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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN#94, a study item to examine complexity reduction techniques and processing relaxation with a goal of reducing the peak data rate to 10 Mbps was approved [1]. The SID has the following objectives:
· Study further UE complexity reduction techniques based on Rel-17 evaluation methodology in TR 38.875 [RAN1]
· Consider network impact, coexistence of Rel-17 and Rel-18 RedCap and non-RedCap UEs in a cell, UE impact, specification impact
· Potential solutions, which may complement each other, for reducing device complexity are focusing on:
· UE bandwidth reduction to 5MHz in FR1,
· Possibly in combination with relaxed UE processing timeline for PDSCH and/or PUSCH and/or CSI
· reduced UE peak data rate in FR1, 
· Possibly including restricted bandwidth for PDSCH and/or PUSCH
· Possibly in combination with relaxed UE processing timeline for PDSCH and/or PUSCH and/or CSI
· Notes:
· Rel-15 SSB should be reused and L1 changes minimized.
· Operation in BWP with/without SSB and without/with RF retuning should be considered.
· It is not precluded that some solutions for FR1 can be applied to FR2 in WI stage.
· Aim to define a single Rel-18 RedCap UE type for further UE complexity reduction.
In the objectives, the study of several potential complexity reduction techniques should be based on the evaluation methodology used for Rel-17 [2]. We propose that the methodology for evaluating complexity be reused with minimal changes. We also examine the complexity reduction techniques listed in objectives as well as other techniques that were considered for Rel 17.

Discussion
Evaluation methodology
The study of complexity reduction techniques should be based on the evaluation methodology used for Rel-17, as stated in the SID. There are several aspects to consider: analysis of the complexity reduction, i.e., identifying the main contributors to the complexity; analysis of performance impacts, e.g., coverage, network capacity, data rate, latency & reliability; analysis of coexistence with legacy UEs; and analysis of specification impacts. Each aspect is discussed below.
Evaluation aspects
In 38.875, clause 6.1 lists the complexity breakdown for a reference NR device. Table 6.1-1 is reproduced below along with a last row showing the ratio of RF to baseband (BB) complexity [2]. 
[bookmark: _Ref100559981]Table 1. Reproduced Table 6.1-1 from 38.875: complexity breakdown for a reference NR device
	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%

	RF-to-baseband complexity ratio
	40% RF, 60% BB
	40% RF, 60% BB
	50% RF, 50% BB



With this table, a simple comparison of complexity reduction estimates was possible while accounting for various implementations. 
For Rel-18, the same table should be reused to compare proposed reduction techniques for several reasons. One reason is given the short duration of the SID, it is better to reuse agreed values as opposed to spending several meetings to obtain possibly new values. Another reason is the complexity breakdowns for a non-RedCap UE are based on stable designs whereas the breakdowns for a Rel-17 RedCap device will have more variance and uncertainty as the Rel-17 standards were just published. A third reason is marketplace considerations. For a Rel-17 RedCap UE, the estimated complexity reduction relative to a reference UE was reported in [2]. For a Rel-18 RedCap UE, when the same reference UE is used, vendors / operators can decide which type of RedCap UE should be appropriate for their applications / allowed in the system based on comparisons to the same reference device. For example, if a combination of techniques provides a 60% reduction for Rel-18 while a Rel-17 RedCap UE provides a 53% reduction, a vendor / operator can decide whether the 7% additional improvement is worth the effort for implementing the techniques. 
Proposal 1: Reuse the complexity breakdown for a reference NR device for the complexity reduction techniques in Rel-18.
Performance aspects and simulations are treated in our companion document [4]. For aspects such as data rate, a complexity reduction technique often has a direct relationship to the (maximum) data rate. A qualitative analysis can be used to estimate the change in data rate. For example, using 64QAM instead of 256QAM, the maximum data rate is reduced by 25%.
Define a baseline Rel-17 RedCap UE
From Rel-17, a RedCap UE supports the required bandwidth reduction from the WID as well as four RAN1 optional configurations (using a minimum of one Rx branch, a minimum of one MIMO layer, a maximum DL modulation order of 64QAM, and HD FDD). There are 8 possible combinations of configurations for FDD: (none or 21 Rx branch/layer reduction)×(64 or 256 QAM DL modulation order)×(full duplex or half duplex FDD) and 4 combinations for TDD: (42 or 41 Rx branch/layer reduction)×(64 or 256 QAM DL modulation order). In order to compare a Rel-17 RedCap device to a Rel-18 device with additional complexity reduction techniques, it is important to focus on one common configuration combination for Rel-17 RedCap devices (i.e., baseline). As HD FDD is a limited use case with access restrictions, we propose not to include it in the baseline. The expected “go/no go” decision for a WI should not be reliant on HD FDD. It is proposed that a baseline Rel-17 RedCap UE includes complexity reduction configurations common to TDD and FDD: one Rx branch, one MIMO layer, a maximum DL modulation order of 64QAM. 
[bookmark: _Hlk100823436]Proposal 2: Define a baseline Rel-17 RedCap UE that supports a maximum 20 MHz bandwidth, one Rx branch, one MIMO layer, and a maximum DL modulation order of 64QAM.
The benefit of defining a baseline Rel-17 RedCap UE is that it simplifies comparisons. Based on the proposal, the complexity estimates for the baseline RedCap UE would use the following estimates from 38.885: for FDD (10020 MHz; 21 Rx branch/layers, and 25664 QAM DL modulation order); and for TDD (10020 MHz; 41 Rx branch/layers, and 25664 QAM DL modulation order). A baseline RedCap UE for FDD provides 53.2% complexity savings as shown in Table 2. Table 3 shows the baseline complexity savings of 66.3% for TDD. We will use this configuration for FDD and TDD comparisons in the document.
[bookmark: _Ref100556554]Table 2. Rel-17 UE proposed baseline complexity reduction features for FDD (20 MHz BW, 1 Rx branch, 1 MIMO layer, 64QAM max modulation order)
	Functional block
	FR1 FDD (2Rx)
	BW reduction
	21 Rx branch
	21 MIMO
	25664 mod order
	Complexity

