensure the data rate requirements can be met. For example, given a device UE bandwidth of 20 MHz and 16QAM modulation for the UL, the device in theory can support up to approximately 60 Mbps, in terms of layer-1 instantaneous bit rate. This is enough for meeting the 2 Mbps data rate requirement for sensors, 2-4 Mbps for economic video, or 7.5-25 Mbps for high-end video cameras. 
For wearables, the reference data rate requirements are 10-50 Mbps in DL and minimum 5 Mbps in UL. This can be sufficiently supported with, for example, 20 MHz device bandwidth and 64QAM.
With 20 MHz UE bandwidth, both UL and DL would allow enough margin to account for the throughput lost due to transitioning from Rx to Tx, or from Tx to Rx.
[bookmark: _Toc40452497][bookmark: _Toc40452549][bookmark: _Toc40491663][bookmark: _Toc53800370]An HD-FDD device supporting 20 MHz device bandwidth can sufficiently fulfil the Rel-17 Redcap data rate requirements.
5.3.2	Coverage
In [6], 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 even slightly improved. 
[bookmark: _Toc40491665][bookmark: _Toc47691974][bookmark: _Toc53800371]HD-FDD will not result in a coverage loss.
5.3.2	Latency
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. The 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 in PDCCH, 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 total time required to transmit an alarm signal 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][bookmark: _Toc53800372]An HD-FDD device in RRC_CONNECTED can meet the 5-10 ms latency requirement for safety related sensors.
5.3.3	Power consumption and energy efficiency
In [6], 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.”
[bookmark: _Hlk52875818]These findings also apply to NR. Thus, the peak UE power consumption can be potentially reduced with HD-FDD operation.
[bookmark: _Toc53800373]The peak UE power consumption can be potentially reduced with HD-FDD operation.
Regarding, average UE power consumption or energy efficiency, the benefit is however not clear. 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. 
[bookmark: _Toc53800374]It is not clear whether HD-FDD results in improved average UE power consumption or energy efficiency.
5.3.4 Spectral efficiency
An HD-FDD UE can be expected to have a lower noise figure, which may improve DL spectral efficiency. However, the total traffic volume from RedCap UEs can be expected to be much lower than that from eMBB UEs. We do not expect the impact on system-level spectral efficiency and capacity to be noticeable.
[bookmark: _Toc53800375]HD-FDD does not have impact on system-level spectral efficiency and capacity.
5.4	Analysis of coexistence with legacy UEs
Before the UE capabilities or type are known to the network, the network does not know whether a device is an HD-FDD or legacy FD-FDD device. Thus, one question is whether the random-access procedure, before the UE can convey its capability, requires different timing relationship between DL and UL messages when introducing HD-FDD support. If a new timing relationship is required, there will be an impact on legacy UEs in terms of latency required to transition between Inactive/Idle state to Connected state. 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, from Msg1 to Msg5 there is no overlap between UE transmission and reception. Furthermore, there are certain time gaps between subsequent messages in the random-access procedure. Thus, for Type A HD-FDD, because the DL-to-UL and UL-to-DL switching time is short, the network does not need to handle the random-access procedure differently when the support of Type A HD-FDD is introduced. However, for Type B HD-FDD, the DL-to-UL and UL-to-DL switching time is long, e.g. in the order of slot duration. In this case, the network may need to use longer time gaps between subsequent messages in the random-access procedure when the support of Type B HD-FDD is enabled. This impacts the latency in the random-access procedure for legacy UEs.
[bookmark: _Toc47691975][bookmark: _Toc53800376]Introducing the support of Type-A HD-FDD operation will not introduce any coexistence issues with legacy UEs.
[bookmark: _Toc53800377]Introducing the support of Type B HD-FDD operation may require longer time gaps between subsequent messages in the random-access procedure and may therefore introduce longer delay in the random-access procedure for legacy UEs.

The longer DL-to-UL and UL-to-DL switching time required for Type B HD-FDD operation also has a significant impact on the gNB scheduler.

[bookmark: _Toc53800378]Introducing Type B HD-FDD operation has a significant impact on the gNB scheduler.

5.5	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, similar to the requirement for 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. This allows the same values of  and   as specified in Table 4.3.2-3 of TS 38.211 to be reused for DL-to-UL and UL-to-DL switching time for a Type A HD-FDD device. On the other hand, for Type B HD-FDD, a much longer DL-to-UL and UL-to-DL switching time is needed. Thus, the values of  and   specified in Table 4.3.2-3 of TS 38.211 cannot be used as DL-to-UL and UL-to-DL switching time for a Type B HD-FDD device.
[bookmark: _Toc53800379]To support HD-FDD devices, the specifications need to define DL-to-UL and/or UL-to-DL switching time for HD-FDD operation.
[bookmark: _Toc40491666][bookmark: _Toc47691976][bookmark: _Toc53800380]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.
[bookmark: _Toc53800381]DL-to-UL and UL-to-DL switching time for a Type A HD-FDD device can reuse the same values of  and  specified in Table 4.3.2-3 of TS 38.211.
[bookmark: _Toc53800382]The values of  and  specified in Table 4.3.2-3 of TS 38.211 cannot be used as DL-to-UL and UL-to-DL switching time for a Type B HD-FDD device.

One potential constraint that needs to be introduced is that while a UE is transmitting in the uplink it is not required to monitor PDCCH.
[bookmark: _Toc47691977][bookmark: _Toc53800383]To support HD-FDD devices, 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.

To facilitate gNB signaling, it might be advantageous for the device to indicate its HD-FDD capability through early UE-type or UE-capability indication.
[bookmark: _Toc53800384]HD-FDD capability might be included in early UE-type or UE-capability indication to facilitate gNB scheduling.

Another potential issue is the time that is needed to switch between BWPs. BWP switch delay requirements are given in Table 8.6.2-1 in TS38.133. According to these requirements, the BWP switch delay requirements range from 0.75 ms to 3 ms, approximately in the order of one or multiple slots. The DL-to-UL and UL-to-DL switching time needed for Type A HD-FDD operation is however much, much shorter, e.g. in the order of OFDM symbol duration, or even smaller than one OFDM symbol duration. Thus, we do not see supporting Type A HD-FDD operation will impact BWP switch delay requirements. However, the DL-to-UL and UL-to-DL switching time needed for Type B HD-FDD operation is in the order of slot duration; thus, supporting Type B HD-FDD operation will impact BWP switch delay requirements. We foresee that new BWP switch delay requirements are needed for supporting Type B HD-FDD operation.
[bookmark: _Toc53800385]Type A HD-FDD operation will not impact BWP switch delay requirements.
[bookmark: _Toc53800386]Type B HD-FDD operation will require defining new BWP switch delay requirements.

[bookmark: _Hlk53666891]Overall, based on the above discussion, introducing Type B HD-FDD operation would have much more specification impacts than Type A.
[bookmark: _Toc53800387]Introducing Type B HD-FDD operation would have much more specification impacts that Type A.
Additional RAN4 specification changes such the reference sensitivity can be expected due to the lack of a duplexer, thus less insertion loss. Moreover, both new RRM and performance requirements can also be expected.
[bookmark: _Toc53800388]RAN4 specification changes such as new reference sensitivity, RRM, and performance requirements can be expected, due to the lack of a duplexer, thus less insertion loss.
In LTE-M, the introduction of HD-FDD eventually led to a number of enhancements, such as increasing the number of HARQ processes, multi-TB scheduling, and HARQ-ACK bundling, to compensate for the throughput reduction due to the guard period required for DL-to-UL and UL-to-DL switching, and due to the HARQ timing relationships. Some reasons for pronounced throughput reduction in the LTE-M HD-TDD case compared to the LTE-M FD-FDD case is the combination of Type B HD-FDD operation, cross-subframe scheduling, and somewhat inflexible HARQ timing. In our view, if RedCap only supports Type A HD-FDD, a pronounced throughput degradation can be avoided, considering that NR adopts flexible TDRA schemes, e.g. both slot and sub-slot based scheduling, and flexible HARQ timing. Thus, we do not foresee that LTE-M features like increasing the number of HARQ processes, multi-TB scheduling, and HARQ-ACK bundling, need to be considered if Type A HD-FDD is introduced for RedCap.
[bookmark: _Toc53800389]Thanks to the flexibility in TDRA and HARQ timing in NR, there is less motivation to adopt features such as increasing the number of HARQ processes, multi-TB scheduling, and HARQ-ACK bundling, if Type A HD-FDD is introduced for RedCap
However, if for unforeseeable reasons, features such as increasing the number of HARQ processes, multi-TB scheduling, and HARQ-ACK bundling, need to be introduced for enhancing the throughput for an HD-FDD UE, the specification impacts will be very significant.
[bookmark: _Toc53800390]If for unforeseeable reasons, features such as increasing the number of HARQ processes, multi-TB scheduling, and HARQ-ACK bundling, need to be introduced for enhancing the throughput for an HD-FDD UE, the specification impacts will be very significant.
6		Relaxed UE processing time
6.1	Description
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
	[image: ]
	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
	[image: ]
	PUSCH preparation time N2 [symbols]

	0
	10

	1
	12

	2
	23

	3
	36



[bookmark: _Ref52990150]6.2	Analysis of UE complexity reduction
According to the agreement made in RAN1 #102e, the values of N1/N2 can be assumed to be doubled compared to those of capability #1 for the purpose of cost/complexity reduction analysis from relaxed UE processing time.
	Agreements:
· For the purpose of evaluation, the UE processing time in terms of N1/N2 can be 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



Relaxed UE processing time can result in complexity and cost reduction in some of the functional blocks in a UE implementation. We give our detailed analysis below.
· RF
· Relaxed UE processing time is not expected to provide any meaningful cost reduction on the RF part.
· Baseband
· Receiver processing block: The receiver processing block supports different functionalities related to PDSCH processing. Here only the relaxed UE processing time in term of N1 is relevant. However, since the number of tasks to process and the size of resources (e.g., the number of symbols and PRBs) to be processed are not impacted, we do not expect a significant cost reduction from allowing the relaxed N1 value. A small cost reduction may be obtained from a simplified implementation with potentially slower processor. Our estimates in cost reduction in the receiver processing block as well as relative cost with respect to the total baseband cost (based on the agreed cost breakdown) are shown below.