	RF

	Antenna array for FR2
	
	
	
	
	
	

	Power amplifier 
	25%
	25.0%
	25.0%
	25.0%
	25.0%
	25.0%

	Filters
	10%
	10.0%
	5.0%
	10.0%
	10.0%
	5.0%

	RF transceiver (including LNAs, mixer, and local oscillator)
	45%
	45.0%
	29.3%
	45.0%
	42.8%
	27.8%

	Duplexer / Switch
	20%
	20.0%
	20.0%
	20.0%
	20.0%
	20.0%

	Total RF
	
	100.0%
	79.3%
	100.0%
	97.8%
	77.8%

	Baseband

	ADC / DAC
	10%
	2.0%
	6.0%
	10.0%
	8.0%
	1.0%

	FFT/IFFT
	4%
	0.8%
	2.0%
	4.0%
	4.0%
	0.4%

	Post-FFT data buffering
	10%
	2.0%
	5.0%
	10.0%
	10.0%
	1.0%

	Receiver processing block
	24%
	12.0%
	12.0%
	24.0%
	24.0%
	6.0%

	LDPC decoding
	10%
	2.0%
	10.0%
	5.0%
	7.5%
	0.8%

	HARQ buffer
	14%
	2.8%
	14.0%
	7.0%
	10.5%
	1.0%

	DL control processing & decoder
	5%
	5.0%
	5.0%
	5.0%
	5.0%
	5.0%

	Synchronization / cell search block
	9%
	9.0%
	4.5%
	9.0%
	9.0%
	4.5%

	UL processing block
	5%
	2.0%
	5.0%
	5.0%
	5.0%
	2.0%

	MIMO specific processing blocks
	9%
	9.0%
	9.0%
	4.5%
	9.0%
	4.5%

	Total baseband
	100%
	46.6%
	72.5%
	83.5%
	92.0%
	26.2%

	Total overall [40% RF: 60% BB]
	100%
	68.0%
	75.2%
	90.1%
	94.3%
	46.8%



[bookmark: _Ref100738244]Table 3. Rel-17 UE proposed baseline complexity reduction features for TDD (20 MHz BW, 1 Rx branch, 1 MIMO layer, 64QAM max modulation order)
	Functional block
	FR1 TDD (4Rx)
	BW reduction
	41 Rx branch
	41 MIMO
	25664 mod order
	Complexity

	RF

	Antenna array for FR2
	
	
	
	
	
	

	Power amplifier 
	25%
	25.0%
	25.0%
	25.0%
	25.0%
	25.0%

	Filters
	15%
	15.0%
	3.8%
	15.0%
	15.0%
	3.8%

	RF transceiver (including LNAs, mixer, and local oscillator)
	55%
	55.0%
	27.5%
	55.0%
	52.3%
	26.1%

	Duplexer / Switch
	5%
	5.0%
	5.0%
	5.0%
	5.0%
	5.0%

	Total RF
	
	100.0%
	61.3%
	100.0%
	97.3%
	59.9%

	Baseband

	ADC / DAC
	9%
	1.8%
	3.6%
	9.0%
	7.2%
	0.6%

	FFT/IFFT
	4%
	0.8%
	1.0%
	4.0%
	4.0%
	0.2%

	Post-FFT data buffering
	10%
	2.0%
	2.5%
	10.0%
	10.0%
	0.5%

	Receiver processing block
	29%
	14.5%
	7.3%
	29.0%
	29.0%
	3.6%

	LDPC decoding
	9%
	1.8%
	9.0%
	2.3%
	6.8%
	0.3%

	HARQ buffer
	12%
	2.4%
	12.0%
	3.0%
	9.0%
	0.5%

	DL control processing & decoder
	4%
	4.0%
	4.0%
	4.0%
	4.0%
	4.0%

	Synchronization / cell search block
	9%
	9.0%
	2.3%
	9.0%
	9.0%
	2.3%

	UL processing block
	5%
	2.0%
	5.0%
	5.0%
	5.0%
	2.0%

	MIMO specific processing blocks
	9%
	9.0%
	9.0%
	2.3%
	9.0%
	2.3%

	Total baseband
	100%
	47.3%
	55.6%
	77.5%
	93.0%
	16.2%

	Total overall [40% RF: 60% BB]
	100%
	68.4%
	57.9%
	86.5%
	94.7%
	33.7%


Complexity reduction techniques
There are several complexity techniques listed in the objectives of the SID. In addition, there were several items discussed for Rel-17 RedCap. The list of some possible techniques examined in the document is presented below. All these techniques can reduce the peak data rate.
· HARQ buffer
· Number of HARQ processes
· HARQ buffer size reduction
· L2 buffer size reduction [6]
· Modulation order
· 25616 QAM on the DL
· 6416 QAM on the UL
· 5 MHz bandwidth
· 5 MHz restriction for PDSCH / PUSCH
· 5 MHz RF bandwidth (symmetric bandwidth)
· Asymmetric bandwidth
· Processing time relaxation
· PDSCH/PUSCH
· PDCCH processing and PDSCH/PUSCH
· CSI
HARQ Buffer
[bookmark: _Ref101431508]Reduced number of HARQ processes
Background
Several companies expressed interest in reducing the number of HARQ processes during the development of the SID. The standard specifies the number of processes a UE must support.
From 38.214 clause 5.1, a UE can be configured with fewer than the required 16 processes.
For downlink, a maximum of 16 HARQ processes per cell is supported by the UE. The number of processes the UE may assume will at most be used for the downlink is configured to the UE for each cell separately by higher layer parameter nrofHARQ-ProcessesForPDSCH, and when no configuration is provided the UE may assume a default number of 8 processes.
Also from 38.214, clause 6.1, a UE must support 16 HARQ processes.
For uplink, 16 HARQ processes per cell is supported by the UE.
On the downlink, the size of HARQ buffer is basically the product of the number of soft bits to represent a channel bit, the maximum modulation order, the maximum number of RBs supported (bandwidth), the number of MIMO layers supported, the number of carriers supported, and the number of HARQ processes supported. The size of the HARQ buffer is also a function of the coding rate. LBRM (limited buffer rate matching) reduces the amount of buffer needed. 
To achieve peak data rate, the number of HARQ processes should be related to the time needed for a re-transmission of a TB (on the DL, PDCCH processing time, PDSCH processing time, feedback time). Assuming one HARQ process per slot and the transmission time is expressed in slots, when the number of HARQ processes is less than the re-transmission time, the peak data rate would be reduced due to the wait for reusing the same HARQ process.
Analysis
HARQ buffer represents 14% and 12% of the baseband complexity in the reference design for FDD and TDD. respectively, as listed in Table 1. Reducing the number of HARQ processes supported will lead to a complexity reduction for the HARQ buffer. However, when considering the complexity reduction with the bandwidth reduction, one MIMO layer, no support for carrier aggregation, and maximum modulation order reduction, the HARQ buffer size has been already reduced significantly to 1% (FDD) and 0.5% (TDD), as captured in the baseline configuration in Table 2 and Table 3, respectively. Reducing the number of HARQ processes may not provide a significant complexity reduction. The following table examines the complexity reduction with a 50% reduction in the number of HARQ processes for both the DL and UL.
[bookmark: _Ref100825936]Table 4. Comparison of complexity reduction with reduced number of HARQ processes. Red font indicates changed value from baseline.
	
	FR1 FDD (2 RX)
	FR1 TDD (4 RX)

	Functional block
	Reference
	Baseline
	Baseline+ HARQ
	Reference
	Baseline
	Baseline+ HARQ

	RF

	Antenna array for FR2
	
	
	
	
	
	

	Power amplifier 
	25%
	25.0%
	25.0%
	25%
	25.0%
	25.0%

	Filters
	10%
	5.0%
	5.0%
	15%
	3.8%
	3.8%

	RF transceiver (including LNAs, mixer, and local oscillator)
	45%
	27.8%
	27.8%
	55%
	26.1%
	26.1%