	
	FR1, FDD
	FR1, TDD
	FR2

	Cost reduction
	~10%
	~10%
	~10%

	Cost estimate
	~22%
	~26%
	~22%



· LDPC decoder: The LDPC decoder block supports channel decoding functionality for PDSCH processing. Here only the relaxed UE processing time in terms of N1 is relevant. Since the complexity of LDPC decoder generally scales with codeword length, which is not impacted by relaxed UE processing time, we do not expect a significant cost reduction on LDPC decoder from the relaxed N1. A small cost reduction may come from a simplified implementation, e.g., a potential reduction of the number of parallel processing units in the pipeline implementation. Our estimates in cost reduction in LDPC decoder as well as relative cost with respect to the total baseband cost are shown below.

	
	FR1, FDD
	FR1, TDD
	FR2

	Cost reduction
	~10%
	~10%
	~10%

	Cost estimate
	~9%
	~8%
	~8%



· DL control processing and decoding: The DL control processing and decoding block supports functionalities related to PDCCH monitoring and decoding. The time for PDCCH processing is included in both Tproc,1 and Tproc,2. For PDSCH processing time, Tproc,1 includes the time for PDCCH processing, PDSCH processing, and PUCCH preparation. Since Tproc,1 = N1+d1,1 symbols, where d1,1 depends on PDSCH duration such that there is at least 7 symbols gap after the start of PDSCH, it may be understood that the value d1,1 accounts for PDCCH processing time. In other words, N1 may be considered as relevant for PDSCH processing and HARQ-ACK preparation, but not for PDCCH processing. For PUSCH preparation time, Tproc,2 includes the time for PDCCH processing and PUSCH preparation. Since Tproc,2 = N2 + d2,1+d2 symbols, and the value of d2,1+d2 is at most 1 symbol for normal operation without any PUSCH/PUCCH priority, we can consider Tproc,2  N2. That is, based on our analysis above, only the relaxed UE processing time in terms of N2 is mostly relevant for the DL control processing and decoding block. 
Note that complexity of PDCCH processing mainly depends on the configured numbers of PDCCH candidates and the number of non-overlapped CCEs for channel estimation. Since these quantities are not affected by the relaxed UE processing time, we do not expect a significant cost reduction on DL control processing and decoding block from the relaxed N2. A small cost reduction may come from a simplified implementation of DL control receiver. Our estimates in cost reduction in the DL control processing and decoding block as well as relative cost with respect to the total baseband cost are shown below.

	
	FR1, FDD
	FR1, TDD
	FR2

	Cost reduction
	~5%
	~5%
	~5%

	Cost estimate
	~5%
	~4%
	~5%



· UL processing block: The UL processing block supports functionalities related to preparation of PUCCH and PUSCH transmission. The time to perform these functionalities are included as part of N1 and N2. However, since the number of tasks to process and the size of resources for PUCCH and PUSCH (e.g., the number of symbols and PRBs) to be processed are not affected, we do not expect a significant cost reduction from relaxed UE processing time in terms of N1 and N2. Our estimates in cost reduction in UL processing block as well as relative cost with respect to the total baseband cost are shown below.

	
	FR1, FDD
	FR1, TDD
	FR2

	Cost reduction
	~5%
	~5%
	~5%

	Cost estimate
	~5%
	~5%
	~7%



· For other functional blocks in the baseband part, the complexity and cost are not expected to be impacted by UE relaxed processing time.

In summary, the overall baseband cost reduction and cost estimates as a result of relaxed UE processing time in terms of N1/N2 are as follows.
	Baseband
	FR1, FDD
	FR1, TDD
	FR2

	Cost reduction
	~4% 
	~4%
	~4%

	Cost estimate
	~96% 
	~96%
	~96%



Using the agreement on RF and baseband cost ratios, the overall UE cost reduction and cost estimates as a result of relaxed UE processing time in terms of N1/N2 are as follows.
	Total (RF+BB)
	FR1, FDD
	FR1, TDD
	FR2

	Cost reduction
	~2% 
	~3%
	~2%

	Cost estimate
	~98%
	~97%
	~98%



[bookmark: _Toc53800391]In an FR1 FDD band, the total cost reduction achieved by allowing relaxed UE processing time in terms of N1/N2 is estimated to be ~2%.
[bookmark: _Toc53800392]In an FR1 TDD band, the total cost reduction achieved by allowing relaxed UE processing time in terms of N1/N2 is estimated to be ~3%.
[bookmark: _Toc53800393]In an FR2 band, the total cost reduction achieved by allowing relaxed UE processing time in terms of N1/N2 is estimated to be ~2%.

6.3	Analysis of performance impacts
6.3.1 Data rate
Data rate in terms of maximum throughput, e.g., as calculated based on 3GPP TS 38.306, only depends on UE capabilities on supported parameters such as highest MCS, number of PRBs, and number of layers. It does not depend on UE processing time and therefore will not be impacted by a more relaxed UE processing time in terms of N1/N2. However, if data rate is considered in terms of sustained data rate, taking into account possible HARQ retransmission, then there might be an impact due to longer HARQ RTT as a result of relaxed UE processing time.
[bookmark: _Toc53800394]No significant impact on data rate is expected from relaxed UE processing time, except the case when HARQ retransmission is considered.

6.3.2 Coverage
Coverage for each physical channel depends on different transmission parameters such as transmit power, amount of time and frequency resources used, transmission (diversity) scheme, and coding scheme. It does not depend directly on the time duration a UE uses to process or prepare for the transmission. The only exception might be when HARQ retransmission is required to achieve certain coverage need. For most of the relevant use cases for RedCap UE, the latency requirement is very relaxed, and it is possible to perform enough number of HARQ retransmissions to achieve the coverage need even with the relaxed UE processing time. However, if the latency requirement is strict, e.g., 5-10 ms for safety-related use case, the more relaxed UE processing time can limit the maximum number of allowed HARQ retransmissions within a latency budget which can have an impact on an achievable coverage. 

[bookmark: _Toc53800395]No significant coverage impact is expected from relaxed UE processing time for most of RedCap use cases.
[bookmark: _Toc53800396]There can be a coverage impact from relaxed UE processing time due to a smaller number of allowed HARQ-retransmissions within a latency budget. 

6.3.3 Latency
Relaxed UE processing time in terms of N1 and N2 will impact latency of DL and UL data transmission in general. For RedCap UEs, most of the typical use cases 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 feasible 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.
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 doubled compared to those of Capability #1. 
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 [19] 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 7.
[image: ]
[bookmark: _Ref39659403]Figure 7: 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
	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][bookmark: _Toc53800397]Relaxed UE processing time capability in terms of N1/N2 has an impact on achievable transmission latency. 
[bookmark: _Toc47691982][bookmark: _Toc53800398]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, relaxed UE processing time might not be suitable.

6.3.4	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 about the minimum gap between PDCCH and its scheduled PDSCH/PUSCH. The potential benefit of this 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 the UE power consumption. 
However, it should be noted that this potential power saving is not necessarily related to UE processing time in terms of N1/N2. It is not necessary to introduce a more relaxed N1/N2 in order to support cross-slot scheduling. In most cases, gNB can enable this by choosing appropriate K0/K2 values. 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][bookmark: _Toc53800399]No impact on UE power saving gain related to cross-slot scheduling is expected from relaxed UE processing time. The NW can configure RedCap UEs to achieve the power saving gain even if no relaxed UE processing time capability is defined. 

6.3.5	Spectral efficiency
No significant impact on overall spectral efficiency is expected from the relaxed UE processing time in terms of N1/N2. It is up to gNB to schedule other UEs on any available resources. 
[bookmark: _Toc53800400]No significant impact on spectral efficiency is expected from relaxed UE processing time.

6.3.6	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. For example, same slot scheduling is not possible with the doubled N1/N2 values compared to capability #1. Moreover, the impact may not be limited to only operation in connected mode. For example, N1/N2 are related to other timing requirements such as the time from Msg2 to Msg3, and 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 making 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][bookmark: _Toc53800401]Relaxed UE processing time in terms of N1/N2 can have significant impact on scheduling flexibility and complexity. 

6.3.7	Other performance impacts
According to [4], additional performance impacts were mentioned. However, we do not see that the impacts captured in the table below are due to UE relaxed processing time.
	Performance impact captured in [4]
	Comments

	P9: power saving benefit can be obtained from relaxed UE processing time, particularly from cross-slot scheduling which may lower UE’s working voltage and avoiding unnecessary data buffering.
	It describes the benefit of cross slot scheduling, not the benefit of relaxed UE processing. It is possible to achieve the power saving gain by gNB configuration and scheduling even if no relaxed UE processing time capability is defined.

	P13: There is no real impact on latency, scheduling, data rate, coverage, and spectral efficiency from cross-slot scheduling.
	It does not clearly describe the impact of relaxed UE processing time, but rather the impact of cross-slot scheduling which is not part of the scope.



6.4	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 the 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 as 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. However, from the cost reduction analysis in Section 6.2, we see that the benefit in terms of cost reduction from the relaxed UE processing time is very small. This suggests that there is no need to define a relaxed UE processing time for RedCap UE, and that the existing UE time gap requirement between RAR UL grant and Msg3 can be based on the existing UE capability #1. 
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][bookmark: _Toc53800402]UE relaxed processing time can increase complexity at the scheduler.
[bookmark: _Toc47691987][bookmark: _Toc53800403]Introducing a more relaxed requirement for Msg3 scheduling can potentially impact Msg3 scheduling for legacy UEs in the coexistence scenarios. 

6.5	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 needs to be defined in TS 38.214. 
[bookmark: _Toc53800404]Definition of relaxed UE processing time capability and N1/N2 values are needed in RAN1 specification (TS 38.214) if a more relaxed UE processing time capability is introduced. 

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/random access procedure,
· 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 may be understood as more relevant 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 expected due 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 from 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 + 0.75 ms, 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][bookmark: _Toc53800405]No other specification impacts related to scheduling timing beyond definition of relaxed UE processing time capability and N1/N2 values are 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, from the analysis of cost/complexity reduction, we find that the actual gain is expected to be very small. 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 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]Relaxing UE processing in terms of N1/N2 brings negligible cost reduction benefit while having negative impacts on scheduling flexibility/complexity and potential coexistence with legacy UEs.
7		Relaxed UE processing capability
7.1	Description
According to Release 15 and 16 NR specifications, a UE is mandatory to support:
· FR1: 
· 256QAM DL and 64QAM UL
· At least 4 DL MIMO layers in bands n7, n38, n41, n77, n78, n79 and no DL MIMO supports requirements in other bands where 2 Rx support is mandatory
· FR2:
· 64QAM DL and UL
· At least 2 DL MIMO layers

These UL/DL modulation orders and DL MIMO requirements are potentially unnecessary for the need from the data rate requirements of the RedCap use cases. In RAN1#101e and RAN1#102e [2], it was agreed that RedCap UE modulation order and MIMO support options to study include the following:
	Agreements:
· For FR1 DL, study relaxation of maximum mandatory modulation to 64QAM instead of 256QAM.
· For FR1 UL, study relaxation of maximum mandatory modulation to 16QAM instead of 64QAM.
· For FR2 DL, study relaxation of maximum mandatory modulation to 16QAM instead of 64QAM.
· For FR2 UL, study relaxation of maximum mandatory modulation to 16QAM instead of 64QAM.
· Restriction to 1 or 2 MIMO layers in DL can be studied.
· No TBS restriction is considered in this SI beyond the implicit TBS restrictions resulting from reduced UE bandwidth or reduced number of MIMO layers.



In this section, we present our analysis on these reduction options. In the analysis, we assume the same restriction on the modulation orders or the DL MIMO support in a band applies to both RF and baseband and applies to the data channels.
Apart from the above agreed aspects, agreement could not be reached regarding whether reducing the maximum number of HARQ processes should be studied. In our view, the maximum bandwidth reduction and reducing the maximum number of MIMO layers can provide significant cost saving in HARQ buffer size (as discussed in Section 4.2 and 7.2) and are promising techniques for reducing UE complexity.  If the maximum number of HARQ buffer processes is reduced, Redcap UEs may have potential issues in not being able to maintain sustained data rate if HARQ RTT is sufficiently long. The amount of additional cost gained reduction benefits, beyond what is achieved by bandwidth reduction and reducing the maximum number of MIMO layers, by reducing the number of HARQ processes may not be sufficient to justify the potential drawback [5].
[bookmark: _Toc53800407]Reducing the maximum number of HARQ processes may risk not being able to maintain sustained data rate. The amount of cost saved (with maximum number of HARQ processes reduction) may not be enough to justify this potential issue.
7.2	Analysis of UE complexity reduction
Restriction on the maximum UE UL modulation order, DL modulation order or DL MIMO support can potentially result in complexity and cost reduction in some of the functional blocks in a UE implementation. Our detailed analysis is as follows.
Maximum DL modulation order:
In Table 6, we summarize our cost saving estimates for a RedCap UE with restricted maximum DL modulation order.
[bookmark: _Ref52450891]Table 6: Cost saving estimates for a RedCap UE due to restricted maximum DL modulation order.
	Functional block
	FR1 FDD (256QAM  64QAM)
	FR1 TDD (256QAM  64QAM)
	FR2 (64QAM  16QAM)

	
	RF

	Antenna array for FR2
	
	
	

	Power amplifier 
	~0%
	~0%
	~0%

	Filters
	~0%
	~0%
	~0%

	RF transceiver
(including LNAs, mixer, and local oscillator)
	~5%
	~5%
	~5%

	Duplexer / Switch
	~0%
	~0%
	~0%

	Total of RF
	~2%
	~2%
	~2%

	
	Baseband

	ADC / DAC
	~15%
	~15%
	~15%

	FFT/IFFT
	~0%
	~0%
	~0%

	Post-FFT data buffering
	~15%
	~15%
	~15%

	Receiver processing block
	~5%
	~5%
	~5%

	LDPC decoding
	~25%
	~25%
	~33%

	HARQ buffer
	~25%
	~25%
	~33%

	DL control processing & decoder
	~0%
	~0%
	~0%

	Synchronization / cell search block
	~0%
	~0%
	~0%

	UL processing block
	~0%
	~0%
	~0%

	MIMO specific processing blocks
	~0%
	~0%
	~0%

	Total of baseband
	~10%
	~10%
	~10%

	Overall cost (RF + baseband)
	~7%
	~7%
	~6%



Our cost analysis on the impacted functional blocks is discussed below.
· RF
· RF transceiver: reducing the maximum modulation in DL is expected to relax the design of LNA, mixer and local oscillator due to relaxed EVM requirements. In [6], it indicates that up to around 10% cost reduction is possible by reducing two modulation orders. We expect half of that indicated in [6] can be saved by reducing one modulation order. Our estimates in cost reduction in RF transceiver as well as relative cost with respect to the total RF cost are shown below.
	
	FR1 FDD, 256QAMà64QAM 
	FR1 TDD, 256QAMà64QAM 
	FR2, 64QAMà16QAM 

	Cost reduction
	~5%
	~5%
	~5%

	Cost estimate
	~43%
	~52%
	~39%



· Baseband
· ADC/DAC: Reducing the maximum modulation order in DL is expected to reduce the bit resolution and the dynamic range requirements in ADC design. As indicated in  [6], 30% cost reduction in ADC design could be achieved by reducing two modulation orders. We estimate the cost saving in ADC design to be less if the maximum modulation order is reduced by one modulation order. Our estimates in cost reduction in ADC/DAC as well as relative cost with respect to the total baseband cost are shown below.
	
	FR1 FDD, 256QAM64QAM 
	FR1 TDD, 256QAM64QAM 
	FR2, 64QAM16QAM 

	Cost reduction
	~15%
	~15%
	~15%

	Cost estimate
	~9%
	~8
	~3



· Post-FFT data buffering: Less bit resolution may be enough to maintain EVM level of the received symbol SNR by reducing the maximum modulation order. Thus, some cost saving on post-FFT data buffering may be possible. In [6], it indicates that up to ~30% cost saving could be achieved in post-FFT data buffering by reducing two modulation orders. We estimate smaller cost saving in post-FFT data buffering can be achieved for RedCap UEs. . Our estimates in cost reduction in post-FFT data buffering as well as relative cost with respect to the total baseband cost are shown below. 
	
	FR1 FDD, 256QAM64QAM 
	FR1 TDD, 256QAM64QAM 
	FR2, 64QAM16QAM 

	Cost reduction
	~15%
	~15%
	~15%

	Cost estimate
	~9%
	~9%
	~9%



· Receiver processing block: The receiver processing block supports functionalities such as channel estimation, frequency-domain equalization, demodulation, etc. We expect reducing the maximum DL modulation order to mainly impact the demodulation complexity and allows a small cost saving. Our estimates in cost reduction in receiver processing block as well as relative cost with respect to the total baseband cost are shown below.
	
	FR1 FDD, 256QAM64QAM 
	FR1 TDD, 256QAM64QAM 
	FR2, 64QAM16QAM 

	Cost reduction
	~5%
	~5%
	~5%

	Cost estimate
	~23%
	~28%
	~23%



· LDPC decoder: Assume single core decoder, the complexity of LDPC decoder scales approximately linearly with codeword length. The maximum codeword length scales linearly with the maximum modulation order. Thus, reducing the DL maximum modulation is expected to provide cost saving benefit in the LDPC design. The number of iterations (hence potentially the internal memory requirements) required for decoding to converge could be relaxed at lower modulation order. However, the cost saving due to relaxed number of iterations may be insignificant. Our estimates in cost reduction in LDPC decoder as well as relative cost with respect to the total baseband cost are shown below.
	