	Duplexer / Switch
	20%
	20.0%
	20.0%
	5%
	5.0%
	5.0%

	Total RF
	
	77.8%
	77.8%
	
	59.9%
	59.9%

	Baseband

	ADC / DAC
	10%
	1.0%
	1.0%
	9%
	0.6%
	0.6%

	FFT/IFFT
	4%
	0.4%
	0.4%
	4%
	0.2%
	0.2%

	Post-FFT data buffering
	10%
	1.0%
	1.0%
	10%
	0.5%
	0.5%

	Receiver processing block
	24%
	6.0%
	6.0%
	29%
	3.6%
	3.6%

	LDPC decoding
	10%
	0.8%
	0.8%
	9%
	0.3%
	0.3%

	HARQ buffer
	14%
	1.0%
	0.5%
	12%
	0.5%
	0.2%

	DL control processing & decoder
	5%
	5.0%
	5.0%
	4%
	4.0%
	4.0%

	Synchronization / cell search block
	9%
	4.5%
	4.5%
	9%
	2.3%
	2.3%

	UL processing block
	5%
	2.0%
	2.0%
	5%
	2.0%
	2.0%

	MIMO specific processing blocks
	9%
	4.5%
	4.5%
	9%
	2.3%
	2.3%

	Total baseband
	
	26.2%
	25.6%
	
	16.2%
	16.0%

	Total overall [40% RF: 60% BB]
	100%
	46.8%
	46.5%
	100%
	33.7%
	33.5%



Thus, the overall complexity with 50% fewer HARQ processes is an additional 0.3% for FDD and 0.2% for TDD compared to the baseline design.
Observation 1: A reduced number of HARQ processes provides minimal complexity reduction benefits when considering bandwidth reduction, one MIMO layer and maximum modulation order reduction.
Complexity reduction
Table 4 shows that the reduction in the number of HARQ processes has a small impact to complexity reduction [0.3% FDD and 0.2% TDD]. However, reducing the number of processes even beyond 50% may be considered with processing time reduction or with other techniques which increase processing time (e.g., time repetition).
Performance impact
Reduction in the number of HARQ processes can lower the peak data rate, especially when the number of processes is less than the processing time (in units of slots) needed for a retransmission. With SPS, a reduction of HARQ processes may lower the number of concurrent SPS processes.
Coexistence impact
None anticipated
Specification impact
Currently for the DL, the number of HARQ processes can be configured to be less than 16 (38.214 clause 5.1). There may be impact to L2 buffer size as well as some feature signaling.
Reducing the size of HARQ buffer
Background
As mentioned, the amount of memory for HARQ buffer is a function of several factors. Implementations may consider “overbooking”, which allows the buffer to be smaller when considering statistics. For example, with 16 parallel HARQ processes, a 20% block error rate implies ~4 HARQ processes are stored. Also, a smaller HARQ buffer size may be used for most processes based on how frequently the largest TB size occurs. When considering statistics of the source data and the block errors, it is possible that far fewer than 16 HARQ processes will actually be needed at any time. Also, note if there is a reduction in the peak data rate (maximum TB size), the size of the buffer can be reduced.
Complexity reduction
As mentioned in the background of section 2.2.1.1, the amount of HARQ buffer is proportional to the number of processes. If it is determined that a buffer size equivalent to an average of 8 processes is necessary with overbooking, then the complexity reduction for overbooking can be estimated using the results in Table 4, which is computed using half the number of HARQ processes. 
Performance impact
There may be a reduction in peak data rate, but it may be a function of standards changes.
Coexistence impact
None anticipated
Specification impact
In general, how to design HARQ buffer management is up to implementation. Lowering the peak data rate can lead to HARQ buffer size reduction because the largest TB size to support is smaller.
L2 buffer size reduction
Background
The L2 buffer is present at both the transmitter and receiver of the UE. At a very high level, at the transmit side, data is transferred from the L2 buffer and encapsulated appropriately before the MAC layer. The ensuing TB block is possibly segmented into small sized code blocks, each of which are then encoded, before concatenation and subsequent transmission. At the receive side, after a successful decode of all code blocks in a transmission, the code blocks are reassembled for subsequent MAC processing. Since the received data may be out-of-order, it is placed into the L2 buffer for later processing. The L2 buffer stores bits, not soft values. The following diagram shows the relationship to some of the physical layer blocks. At the transmitter side, the L2 buffer can be considered as input to the UL processing block. At the receiver, it is unclear which block can represent the L2 buffer because the L2 buffer is used after decoding and is somewhat independent of the HARQ buffer. The decoding block is typically associated with the actual processing, not storage.
Receive
LDPC decode
TB reassembly
MAC handling
Rx L2 buffer
Transmit
Tx L2 buffer
MAC processing
TB segment
LDPC encode

[bookmark: _Ref100925539]Fig. 1. High level view of L2 buffer
In RAN1#106bis, RAN2 sent RAN1 an LS asking for inputs about the L2 buffer size for RedCap UEs [6]. The relevant clause of 38.306 is presented in the appendix. Specifically, there is a clause stating
For single carrier NR SA operation, the UE shall support a data rate for the carrier that is no smaller than the data rate computed using the above formula, with  and component  is no smaller than 4.
Because of this clause, several companies proposed revisiting aspects of the L2 buffer size based on the observation the number of layers and the maximum modulation order are reduced to 1 and 6, respectively, for RedCap UEs. For example, with one layer and 64QAM, the product is  or . In the standards, there are three possible values of the scaling factor  would satisfy that constraint.
The reply LS [7] stated that RAN1 could not arrive at a consensus regarding any options for the scaling factor: including defining that the peak rate scaling factor is not applicable for RedCap UEs, relaxing the constraint for the product, and reducing scaling factor.
When considering complexity reduction techniques, such as reduction in the maximum modulation order for the DL and/or UL, processing time relaxation, and reduction in the number of HARQ processes, the peak data rate may be reduced. If such techniques are agreed, we can reconsider the clause regarding L2 buffer size.
Observation 2: It may not be worthwhile to spend time re-discussing L2 buffer size in Rel-18.
Complexity reduction
From a RAN1 perspective, as L2 buffer size is not captured explicitly in the complexity table (Table 1), it is difficult to estimate its complexity reduction at the physical layer. This complexity reduction is primarily memory management and memory size, both of which can be large on chips. Based on the high-level description for Fig. 1, it can be possibly argued that 5% of the UL processing is for the transmit L2 buffer. 
Performance impact
As the L2 buffer size is related to physical layer data rate, the techniques that lower the data rate and are related to modulation order / processing time / number of HARQ processes may impact to L2 buffer size.
Coexistence impact
None anticipated
Specification impact
38.306 (feature signaling) and related clauses in 38.331 and the PDU-related specifications.
Maximum modulation order reduction
The peak data rate is directly related to the maximum modulation order. 
UL
Background
In the Rel-17 study, UL modulation order reduction (64QAM16QAM) was considered at the same time as DL modulation order reduction (256QAM64QAM). The complexity estimates are available for the UL modulation order reduction [2]. For the UL, there may be some complexity reduction for the power amplifier (e.g., linearity, phase noise), DAC, and some reduced UL processing. 
Analysis
Table 5 shows the complexity estimates for both FDD and TDD for a UL modulation order reduction. The column 38.875 captures the estimate from table 7.7.2-1 in [2]. Note in table 7.7.2-1, the complexity estimates for TDD erroneously appear to be the same as FDD. In our analysis, the complexity reductions for FDD were used to generate the complexity estimates for TDD. The last column (baseline + mod) incorporates the uplink modulation reduction to the baseline. The calculations show an estimated 1.3% reduction in complexity for both FDD and TDD over the baseline.
[bookmark: _Ref100831283]Table 5. Comparison of complexity reduction with reduced UL modulation order. * indicates corrected complexity estimates used for TDD. Red font indicates changed value from baseline.
	