	FR1 FDD, 256QAMà64QAM 
	FR1 TDD, 256QAMà64QAM 
	FR2, 64QAMà16QAM 

	Cost reduction
	~25%
	~25%
	~33%

	Cost estimate
	~8%
	~7%
	~6%



· HARQ buffer: The size and complexity of HARQ buffer also scales linearly with the maximum modulation order. Our estimates in cost reduction in HARQ buffer as well as relative cost with respect to the total baseband cost are shown below.
	
	FR1 FDD, 256QAM64QAM 
	FR1 TDD, 256QAM64QAM 
	FR2, 64QAM16QAM 

	Cost reduction
	~25%
	~25%
	~33%

	Cost estimate
	~11%
	~9%
	~7%



In summary, the overall RF cost estimates as a result of DL modulation order reductions are as follows.
	RF
	FR1 FDD, 256QAM64QAM 
	FR1 TDD, 256QAM64QAM 
	FR2, 64QAM16QAM 

	Cost reduction
	~2%
	~2%
	~2%

	Cost estimate
	~98%
	~98%
	~98%



The overall baseband cost estimates as a result of DL modulation order reductions are as follows.
	Baseband
	FR1 FDD, 256QAM64QAM 
	FR1 TDD, 256QAM64QAM 
	FR2, 64QAM16QAM 

	Cost reduction
	~10%
	~10%
	~10%

	Cost estimate
	~90%
	~90%
	~90%



Using the agreed RF and baseband cost ratios, the overall UE cost estimates as a result of DL modulation order reductions are as follows.
	Total (RF+BB)
	FR1 FDD, 256QAM64QAM 
	FR1 TDD, 256QAM64QAM 
	FR2, 64QAM16QAM 

	Cost reduction
	~7%
	~7%
	~6%

	Cost estimate
	~93%
	~93%
	~94%


 
[bookmark: _Toc53800408]In an FR1 FDD band, the total cost reduction achieved by restricting the maximum DL modulation order to 64QAM is estimated to be ~7.
[bookmark: _Toc53800409]In an FR1 TDD band, the total cost reduction achieved by restricting the maximum DL modulation order to 64QAM is estimated to be ~7%.
[bookmark: _Toc53800410]In FR2, the total cost reduction achieved by restricting the maximum DL modulation order 16QAM is estimated to be ~6%.

Maximum UL modulation order:
In Table 7, we summarize our cost saving estimates for a RedCap UE with restricted maximum UL modulation order.
[bookmark: _Ref52453629]Table 7: Cost saving estimates for a RedCap UE due to restricted maximum UL modulation order.
	Functional block
	FR1 FDD (64QAM  16Qam)
	FR1 TDD (64QAM  16Qam)
	FR2 (64QAM  16Qam)

	
	RF

	Antenna array for FR2
	~0%
	~0%
	~0%

	Power amplifier 
	~20%
	~20%
	~20%

	Filters
	~0%
	~0%
	~0%

	RF transceiver
(including LNAs, mixer, and local oscillator)
	~3%
	~3%
	~3%

	Duplexer / Switch
	~0%
	~0%
	~0%

	Total of RF
	~6%
	~7%
	~5%

	
	Baseband

	ADC / DAC
	~15%
	~15%
	~15%

	FFT/IFFT
	~0%
	~0%
	~0%

	Post-FFT data buffering
	~0%
	~0%
	~0%

	Receiver processing block
	~0%
	~0%
	~0%

	LDPC decoding
	~0%
	~0%
	~0%

	HARQ buffer
	~0%
	~0%
	~0%

	DL control processing & decoder
	~0%
	~0%
	~0%

	Synchronization / cell search block
	~0%
	~0%
	~0%

	UL processing block
	~10%
	~10%
	~10%

	MIMO specific processing blocks
	~0%
	~0%
	~0%

	Total of baseband
	~2%
	~2%
	~1%

	Overall cost (RF + baseband)
	~4%
	~4%
	~3%



Our cost analysis on the impacted blocks is discussed below.
· RF
· Power amplifier: Reducing the UL modulation order will lower the range required for the linear response of the power amplifier. The design complexity to meet the PA linearity requirement scales linearly with the maximum UL modulation order. Our estimates in cost reduction in power amplifier as well as relative cost with respect to the total RF cost are shown below.
	
	FR1 FDD, 64QAM16QAM 
	FR1 TDD, 64QAM16QAM 
	FR2, 64QAM16QAM 

	Cost reduction
	~20%
	~20%
	~20%

	Cost estimate
	~20%
	~20%
	~14%



· RF transceiver: reducing the maximum modulation in UL, it is expected to relax the design of mixers and local oscillator due to relaxed EVM requirements (including phase noise impacts in FR2). Our estimates in cost reduction in RF transceiver as well as relative cost with respect to the total RF cost are shown below.
	
	FR1 FDD, 64QAM16QAM 
	FR1 TDD, 64QAM16QAM 
	FR2, 64QAM16QAM 

	Cost reduction
	~3%
	~3%
	~3%

	Cost estimate
	~44%
	~53%
	~40%



· Baseband
· ADC/DAC: Similar to DL, Reducing the maximum modulation order in UL is expected to reduce the bit resolution and the dynamic range requirements but in DAC design. Some cost saving on DAC design may be expected. Our estimates in cost reduction in ADC/DAC as well as relative cost with respect to the total baseband cost are shown below.
	
	FR1 FDD, 64QAM16QAM 
	FR1 TDD, 64QAM16QAM 
	FR2, 64QAM16QAM 

	Cost reduction
	~15%
	~15%
	~15%

	Cost estimate
	~9%
	~8%
	~3%



· UL processing block: The UL processing block supports functionalities such as generation of reference signals such as DMRS and SRS, modulation, encoder, and preparation of PUCCH and PUSCH. Only the complexity of the modulator and encoder designs scale with UL modulation orders. Our estimates in cost reduction in UL processing block as well as relative cost with respect to the total baseband cost are shown below.
	
	FR1 FDD, 64QAM16QAM 
	FR1 TDD, 64QAM16QAM 
	FR2, 64QAM16QAM 

	Cost reduction
	~10%
	~10%
	~10%

	Cost estimate
	~5%
	~5%
	~6%



In summary, the overall RF cost estimates as a result of UL modulation order reductions are as follows.
	RF
	FR1 FDD, 64QAM16QAM 
	FR1 TDD, 64QAM16QAM 
	FR2, 64QAM16QAM 

	Cost reduction
	~6%
	~7%
	~5%

	Cost estimate
	~94%
	~93%
	~95%



The overall baseband cost estimates as a result of UL modulation order reductions are as follows.
	Baseband
	FR1 FDD, 64QAM16QAM 
	FR1 TDD, 64QAM16QAM 
	FR2, 64QAM16QAM 

	Cost reduction
	~2%
	~2%
	~1%

	Cost estimate
	~98%
	~98%
	~99%



Using the agreed RF and baseband cost ratios, the overall UE cost estimates as a result of UL modulation order reductions are as follows.
	Total (RF+BB)
	FR1 FDD, 64QAM16QAM 
	FR1 TDD, 64QAM16QAM 
	FR2, 64QAM16QAM 

	Cost reduction
	~4%
	~4%
	~3%

	Cost estimate
	~96%
	~96%
	~97%



[bookmark: _Toc53800411]In an FR1 FDD band, the total cost reduction achieved by restricting the maximum UL modulation order to 16QAM is estimated to be ~4%.
[bookmark: _Toc53800412]In an FR1 TDD band, the overall the total cost reduction achieved by restricting the maximum UL modulation order to 16QAM is estimated to be ~4%.
[bookmark: _Toc53800413]In FR2, the total cost reduction achieved by restricting the maximum UL modulation order to 16QAM is estimated to be ~3%.

Maximum number of DL MIMO layers:
In the analysis provided here due to “reducing the maximum number of DL MIMO layers”, we assume there is no reduction on the number of receive antennas/branches support.
In Table 8, we summarize our cost saving estimates for a RedCap UE with restricted maximum UL modulation order.
[bookmark: _Ref52453687]Table 8: Cost saving estimates for a RedCap UE due to restricted maximum number of DL MIMO layers.
	Functional block
	FR1 FDD (2  1)
	FR1 TDD (4  2)
	FR1 TDD (4  1)
	FR2 (2  1)

	
	RF

	Antenna array for FR2
	
	
	
	

	Power amplifier 
	~0%
	~0%
	~0%
	~0%

	Filters
	~0%
	~0%
	~0%
	~0%

	RF transceiver
(including LNAs, mixer, and local oscillator)
	~0%
	~0%
	~0%
	~0%

	Duplexer / Switch
	~0%
	~0%
	~0%
	~0%

	Total of RF
	~0%
	~0%
	~0%
	~0%

	
	

	ADC / DAC
	~0%
	~0%
	~0%
	~0%

	FFT/IFFT
	~0%
	~0%
	~0%
	~0%

	Post-FFT data buffering
	~0%
	~0%
	~0%
	~0%

	Receiver processing block
	~15%
	~15%
	~30%
	~15%

	LDPC decoding
	~50%
	~50%
	~75%
	~50%

	HARQ buffer
	~50%
	~50%
	~75%
	~50%

	DL control processing & decoder
	~0%
	~0%
	~0%
	~0%

	Synchronization / cell search block
	~0%
	~0%
	~0%
	~0%

	UL processing block
	~0%
	~0%
	~0%
	~0%

	MIMO specific processing blocks
	~100%
	~50%
	~100%
	~100%

	Total of baseband
	~25%
	~18%
	~33%
	~32%

	Overall cost (RF + baseband)
	~15%
	~11%
	~20%
	~16%



Our cost analysis on the impacted blocks is discussed below.
· RF
· In order to have DL MIMO support, the maximum number of receive branches is required to be at least as many as the number of DL MIMO layer supported. Reducing the maximum number of MIMO layers will not affect the number of RF receive chains. Thus, we do not expect any cost savings on RF components by reducing the maximum number MIMO layer support.

· Baseband
· Receiver processing block: The receiver processing block supports functionalities such as channel estimation, frequency-domain equalization, demodulation, etc. All these functional blocks involve processing of data and reference signals from different layers (e.g. due to different antenna ports or layer mapping), but also, processing of signals for multiple and single antenna scenarios with only one MIMO layer support. Reducing the maximum number of MIMO layers, the receiver processing block is still required to perform e.g. MMSE channel estimations, interference suppression and RSRP/CSI measurements and processing. Taking these into consideration, we do not expect significant large cost reduction in the receiver processing block due to reduced MIMO support alone. Our estimates in cost reduction in receiver processing block as well as relative cost with respect to the total baseband cost are shown below.
	
	FR1 FDD, 21 MIMO layer
	FR1 TDD, 42 MIMO layer 
	FR1 TDD, 41 MIMO layer
	FR2, 21 MIMO layer

	Cost reduction
	~15%
	~15%
	~30%
	~15%

	Cost estimate
	~20%
	~25%
	~20%
	~20%



· LDPC decoder: The complexity of LDPC decoder scales approximately linearly with codeword length. As the number of MIMO layers scheduled impacts the codeword length, the complexity relaxation is expected to scale linearly with the maximum number of MIMO supported. Our estimates in cost reduction in LDPC decoder as well as relative cost with respect to the total baseband cost are shown below.
	
	FR1 FDD, 21 MIMO layer
	FR1 TDD, 42 MIMO layer 
	FR1 TDD, 41 MIMO layer
	FR2, 21 MIMO layer

	Cost reduction
	~50%
	~50%
	~75%
	~50%

	Cost estimate
	~5%
	~5%
	~2%
	~5%



· HARQ buffer: The size and complexity of HARQ buffer also scales linearly with the maximum number of MIMO layers due to resulted restricted maximum TBS size. Our estimates in cost reduction in HARQ buffer as well as relative cost with respect to the total baseband cost are shown below.
	
	FR1 FDD, 21 MIMO layer
	FR1 TDD, 42 MIMO layer 
	FR1 TDD, 41 MIMO layer
	FR2, 21 MIMO layer

	Cost reduction
	~50%
	~50%
	~75%
	~50%

	Cost estimate
	~7%
	~6%
	~3%
	~6%



· MIMO specific processing block: In our analysis, we assume this block only concerning the rank calculations, PMI selection and RSRP/RSRQ measurements that are relevant for MIMO layers larger than 1. Thus, by removing DL MIMO support, we expect 100% cost saving in this block. Our estimates in cost reduction in MIMO specific processing block as well as relative cost with respect to the total baseband cost are shown below.
	
	FR1 FDD, 21 MIMO layer
	FR1 TDD, 42 MIMO layer 
	FR1 TDD, 41 MIMO layer
	FR2, 21 MIMO layer

	Cost reduction
	~100%
	~50%
	~100%
	~100%

	Cost estimate
	~0%
	~5%
	~0%
	~0%



In summary, the overall baseband cost estimates as a result of DL MIMO layer reductions are as follows.
	Baseband
	FR1 FDD, 21 MIMO layer
	FR1 TDD, 42 MIMO layer 
	FR1 TDD, 41 MIMO layer
	FR2, 21 MIMO layer

	Cost reduction
	~25%
	~18%
	~33%
	~32%

	Cost estimate
	~75%
	~82%
	~67%
	~68%



Using the agreed RF and baseband cost ratios, the overall UE cost estimates as a result of DL MIMO layer reductions are as follows.
	Total (RF+BB)
	FR1 FDD, 21 MIMO layer
	FR1 TDD, 42 MIMO layer 
	FR1 TDD, 41 MIMO layer
	FR2, 21 MIMO layer

	Cost reduction
	~15%
	~11%
	~20%
	~16%

	Cost estimate
	~85%
	~89%
	~80%
	~84%



[bookmark: _Toc53800414]In an FR1 FDD band, the total cost reduction achieved by restricting the maximum number of DL MIMO layers to one is estimated to be ~15%.
[bookmark: _Toc53800415]In an FR1 TDD band, the total cost reduction achieved by restricting the maximum number of DL MIMO layers to two is estimated to be ~11%.
[bookmark: _Toc53800416]In an FR1 TDD band, the total cost reduction achieved by restricting the maximum number of DL MIMO layers to one is estimated to be ~20%.
[bookmark: _Toc53800417]In FR2, the total cost reduction achieved by restricting the maximum number of DL MIMO layers to one is estimated to be ~16%.
7.3	Analysis of performance impacts
1 
2 
3 
4 
5 
6 
7 
7.1 
7.2 
7.3 
7.3.1 Data rate
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 DL and 16QAM and single MIMO layer in UL (achievable data rates up to ~90 Mbps and ~60 Mbps in DL and UL respectively).
· In FR2, 50 MHz bandwidth, 16QAM and single MIMO layer in DL and UL (achievable data rates up to ~150 Mbps)
This can adequately cover all the Rel-17 RedCap use cases.
[bookmark: _Toc53800418]Reducing the DL/UL maximum modulation orders and/or the maximum number of MIMO layers in FR1 and FR2 can adequately fulfil the peak data rate requirements of all the RedCap use cases.
7.3.2 Coverage
Coverage is mostly determined by factors such as beamforming, antenna gains, transmission repetitions, transmit powers, frequency diversity, low PAPR characteristics of a waveform and the amount of redundancy in the transmitted data. As the reduction of the maximum modulation order or the maximum number of MIMO layers are not the determining factors on these aspects, we do not expect any coverage impacts.
[bookmark: _Toc53800419]There will be no coverage impacts due to reduced maximum modulation orders and/or maximum number of MIMO layers.
7.3.3 Latency
Restricting the DL/UL maximum modulation orders and/or maximum number of MIMO layers may increase latency. However, the end-to-end latency requirements of RedCap use cases are relaxed (e.g. less than 100 ms for industrial wireless sensors and 500 ms for video surveillance), except the 5-10 ms requirement for safety related sensors. 
As discussed in section 4.3, data rate of ~80 Mbps can be achieved with 20 MHz with 64QAM per MIMO layer in FR1. This allows transmitting payload up to 10 Kbytes in 1ms in layer 1 which is more than sufficient for small packet size expected for safety related message and sufficient to ensure the 5-10 ms latency requirement for safety related sensors.
In FR2, it allows larger bandwidth thus higher bit rates can be achieved. Restricting the DL/UL modulation orders and/or the maximum number of MIMO layers can also sufficiently fulfil the latency requirements of all RedCap use cases.
[bookmark: _Toc53800420]Restricting the DL/UL maximum modulation order and/or the maximum number of MIMO layers can sufficiently fulfil the latency requirements of all RedCap use cases.
7.3.4 Reliability
Reliability is mostly related to whether a UE could be scheduled with repetitions or retransmissions and if there are any error floors in the receiving blocks that may prevent the received signals to be reconstructed with sufficiently low BLER. Reducing the maximum DL/UL modulation order or the maximum number of DL MIMO layer will not impact these factors. We do not expect any impacts on reliability.
[bookmark: _Toc53800421]There is no reliability impacts by restricting the maximum DL/UL modulation order or the maximum number of DL MIMO layers.
7.3.5 Power consumption
Reducing the maximum DL/UL modulation order and/or DL MIMO support may reduce power consumption due to reduced complexity in processing a smaller maximum TB. Furthermore, reducing the DL/UL maximum modulation order may also reduce the ADC/DAC power consumption [6]. However, the amount of power saved may not be significant if the RedCap UEs would mostly be in RRC_IDLE/INACTIVE states.
Furthermore, as discussed in section 7.3.1, reducing the maximum modulation order or the maximum number of DL MIMO layers can fulfil the date rate requirements of most RedCap uses cases. In many use cases, long transmission times for large TB sizes are not expected to occur frequently for RedCap use cases. Thus, we do not expect a negative impact on UE power consumption. In use cases where large TB sizes occur more often, and long transmission times might become a consequence of modulation order and MIMO layer reduction for UEs in good coverage. In such cases, there will be more pronounced negative impact on UE power consumption. In summary, the impact on UE power consumption depends on the traffic and coverage scenarios.
[bookmark: _Toc53749836][bookmark: _Toc53800422]The impact on UE power consumption as a result of reducing the DL/UL maximum modulation orders and/or the maximum number of MIMO layers depends on the traffic and coverage scenarios. 
7.3.6 Spectral efficiency
Spectral efficiency is expressed as bit rates per Hz, as reducing the maximum modulation orders in DL/UL and/or the maximum number of MIMO layers will decrease the peak data rates. It is expected that reducing the maximum modulation orders or the maximum number of MIMO layers will degrade the spectral efficiency. However, as higher modulation orders and/or higher MIMO layers are scheduled when SNR is relatively high. Thus, impacts on spectral efficiency may only be observed under good channel conditions.
[bookmark: _Toc53800423]Reducing the DL/UL maximum modulation orders and/or the maximum number of MIMO layers in FR1 and FR2 will degrade the spectral efficiency. However, significant impacts may only be observed under good channel conditions.
7.4 Analysis of coexistence with legacy UEs
During initial access, for the reception of paging indication or broadcasting information (SIBx), PDSCH is not expected to be scheduled with modulation order higher than QPSK [17]. And the scheduling information for Msg3 would be carried in PDCCH using DCI format 0_1 which allows modulation order <= 16QAM to be sent in the DCI. From modulation order perspective, there will be no impacts by restricting the UL and/or DL maximum modulation order based on the current agreement.
Prior to the completion of initial access, it is not possible for the gNB to send the rank indication to the UE. Furthermore, a UE’s MIMO layer support could only be known to the gNB after it has retrieved the UE capability from the UE. Due to the limitation in the current specifications, legacy UEs can only be scheduled with single MIMO layer for initial access. Having a RedCap UE with reduced maximum MIMO layer support in the same network, will not affect the number of MIMO layers to be scheduled for the legacy UEs or the RedCap UEs for initial access transmissions.
[bookmark: _Toc53800424]There will be no coexistence issues by reducing the DL/UL maximum modulation order or the maximum number of DL MIMO layers.
7.5 Analysis of specification impacts
The following main specification impacts may be expected by restricting the maximum DL/UL modulation order or the maximum number of DL MIMO layers:
· TS 38.306 [13]: New UE capability indication may be required to notify the network of UE’s reduced capabilities on the maximum DL/UL modulation order and/or the maximum number of DL MIMO layers supported.