	FR1 FDD (2Rx)
	FR1 TDD (4Rx)

	Functional block
	Reference
	38.875 UL mod
	Baseline
	Baseline + mod
	Reference
	38.875 UL mod
	Baseline
	Baseline + Mod

	RF

	Antenna array for FR2
	
	
	
	
	
	
	
	

	Power amplifier 
	25%
	22.7%
	25.0%
	22.7%
	25%
	22.7% *
	25.0%
	22.7%

	Filters
	10%
	10.0%
	5.0%
	5.0%
	15%
	15.0% *
	3.8%
	3.8%

	RF transceiver (including LNAs, mixer, and local oscillator)
	45%
	44.4%
	27.8%
	27.4%
	55%
	54.3% *
	26.1%
	25.8%

	Duplexer / Switch
	20%
	20.0%
	20.0%
	20.0%
	5%
	5.0% *
	5.0%
	5.0%

	Total RF
	
	97.1%
	77.8%
	75.1%
	
	97.0% *
	59.9%
	57.2%

	Baseband

	ADC / DAC
	10%
	9.1%
	1.0%
	0.9%
	9%
	8.2% *
	0.6%
	0.5%

	FFT/IFFT
	4%
	4.0%
	0.4%
	0.4%
	4%
	4.0% *
	0.2%
	0.2%

	Post-FFT data buffering
	10%
	10.0%
	1.0%
	1.0%
	10%
	10.0% *
	0.5%
	0.5%

	Receiver processing block
	24%
	24.0%
	6.0%
	6.0%
	29%
	29.0% *
	3.6%
	3.6%

	LDPC decoding
	10%
	10.0%
	0.8%
	0.8%
	9%
	9.0% *
	0.3%
	0.3%

	HARQ buffer
	14%
	14.0%
	1.0%
	1.1%
	12%
	12.0% *
	0.5%
	0.5%

	DL control processing & decoder
	5%
	5.0%
	5.0%
	5.0%
	4%
	4.0% *
	4.0%
	4.0%

	Synchronization / cell search block
	9%
	9.0%
	4.5%
	4.5%
	9%
	9.0% *
	2.3%
	2.3%

	UL processing block
	5%
	4.1%
	2.0%
	1.6%
	5%
	4.1% *
	2.0%
	1.6%

	MIMO specific processing blocks
	9%
	9.0%
	4.5%
	4.5%
	9%
	9.0% *
	2.3%
	2.3%

	Total baseband
	
	98.2%
	26.2%
	25.7%
	
	98.3% *
	16.2%
	15.8%

	Total overall [40% RF: 60% BB]
	100%
	97.8%
	46.8%
	45.5%
	100%
	97.8% *
	33.7%
	32.4%



Based on the results, the following observation for UL modulation order reduction is:
Observation 3: UL modulation order reduction (6416 QAM) provides an additional 1.3% (FDD and TDD) complexity reduction over the baseline.
DL
Background
Companies may want to consider further modulation order for the DL (256QAM16QAM). The analysis is presented below. There may be some complexity reduction for the transceiver (10%), ADC (35%), LDPC decoding (50% fewer codewords), and HARQ processes (50% fewer bits).
Analysis
The following table shows the complexity reduction from 25616QAM on the downlink. The calculations show a 1% and 0.8% reduction in complexity for FDD and TDD, respectively, over the baseline which has 25664QAM reduction.
Table 6. Comparison of complexity reduction with further reduced DL modulation order (16QAM). Red font indicates changed value from baseline.
	
	FR1 FDD (2Rx)
	FR1 TDD (4Rx)

	Functional block
	Reference
	Estimate
	Baseline
	Baseline + mod
	Reference
	Estimate
	Baseline
	Baseline + Mod

	RF

	Antenna array for FR2
	
	
	
	
	
	
	
	

	Power amplifier 
	25%
	25.0%
	25.0%
	25.0%
	25%
	25.0%
	25.0%
	25.0%

	Filters
	10%
	10.0%
	5.0%
	5.0%
	15%
	15.0%
	3.8%
	3.8%

	RF transceiver (including LNAs, mixer, and local oscillator)
	45%
	40.5%
	27.8%
	26.3%
	55%
	49.5%
	26.1%
	24.8%

	Duplexer / Switch
	20%
	20.0%
	20.0%
	20.0%
	5%
	5.0%
	5.0%
	5.0%

	Total RF
	
	95.5%
	77.8%
	76.3%
	
	94.5%
	59.9%
	58.5%

	Baseband

	ADC / DAC
	10%
	6.5%
	1.0%
	0.8%
	9%
	5.9%
	0.6%
	0.5%

	FFT/IFFT
	4%
	4.0%
	0.4%
	0.4%
	4%
	4.0%
	0.2%
	0.2%

	Post-FFT data buffering
	10%
	10.0%
	1.0%
	1.0%
	10%
	10.0%
	0.5%
	0.5%

	Receiver processing block
	24%
	24.0%
	6.0%
	6.0%
	29%
	29.0%
	3.6%
	3.6%

	LDPC decoding
	10%
	5.0%
	0.8%
	0.5%
	9%
	4.5%
	0.3%
	0.2%

	HARQ buffer
	14%
	7.0%
	1.0%
	0.7%
	12%
	6.0%
	0.5%
	0.3%

	DL control processing & decoder
	5%
	5.0%
	5.0%
	5.0%
	4%
	4.0%
	4.0%
	4.0%

	Synchronization / cell search block
	9%
	9.0%
	4.5%
	4.5%
	9%
	9.0%
	2.3%
	2.3%

	UL processing block
	5%
	5.0%
	2.0%
	2.0%
	5%
	5.0%
	2.0%
	2.0%

	MIMO specific processing blocks
	9%
	9.0%
	4.5%
	4.5%
	9%
	9.0%
	2.3%
	2.3%

	Total baseband
	
	84.5%
	26.2%
	25.4%
	
	86.4%
	16.2%
	15.8%

	Total overall [40% RF: 60% BB]
	100%
	88.9%
	46.8%
	45.8%
	100%
	89.6%
	33.7%
	32.9%



We have the following observation about further DL modulation order reduction: 
Observation 4: DL modulation order reduction (25616 QAM) provides an additional 1% (FDD) / 0.8% (TDD) complexity reduction over the baseline.
Additional observations
Performance impact
For both DL and UL, there is a reduction in the peak data rate. 
Coexistence impact
None anticipated
Specification impact
The default MCS tables support 64QAM. If the modulation is limited to 16QAM, it may be possible to use the low SE table for better scheduling granularity.
5 MHz bandwidth
The SID lists two bandwidth items: a PDSCH/PUSCH restriction to 5 MHz and a reduction to 5 MHz (RF). We also consider an asymmetric bandwidth technique.
[bookmark: _Ref101421707]PDSCH / PUSCH restriction
One objective is to examine “Possibly including restricted bandwidth for PDSCH and/or PUSCH”. In our understanding, this device supports 20 MHz BW. However, during the connected state, a maximum of 5 MHz BW for the PDSCH / PUSCH is allowed. There can be several interpretations of the 5 MHz BW, as shown in Fig. 2, Fig. 3, and Fig. 4.
In opt. 1a (Fig. 2) and 1b (Fig. 3), the channel bandwidth is still 20 MHz. But when PDSCH / PUSCH is scheduled, the bandwidth is at most 5 MHz. In opt. 1a (Fig. 2), this can just be a scheduling restriction. As the figure shows, the same slot can support PDSCH and PDCCH. For TDD, the centers of the UL BWP and DL BWP are aligned. There is only one active BWP on the DL and on the UL.
For opt. 1b (Fig. 3), the size of BWP containing the PDCCH can be 20 MHz at time n. Unlike opt. 1a, the slot carrying PDCCH cannot support PDSCH / PUSCH. At time n+2 (as an example), the size of the BWP becomes 5 MHz and is used for PDSCH / PUSCH. Note that an implementation can take advantage of the smaller BW by e.g., reducing the sampling rate, FFT size. Opt. 1b can utilize future slot scheduling enabled by NR (K0>0). Also, to minimize the overhead from switching BWP sizes, the multi-slot scheduling feature used in LTE and in NR can be reused. The BWP switching can also reduce the peak data rate by introducing time between PDCCH and PDSCH and between UL and PDCCH.
Opt. 1b can be considered a special case of opt. 1a but opt. 1b allows the UE to lower processing complexity by allowing more time for control channel processing. Opt. 1b can also relax the processing timeline. For opt. 1, it is unclear when SRS / UCI is transmitted, e.g., within the restricted 5 MHz or 20 MHz.
Opt. 2 (Fig. 4) is operating with a BWP whose BW is smaller than channel bandwidth. As an example, a UE configured for a 30 MHz channel bandwidth can be configured to use a bandwidth part of 10 MHz. How a UE chooses to operate with a smaller BWP with a larger channel BW is up to implementation. There can be a restriction for no DL control and shared channels in the same slot (which is similar to opt. 1b). It is also unclear how the SSB should be supported. For example, for a 30 kHz SCS CD-SSB, the BW of the CD-SSB is greater than 5 MHz. Does such a UE need FG 6-1a “BWP operation without restriction on BW of BWP(s)”.
PDCCH
5 MHz max
20 MHz max
PDSCH
PDSCH
PUSCH
PUSCH
PDSCH
PDSCH

[bookmark: _Ref100842347]Fig. 2. Restricted BW options. Opt. 1a PDCCH and PDSCH can be in same slot.
PDCCH
5 MHz max
20 MHz max
PDSCH
PDSCH
PUSCH
delay

[bookmark: _Ref100928406]Fig. 3. Restricted BW options. Opt. 1b slot containing PDCCH does not have PDSCH / PUSCH.
Idle / inactive state
20 MHz max
SSB
CORESET#0
5 MHz max
connected state
PDCCH
PDSCH
PUSCH
PDSCH
PDSCH
5 MHz max
PDCCH
PDSCH
PUSCH
Allowing same slot PDCCH and PDSCH
PDCCH is in different slot as PDSCH

[bookmark: _Ref100928413]Fig. 4. Restricted BW options. Opt. 2: 5 MHz BWP in the connected state. (Top) shared channel can be in same slot as DL control channel. (bottom) shared channel cannot be in same slot as DL control channel.
Observation 5: To estimate the complexity reduction for 5 MHz PDSCH/PUSCH restriction, further description about the restriction is needed.
To determine the complexity for the restricted BW technique, the complexity reduction of 100 MHz to 20 MHz BW is used as a starting point. Since the UE must support 20 MHz during the idle / inactive states, the complexities for the RF components, ADC, IFFT/FFT blocks, DL control processing, sync, and MIMO blocks do not change. For the complexity of the remaining baseband blocks, the amount of shared channel processing needed during the idle / inactive states is compared to the connected state. In general, the number of RBs needed for the shared channel is small because the signaling (SIB) should work on a 5 MHz CORESET#0. Thus, a complexity reduction for a 5 MHz restriction in the connected state can apply to the idle / inactive states. It is expected that the complexities for LDPC decoding and HARQ components change in proportion to the BW restriction. Thus, we can use 95% savings from the reference model. For the receiver processing and the UL processing blocks, the complexities may not directly scale with the BW restriction. For the receiver processing block, because some channel estimation procedures can be time-based, we propose a 75% reduction. For the UL processing block, because of operations such as UCI generation and support for 20 MHz BW during the idle state, we propose an 80% savings. 
An estimated complexity reduction is presented Table 7. This estimate can be applicable to the three options shown in Fig. 2, Fig. 3, and Fig. 4. The additional complexity savings is 3.2% for FDD and 2.1% for TDD from the baseline RedCap complexity. If there are restrictions on PDCCH and the shared channel, the complexity of the control channel block may be reduced.
[bookmark: _Ref100906476]Table 7. Comparison of complexity reduction with PDSCH / PUSCH bandwidth restriction. Red font indicates changed value from baseline.
	