Other potential but non-essential specification impacts may also be anticipated:
· Impacted by reducing the maximum DL/UL modulation orders and/or the maximum number of DL MIMO layers:
· TS 38.212 [16]: DCI optimization by reducing the number of bits required in e.g. indicating MCS or number of DL MIMO layers scheduled.
· Impacted by both reducing the maximum DL and/or UL modulation orders
· TS 38.214 [17]: MCS table optimizations by e.g. removing higher modulation orders.
· Other impacts by reducing the maximum DL modulation order
· TS 38.214 [17]: CQI table optimizations by e.g. removing higher modulation orders.
· TS 38.101-4 [18]: RAN4 requirements on CQI measurement/reporting accuracy may be impacted if the CQI tables are optimized.

[bookmark: _Toc53800425]Reducing the maximum DL/UL modulation order or the maximum number of DL MIMO layer support will mainly impact the new capability indication in TS 38.306. Other potential but non-essential specification impacts in TS 38.212, TS 38.214 and TS 38.101-4 may also be anticipated if there will be optimisations in DCI fields, MCS and/or CQI tables.
8	Cost reduction estimates for combinations of techniques
The cost estimates for all the prioritized cost and complexity reduction techniques have been analysed in previous sections. The results in terms of total UE cost reduction and cost estimate, including both RF and baseband, are summarized in Table 9, Table 10, and Table 11.
[bookmark: _Ref53575331]Table 9: Cost reduction estimates for individual cost or complexity reduction techniques for FR1 FDD UEs.
	FR1 FDD
	Cost reduction
	Cost estimate

	Antenna Reduction
(from 2Rx to 1Rx)
	~21%
	~79%

	BW reduction
(from 100 MHz to 20 MHz)
	~34%
	~66%

	MIMO reduction (reduced to 1 layer)
	~15%
	~85%

	Modulation order reduction
(max 64QAM in DL, instead of 256QAM)
	~7%
	~93%

	Modulation order reduction
(max 16QAM in UL, instead of 64QAM)
	~4%
	~96%

	HD-FDD Type A
	~8%
	~92%

	Relaxed processing time (doubling N1/N2 values compared to those of capability #1)
	~2%
	~98%



[bookmark: _Ref53575333]Table 10: Cost reduction estimates for individual cost or complexity reduction techniques for FR1 TDD UEs.
	FR1 TDD
	Cost reduction
	Cost estimate

	Antenna Reduction
(from 4Rx to 2Rx)
	~24%
	~76%

	Antenna Reduction
(from 4Rx to 1Rx)
	~36%
	~64%

	BW reduction
(from 100 MHz to 20 MHz)
	~34%
	~66%

	MIMO reduction (reduced to 2 layer)
	~12%
	~88%

	MIMO reduction (reduced to 1 layer)
	~20%
	~80%

	Modulation order reduction
(max 64QAM in DL, instead of 256QAM)
	~7%
	~93%

	Modulation order reduction
(max 16QAM in UL, instead of 64QAM)
	~4%
	~96%

	Relaxed processing time (doubling N1/N2 values compared to those of capability #1)
	~3%
	~97%



[bookmark: _Ref53575334]Table 11: Cost reduction estimates for individual cost or complexity reduction techniques for FR2 UEs.
	FR2
	Cost reduction
	Cost estimate

	Antenna Reduction
(from 2Rx to 1Rx)
	~14%
	~86%

	BW reduction
(from 200 MHz to 100 MHz)
	~16%
	~84%

	BW reduction
(from 200 MHz to 50 MHz)
	~24%
	~76%

	MIMO reduction (reduced to 1 layer)
	~16%
	~84%

	Modulation order reduction
(max 16QAM in DL, instead of 64QAM)
	~6%
	~94%

	Modulation order reduction
(max 16QAM in UL, instead of 64QAM)
	~3%
	~97%

	Relaxed processing time (doubling N1/N2 values compared to those of capability #1)
	~2%
	~98%



Based on these cost estimates of the individual cost or complexity reduction techniques, we further obtain cost estimates for certain combinations of cost or complexity reduction techniques. The general methodology we adopted is that if there are X% and Y% cost reductions from techniques A and B, respectively for a cost component Z. Then the combination of techniques A and B gives a cost reduction 1-(1-X%)(1-Y%) for Z.
The results are summarized in Table 12, Table 13, and Table 14. The results are expressed in terms of total UE cost reduction. We consider bandwidth reduction and UE antenna reduction to be the two fundamental cost reduction techniques. Each row in these tables corresponds to a combination of UE maximum bandwidth and number of receive antenna under consideration. For each such combination, additional cost reduction features can be added to further increase cost saving.
[bookmark: _Ref53501558]Table 12: Cost reduction estimates for combinations of cost or complexity reduction techniques for FR1 FDD UEs.
	FR1 FDD
	no additional cost reduction features beyond reduced BW and/or reduced number of Rx antennas
	add MIMO reduction (reduced to 1 layer)
	add 
(1) MIMO reduction 
(2) modulation order reduction
	add 
(1) MIMO reduction 
(2) modulation order reduction 
(3) HD-FDD Type A
	add 
(1) MIMO reduction 
(2) modulation order reduction 
(3) HD-FDD Type A
(4) relaxed processing time

	20 MHz, 1 Rx
	~46%
	~54%
	~58%
	~64%
	~65%



[bookmark: _Ref53501560]Table 13: Cost reduction estimates for combinations of cost or complexity reduction techniques for FR1 TDD UEs.
	FR1 TDD
	no additional cost reduction features beyond reduced BW and/or reduced number of Rx antennas
	add MIMO reduction (max 2-layer)
	add MIMO reduction (reduced to 1 layer)
	add 
(1) MIMO reduction (reduced to 1 layer) 
(2) modulation order reduction
	add 
(1) MIMO reduction (reduced to 1 layer) 
(2) modulation order reduction
(3) relaxed processing time

	20 MHz, 2 Rx
	~49%
	~54%
	~58%
	~62%
	~62%

	20 MHz, 1 Rx
	~57%
	 
	~65%
	~69%
	~69%



[bookmark: _Ref53501561]Table 14: Cost reduction estimates for combinations of cost or complexity reduction techniques for FR2 UEs.
	FR2
	no additional cost reduction features beyond reduced BW and/or reduced number of Rx antennas
	add MIMO reduction (reduced to 1 layer)
	add 
(1) MIMO reduction (reduced to 1 layer) 
(2) modulation order reduction
	add 
(1) MIMO reduction (reduced to 1 layer) 
(2) modulation order reduction
(3) relaxed processing time

	100 MHz, 2 Rx
	~16%
	~29%
	~34%
	~35%

	100 MHz, 1 Rx
	~26%
	~38%
	~43%
	~44%

	50 MHz, 2 Rx
	~24%
	~35%
	~40%
	~40%

	50 MHz, 1 Rx
	~32%
	~42%
	~47%
	~47%



9	Conclusion
In this contribution, we discuss all the UE cost or complexity reduction technique prioritized for the RedCap study according to [2], including
· Reduced number of UE Rx antennas
· UE bandwidth reduction
· Half-duplex FDD
· Relaxed UE processing time in terms of N1/N2 values
· Relaxed UE processing capability, including reduction in terms of number of supported MIMO layers as well as in terms of maximum supported modulation orders

First, the cost reduction benefit for each of these techniques is analysed based on the agreed cost break-down and the agreed reference UE definition [2]. Furthermore, for each of these techniques, performance, coexistence and specification impacts are identified. Important findings are captured in the more than 100 observations below.
Based on the cost analysis of the individual technique, we further obtain cost estimates for certain combinations of techniques. We observe the ranges of cost savings as follows.
· FR1 FDD: ~ 46% – 65%
· FR1 TDD: ~ 49% – 69%
· FR2: ~ 16% – 47%

In our view, the cost reduction aspect is the most important aspect in the RedCap study. The overall cost saving needs to be significant enough to create a meaningful cost difference between the established eMBB UE segment and the new reduced capability UE segment environed for industrial sensors, wearables, and video surveillance use cases. It is however difficult to pinpoint a cost-saving threshold to qualify what a meaningful cost difference is.
Based on our analysis, in FR1 there are a few combinations of techniques that can achieve more than 60% cost saving. We believe these combinations would help create a well differentiated reduced capability UE segment from the eMBB segment. These combinations include those listed in the table below.
	Total cost reduction (band)
	BW 
	Rx Reduction
	MIMO Reduction
	Max Modulation order
	HD-FDD

	~ 64% (FR1, FDD)
	Reduced to 20 MHz
	Reduced to 1 Rx
	Reduced to 1 layer (i.e. no MIMO)
	Limited to 64QAM DL, 16QAM UL
	Type A

	~ 69% (FR1, TDD)
	Reduced to 20 MHz
	Reduced to 1 Rx
	Reduced to 1 layer (i.e. no MIMO)
	Limited to 64QAM DL, 16QAM UL
	

	~ 65% (FR1, TDD)
	Reduced to 20 MHz
	Reduced to 1 Rx
	Reduced to 1 layer (i.e. no MIMO)
	
	

	~ 62% (FR1, TDD)
	Reduced to 20 MHz
	Reduced to 2 Rx
	Reduced to 1 layer (i.e. no MIMO)
	Limited to 64QAM DL, 16QAM UL
	




For each of the above combinations, if the UE processing time in terms of N1/N2 is relaxed, there could be additional saving. However, the additional savings for these cases are insignificant.
In FR2, no combinations achieve a saving greater than 50%. The combinations below achieve greater than 40% saving.
	Total cost reduction (band)
	BW 
	Rx Reduction
	MIMO Reduction
	Max Modulation order

	~ 43% (FR2)
	Reduced to 100 MHz
	Reduced to 1 Rx
	Reduced to 1 layer (i.e. no MIMO)
	Limited to 16QAM DL, 16QAM UL

	~ 40% (FR2)
	Reduced to 50 MHz
	
	Reduced to 1 layer (i.e. no MIMO)
	Limited to 16QAM DL, 16QAM UL

	~ 42% (FR2)
	Reduced to 50 MHz
	Reduced to 1 Rx
	Reduced to 1 layer (i.e. no MIMO)
	

	~ 47% (FR2)
	Reduced to 50 MHz
	Reduced to 1 Rx
	Reduced to 1 layer (i.e. no MIMO)
	Limited to 16QAM DL, 16QAM UL