	FR1 FDD (2Rx)
	FR1 TDD (4Rx)

	Functional block
	Reference
	Estimate
	Baseline
	Baseline + mod
	Reference
	Estimate
	Baseline
	Baseline + Mod

	RF

	Antenna array for FR2
	
	
	
	
	
	
	
	

	Power amplifier 
	25%
	25.0%
	25.0%
	25.0%
	25%
	25.0%
	25.0%
	25.0%

	Filters
	10%
	10.0%
	5.0%
	5.0%
	15%
	15.0%
	3.8%
	3.8%

	RF transceiver (including LNAs, mixer, and local oscillator)
	45%
	45.0%
	27.8%
	27.8%
	55%
	55.0%
	26.1%
	26.1%

	Duplexer / Switch
	20%
	20.0%
	20.0%
	20.0%
	5%
	5.0%
	5.0%
	5.0%

	Total RF
	
	100%
	77.8%
	77.8%
	
	100.0%
	59.9%
	59.9%

	Baseband

	ADC / DAC
	10%
	2.0%
	1.0%
	1.0%
	9%
	1.8%
	0.6%
	0.6%

	FFT/IFFT
	4%
	0.8%
	0.4%
	0.4%
	4%
	0.8%
	0.2%
	0.2%

	Post-FFT data buffering
	10%
	2.0%
	1.0%
	1.0%
	10%
	0.5%
	0.5%
	0.5%

	Receiver processing block
	24%
	6.0%
	6.0%
	3.0%
	29%
	7.3%
	3.6%
	1.8%

	LDPC decoding
	10%
	0.5%
	0.8%
	0.2%
	9%
	0.5%
	0.3%
	0.1%

	HARQ buffer
	14%
	0.7%
	1.1%
	0.3%
	12%
	0.6%
	0.5%
	0.1%

	DL control processing & decoder
	5%
	5.0%
	5.0%
	5.0%
	4%
	4.0%
	4.0%
	4.0%

	Synchronization / cell search block
	9%
	9.0%
	4.5%
	4.5%
	9%
	9.0%
	2.3%
	2.3%

	UL processing block
	5%
	1.0%
	2.0%
	1.0%
	5%
	1.0%
	2.0%
	1.0%

	MIMO specific processing blocks
	9%
	9.0%
	4.5%
	4.5%
	9%
	9.0%
	2.3%
	2.3%

	Total baseband
	
	36.0%
	26.2%
	20.8%
	
	35.9%
	16.2%
	12.8%

	Total overall [40% RF: 60% BB]
	100%
	61.6%
	46.8%
	43.6%
	100%
	61.5%
	33.7%
	31.6%



Performance impact
For both DL and UL, there is a reduction in the peak data rate with the smaller bandwidth. There may be further reductions in data rate with scheduling restrictions (e.g., K0>0 scheduling, BWP size changing). There may be impact to the number of HARQ processes and L2 buffer size. For opt 2, a 5 MHz BWP may impact the capacity for PDCCH. The next section describes the possible impact.
Coexistence impact
None anticipated
Specification impact
In general, the standard supports scheduling restrictions. There may be changes in UE expected behavior with the scheduling restriction. How to treat a 30 kHz SCS SSB in the connected state (5 MHz) needs further examination
[bookmark: _Ref102032973]5 MHz RF channel
The RF bandwidth is reduced from 100 MHz to 5 MHz. While several blocks scale with bandwidth (ADC, IFFT, IFFT buffering, LDPC decoding, and HARQ processing), there are other functional blocks that might show complexity reduction. Power amplifiers may not have stringent linearity constraints or may have reduced power consumption with the smaller bandwidth. A conservative estimate is 5%. The complexity for control channel processing is reduced because the maximum number of CCEs in a CORESET is 12. [With 100 MHz, the maximum number of CCEs in a CORESET is 135 CCEs ]. The number of PDCCH candidates does not directly scale with bandwidth because the maximum number of candidates is 44 per slot for 15 kHz SCS [table 10.2-2 38.213] regardless of bandwidth. To estimate the number of candidates in a slot for a 5 MHz bandwidth, assume the entire slot is dedicated for control and four 3-symbol CORESETs are configured. With 12 CCEs in one 3-symbol CORESET, assume there are 7 candidates (four 1 CCE, two 2 CCE, and one 4 CCE). Thus, an upper bound is 28 candidates. As a result, we use a conservative estimate of 30%, which also accounts for the additional channel estimation for each CORESET. For the synchronization block, only one candidate SCS is needed (15 kHz). A 50% estimated savings is used. 
Other functional blocks whose complexity may not scale directly with bandwidth include the UL processing block (80%) and the Rx processing block (75%). 
Table 8. Comparison of complexity reduction for the 5 MHz channel bandwidth. Red font indicates changed value from baseline.
	