In the previous sections we have made the following observations: 
Observation 1	Depending on the UE implementation and the frequency separation between the supported bands, the device size may increase with an increase in the number of supported bands within FR1 or FR2.
Observation 2	In an FR1 FDD band, the overall cost of a 1 Rx RedCap UE is estimated to be ~79% of a reference NR UE.
Observation 3	In an FR1 TDD band, the overall cost of a 2 Rx RedCap UE is estimated to be ~76% of a reference NR UE.
Observation 4	In an FR1 TDD band, the overall cost of a 1 Rx RedCap UE is estimated to be ~64% of a reference NR UE.
Observation 5	Reduced number of UE Rx branches is beneficial in terms of reducing the device size in FR1.
Observation 6	In FR2, the overall cost of a 1 Rx RedCap UE is estimated to be ~86% of a reference NR UE.
Observation 7	Reducing the number of UE Rx branches from 2 to 1 has no significant benefit in terms of reducing the device size in FR2.
Observation 8	In an FR1 FDD band, the downlink coverage loss incurred from reducing the number of UE Rx branches from 2 to 1 is in the range 3.5 – 4.4 dB.
Observation 9	In an FR1 TDD band, the downlink coverage loss incurred from reducing the number of UE Rx branches from 4 to 2 is in the range 3.0 – 3.7 dB.
Observation 10	In an FR1 TDD band, the downlink coverage loss incurred from reducing the number of UE Rx branches from 4 to 1 is in the range 6.2 – 8.6 dB.
Observation 11	In FR2, the downlink coverage loss incurred from reducing the number of UE Rx branches from 2 to 1 is in the range 3.7 – 5.7 dB.
Observation 12	Reducing the number of UE Rx branches will reduce the downlink peak data rate and the downlink throughput.
Observation 13	The RedCap UEs with reduced of number of UE Rx branches can sufficiently fulfil the latency and reliability requirements of all RedCap use cases.
Observation 14	Reducing the number of UE Rx branches can increase or decrease the average power consumption at the UE depending on traffic and coverage conditions.
Observation 15	Reducing the number of UE Rx branches will lead to losses in downlink spectral efficiency and the network capacity.
Observation 16	Reducing the number of UE Rx branches can lead to an increase in the PDCCH blocking probability.
Observation 17	Depending on when the RedCap indication is available to the network, reducing the number of UE Rx branches may impact the downlink spectral efficiency and the network capacity of the legacy UEs, or the PRACH resources available to the legacy UEs.
Observation 18	Reducing the number of UE Rx branches may impact the PDCCH blocking probability of legacy UEs, if the same CORESET for the reception of PDCCH is shared between RedCap and normal UEs.
Observation 19	Reducing the number of UE Rx branches may lead to reduced downlink spectral efficiency and network capacity, if common physical channel is used for both legacy and RedCap UEs.
Observation 20	Reducing the number of Rx branches, in general, would have limited RAN1 specification impact. Nevertheless, it might be useful to have early indication of RedCap UE in Msg1 in some scenarios, e.g., to mitigate Msg2 coverage loss, which would impact both RAN1 and RAN2 specifications.
Observation 21	The reduction in Rx branches will affect several aspects of RAN4 specifications, including RF, demodulation and RRM. However, the impact is manageable and comparable (atleast for FR1) to the corresponding changes done for Cat M1 UEs in LTE.
Observation 22	For RedCap UEs in FR1, reducing the requirement on the number of Rx branches by a factor of 2 relative to that of the reference NR UE provides a good trade-off between cost reduction, device size reduction, performance impacts and specification impacts.
Observation 23	In an FR1 FDD band, the total cost reduction achieved by reducing the UE bandwidth from 100 MHz to 20 MHz is estimated to be ~34%.
Observation 24	In an FR1 TDD band, the total cost reduction achieved by reducing the UE bandwidth from 100 MHz to 20 MHz is estimated to be ~34%.
Observation 25	In an FR2 band, the total cost reduction achieved by reducing the UE bandwidth from 200 MHz to 100 MHz is estimated to be ~16%.
Observation 26	In an FR2 band, the total cost reduction achieved by reducing the UE bandwidth from 200 MHz to 50 MHz is estimated to be ~24%.
Observation 27	20 MHz maximum UE bandwidth in FR1 can adequately fulfil the data rate requirements of RedCap use cases.
Observation 28	Both 50 MHz and 100 MHz maximum UE bandwidth options in FR2 can adequately fulfil the data rate requirements of RedCap use cases.
Observation 29	The bandwidth reduction options under consideration only have minor impacts on the PDSCH coverage for a given modulation and coding scheme.
Observation 30	For PUSCH, bandwidth reduction will not have a significant impact on coverage.
Observation 31	In FR1, reducing the maximum UE bandwidth to 20 MHz does not have coverage impact on SSB, PDCCH, and PDSCH scheduled within the CORESET#0 bandwidth.
Observation 32	UE bandwidth 20 MHz is enough to support PDCCH AL 16 in FR1.
Observation 33	Bandwidth reduction will not have a significant impact on PUCCH coverage.
Observation 34	In FR2, a UE with a 50 MHz bandwidth limitation can still detect an SSB of 240 kHz SCS. The performance loss at 1% BLER is less than 0.5 dB for 2 Rx and 0.7 dB for 1 Rx compared to a UE with 100 MHz UE bandwidth.
Observation 35	In FR2, there is no performance loss for PSS/SSS for a UE with a 50 MHz bandwidth limitation.
Observation 36	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 for AL 16 is about 2 dB.
Observation 37	20 MHz maximum UE bandwidth in FR1 can sufficiently fulfil the latency requirements of all RedCap use cases, including the most demanding requirement of 5-10 ms for safety related sensors.
Observation 38	Both 50 MHz and 100 MHz maximum UE bandwidth options in FR2 can sufficiently fulfil the latency requirements of all RedCap use cases, including the most demanding requirement of 5-10 ms for safety related sensors.
Observation 39	All the RedCap bandwidth options (i.e. 20 MHz in FR1 as well as 50 MHz and 100 MHz in FR2) can meet the reliability target of RedCap use cases.
Observation 40	There is no clear power consumption advantage or disadvantage due to UE bandwidth reduction. It may depend on the specific traffic scenario.
Observation 41	All the bandwidth options considered for RedCap are expected to have achieved enough frequency diversity. The additional frequency diversity beyond 20 MHz in FR1, or beyond either 50 MHz or 100 MHz in FR2 is minimal.
Observation 42	PDCCH blocking probability is only slightly increased if the maximum UE bandwidth is further reduced from 100 MHz to 50 MHz.
Observation 43	Bandwidth reduction results in a longer SSB/SIB1 acquisition time in FR2. However, it is not necessary to have stringent SSB acquisition requirements for RedCap use cases.
Observation 44	Thanks to the bandwidth part framework, coexistence between legacy UEs operating in a wide BWP and RedCap UEs operating in a small BWP is ensured.
Observation 45	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 if the center frequency is fixed to the center of the initial UL BWP.
Observation 46	For frequency-hopping Msg4 PUCCH or Msg3 PUSCH transmissions, the UE needs to frequency hop within the initial UL BWP, which may have a bandwidth larger than the maximum RedCap UE bandwidth.
Observation 47	A new set of system information may be needed to indicate whether the cell supports RedCap UEs and to provide RRC configuration information.
Observation 48	System information that is needed for supporting RedCap UEs may be added as new information elements to existing SI blocks or as new SI blocks.
Observation 49	The legacy paging procedure will work fine for RedCap UEs with 20 MHz bandwidth in FR1 and 50 MHz or 100 MHz bandwidth in FR2.
Observation 50	There are solutions that can be used to support RedCap UEs camping on a cell with initial DL or UL BWP bandwidth larger than the maximum UE bandwidth.
Observation 51	There is no need to define a dedicated initial BWP for RedCap UEs.
Observation 52	It is feasible to allow a RedCap UE to camp on a cell even when the initial DL or UL BWP configured in the cell is larger than the maximum UE bandwidth.
Observation 53	Most RF core requirements can be reused for supporting RedCap UE bandwidth reduction. However, certain modifications may be considered to reflect that the UE may not measure on the SSB at all times, if scheduled in other parts of the carrier.
Observation 54	To allow the 240 kHz SCS SSB configuration to be used UEs with 50 MHz maximum bandwidth, the minimum guardband for SSB reception needs to be specified.
Observation 55	In an FR1 FDD band, the total UE cost reduction achieved by only requiring Type A HD-FDD operation at the UE is estimated to be ~8%.
Observation 56	In an FR1 FDD band, the total UE cost reduction achieved by only requiring Type A HD-FDD operation at the UE is estimated to be ~9%.
Observation 57	Type A and Type B HD-FDD achieve approximately the same UE cost reduction.
Observation 58	An HD-FDD device supporting 20 MHz device bandwidth can sufficiently fulfil the Rel-17 Redcap data rate requirements.
Observation 59	HD-FDD will not result in a coverage loss.
Observation 60	An HD-FDD device in RRC_CONNECTED can meet the 5-10 ms latency requirement for safety related sensors.
Observation 61	The peak UE power consumption can be potentially reduced with HD-FDD operation.
Observation 62	It is not clear whether HD-FDD results in improved average UE power consumption or energy efficiency.
Observation 63	HD-FDD does not have impact on system-level spectral efficiency and capacity.
Observation 64	Introducing the support of Type-A HD-FDD operation will not introduce any coexistence issues with legacy UEs.
Observation 65	Introducing the support of Type B HD-FDD operation may require longer time gaps between subsequent messages in the random-access procedure and may therefore introduce longer delay in the random-access procedure for legacy UEs.
Observation 66	Introducing Type B HD-FDD operation has a significant impact on the gNB scheduler.
Observation 67	To support HD-FDD devices, the specifications need to define DL-to-UL and/or UL-to-DL switching time for HD-FDD operation.
Observation 68	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 69	DL-to-UL and UL-to-DL switching time for a Type A HD-FDD device can reuse the same values of  and  specified in Table 4.3.2-3 of TS 38.211.
Observation 70	The values of  and  specified in Table 4.3.2-3 of TS 38.211 cannot be used as DL-to-UL and UL-to-DL switching time for a Type B HD-FDD device.
Observation 71	To support HD-FDD devices, 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 72	HD-FDD capability might be included in early UE-type or UE-capability indication to facilitate gNB scheduling.
Observation 73	Type A HD-FDD operation will not impact BWP switch delay requirements.
Observation 74	Type B HD-FDD operation will require defining new BWP switch delay requirements.
Observation 75	Introducing Type B HD-FDD operation would have much more specification impacts that Type A.
Observation 76	RAN4 specification changes such as new reference sensitivity, RRM, and performance requirements can be expected, due to the lack of a duplexer, thus less insertion loss.
Observation 77	Thanks to the flexibility in TDRA and HARQ timing in NR, there is less motivation to adopt features such as increasing the number of HARQ processes, multi-TB scheduling, and HARQ-ACK bundling, if Type A HD-FDD is introduced for RedCap
Observation 78	If for unforeseeable reasons, features such as increasing the number of HARQ processes, multi-TB scheduling, and HARQ-ACK bundling, need to be introduced for enhancing the throughput for an HD-FDD UE, the specification impacts will be very significant.
Observation 79	In an FR1 FDD band, the total cost reduction achieved by allowing relaxed UE processing time in terms of N1/N2 is estimated to be ~2%.
Observation 80	In an FR1 TDD band, the total cost reduction achieved by allowing relaxed UE processing time in terms of N1/N2 is estimated to be ~3%.
Observation 81	In an FR2 band, the total cost reduction achieved by allowing relaxed UE processing time in terms of N1/N2 is estimated to be ~2%.
Observation 82	No significant impact on data rate is expected from relaxed UE processing time, except the case when HARQ retransmission is considered.
Observation 83	No significant coverage impact is expected from relaxed UE processing time for most of RedCap use cases.
Observation 84	There can be a coverage impact from relaxed UE processing time due to a smaller number of allowed HARQ-retransmissions within a latency budget.
Observation 85	Relaxed UE processing time capability in terms of N1/N2 has an impact on achievable transmission latency.
Observation 86	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, relaxed UE processing time might not be suitable.
Observation 87	No impact on UE power saving gain related to cross-slot scheduling is expected from relaxed UE processing time. The NW can configure RedCap UEs to achieve the power saving gain even if no relaxed UE processing time capability is defined.
Observation 88	No significant impact on spectral efficiency is expected from relaxed UE processing time.
Observation 89	Relaxed UE processing time in terms of N1/N2 can have significant impact on scheduling flexibility and complexity.
Observation 90	UE relaxed processing time can increase complexity at the scheduler.
Observation 91	Introducing a more relaxed requirement for Msg3 scheduling can potentially impact Msg3 scheduling for legacy UEs in the coexistence scenarios.
Observation 92	Definition of relaxed UE processing time capability and N1/N2 values are needed in RAN1 specification (TS 38.214) if a more relaxed UE processing time capability is introduced.
Observation 93	No other specification impacts related to scheduling timing beyond definition of relaxed UE processing time capability and N1/N2 values are expected if a more relaxed UE processing time in terms of N1/N2 is introduced.
Observation 94	Relaxing UE processing in terms of N1/N2 brings negligible cost reduction benefit while having negative impacts on scheduling flexibility/complexity and potential coexistence with legacy UEs.
Observation 95	Reducing the maximum number of HARQ processes may risk not being able to maintain sustained data rate. The amount of cost saved (with maximum number of HARQ processes reduction) may not be enough to justify this potential issue.
Observation 96	In an FR1 FDD band, the total cost reduction achieved by restricting the maximum DL modulation order to 64QAM is estimated to be ~7.
Observation 97	In an FR1 TDD band, the total cost reduction achieved by restricting the maximum DL modulation order to 64QAM is estimated to be ~7%.
Observation 98	In FR2, the total cost reduction achieved by restricting the maximum DL modulation order 16QAM is estimated to be ~6%.
Observation 99	In an FR1 FDD band, the total cost reduction achieved by restricting the maximum UL modulation order to 16QAM is estimated to be ~4%.
Observation 100	In an FR1 TDD band, the overall the total cost reduction achieved by restricting the maximum UL modulation order to 16QAM is estimated to be ~4%.
Observation 101	In FR2, the total cost reduction achieved by restricting the maximum UL modulation order to 16QAM is estimated to be ~3%.
Observation 102	In an FR1 FDD band, the total cost reduction achieved by restricting the maximum number of DL MIMO layers to one is estimated to be ~15%.
Observation 103	In an FR1 TDD band, the total cost reduction achieved by restricting the maximum number of DL MIMO layers to two is estimated to be ~11%.
Observation 104	In an FR1 TDD band, the total cost reduction achieved by restricting the maximum number of DL MIMO layers to one is estimated to be ~20%.
Observation 105	In FR2, the total cost reduction achieved by restricting the maximum number of DL MIMO layers to one is estimated to be ~16%.
Observation 106	Reducing the DL/UL maximum modulation orders and/or the maximum number of MIMO layers in FR1 and FR2 can adequately fulfil the peak data rate requirements of all the RedCap use cases.
Observation 107	There will be no coverage impacts due to reduced maximum modulation orders and/or maximum number of MIMO layers.
Observation 108	Restricting the DL/UL maximum modulation order and/or the maximum number of MIMO layers can sufficiently fulfil the latency requirements of all RedCap use cases.
Observation 109	There is no reliability impacts by restricting the maximum DL/UL modulation order or the maximum number of DL MIMO layers.
Observation 110	The impact on UE power consumption as a result of reducing the DL/UL maximum modulation orders and/or the maximum number of MIMO layers depends on the traffic and coverage scenarios.
Observation 111	Reducing the DL/UL maximum modulation orders and/or the maximum number of MIMO layers in FR1 and FR2 will degrade the spectral efficiency. However, significant impacts may only be observed under good channel conditions.
Observation 112	There will be no coexistence issues by reducing the DL/UL maximum modulation order or the maximum number of DL MIMO layers.
Observation 113	Reducing the maximum DL/UL modulation order or the maximum number of DL MIMO layer support will mainly impact the new capability indication in TS 38.306. Other potential but non-essential specification impacts in TS 38.212, TS 38.214 and TS 38.101-4 may also be anticipated if there will be optimisations in DCI fields, MCS and/or CQI tables.
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