	FR1 FDD (2Rx)
	FR1 TDD (4Rx)

	Functional block
	Reference
	Estimate
	Baseline
	Baseline + mod
	Reference
	Estimate
	Baseline
	Baseline + Mod

	RF

	Antenna array for FR2
	
	
	
	
	
	
	
	

	Power amplifier 
	25%
	23.8%
	25.0%
	23.8%
	25%
	23.8%
	25.0%
	23.8%

	Filters
	10%
	10.0%
	5.0%
	5.0%
	15%
	15.0%
	3.8%
	3.8%

	RF transceiver (including LNAs, mixer, and local oscillator)
	45%
	45.0%
	27.8%
	27.8%
	55%
	55.0%
	26.1%
	26.1%

	Duplexer / Switch
	20%
	20.0%
	20.0%
	20.0%
	5%
	5.0%
	5.0%
	5.0%

	Total RF
	
	98.8%
	77.8%
	76.5%
	
	98.8%
	59.9%
	58.6%

	Baseband

	ADC / DAC
	10%
	0.5%
	1.0%
	0.2%
	9%
	0.5%
	0.6%
	0.1%

	FFT/IFFT
	4%
	0.2%
	0.4%
	0.1%
	4%
	0.2%
	0.2%
	0.1%

	Post-FFT data buffering
	10%
	0.5%
	1.0%
	0.3%
	10%
	0.5%
	0.5%
	0.1%

	Receiver processing block
	24%
	6.0%
	6.0%
	3.0%
	29%
	7.3%
	3.6%
	1.8%

	LDPC decoding
	10%
	0.5%
	0.8%
	0.2%
	9%
	0.5%
	0.3%
	0.1%

	HARQ buffer
	14%
	0.7%
	1.1%
	0.3%
	12%
	0.6%
	0.5%
	0.1%

	DL control processing & decoder
	5%
	3.5%
	5.0%
	3.5%
	4%
	2.8%
	4.0%
	2.8%

	Synchronization / cell search block
	9%
	4.5%
	4.5%
	2.3%
	9%
	4.5%
	2.3%
	1.1%

	UL processing block
	5%
	1.0%
	2.0%
	1.0%
	5%
	1.0%
	2.0%
	1.0%

	MIMO specific processing blocks
	9%
	9.0%
	4.5%
	4.5%
	9%
	9.0%
	2.3%
	2.3%

	Total baseband
	
	26.4%
	26.2%
	15.3%
	
	26.8%
	16.2%
	9.5%

	Total overall [40% RF: 60% BB]
	100%
	55.3%
	46.8%
	39.8%
	100%
	55.6%
	33.7%
	29.2%



Observation 6: Bandwidth reduction to 5 MHz provides an additional estimated complexity reduction of 7% for FDD and 4.5% for TDD over the baseline.
Discussion
While this technique offers 7% and 4.5% additional reduction for FDD and TDD, respectively, it is expected initial access will be more complicated. 
The following table shows what combinations of SSB / CORESET#0 are supported by a 5 MHz device compared to Rel-17 RedCap and non-RedCap devices with the current specifications.
[bookmark: _Ref100583280]Table 9. Based on Rel-17 specifications, supported SSB and CORESET#0 for a 5 MHz device
	SCS of SSB, kHz
	5 MHz CORESET#0
(15 kHz SCS)
	10 MHz CORESET#0
(15 kHz and 30 kHz SCS)
	20 MHz CORESET#0
(15 kHz and 30 kHz SCS)

	15
	Y
	N
	N

	30
	N/A
	N
	N



As the table indicates, with the current specifications, a Rel-18 RedCap device supporting 5 MHz bandwidth can only support the combination of a 15 kHz SCS SSB and 15 kHz 24 RB CORESET#0. The implication is that a cell using this combination can support 5 MHz Rel-18, Rel-17 RedCap, and non-RedCap devices for reception of SIB1 and paging. 
Observation 7: a 5 MHz Rel-18 RedCap device can only use a 5 MHz CORESET#0 (24 RBs) and SSB with 15 kHz SCS with the current standards.
Further, unless the SIB-configured initial DL (UL) BWP is 5 MHz, a separate initial DL (UL) BWP of 5 MHz is needed. If the current separate initial DL (UL) BWP is between 5 and 20 MHz, an additional separate initial DL (UL) BWP of 5 MHz may be needed for the Rel-18 device. There may be need for a different early indication to inform the network that a 5 MHz device is attempting initial access. Note that while these modifications are possible, the signaling becomes more complicated.
Another possibility is that a network provides a dedicated 5 MHz cell for Rel-18 RedCap UEs. Note a Rel-17 RedCap UE may be able to access that cell. Cell-barring / access restrictions for non-RedCap UEs may be needed on that cell.
Feature discussion
As mentioned earlier, with only a 5 MHz bandwidth, the number of CCEs available in a CORESET is reduced. This number may affect scheduling (increased blocking, higher latency). Features developed in other work items (e.g., multi-slot scheduling, using K0>0) may be needed to reduce complexity and power consumption. In addition, features developed for MBS have benefits in reducing control and shared channel usage as well as lowering complexity and power consumption. SPS and configured grant features may also be considered.
With a 5 MHz channel and many Rel-18 devices, the loading on the BWP containing the SSB may be high. FG 6-1a “BWP operation without restriction on BW of BWP(s)” may be needed.
Another observation is whether the disabling of PUCCH intra-slot frequency hopping developed for Rel-17 RedCap UEs is used during the connected state for a 5 MHz Rel-18 device.
Performance impact
For both DL and UL, there is a reduction in the peak data rate with the smaller bandwidth. There is also an impact to the capacity of the control channel due to smaller bandwidth. 
Coexistence impact
As mentioned earlier, initial access in a cell with Rel-17 RedCap and/or non-RedCap devices needs further investigation. How to support initial access when 30 kHz SCS is used is unclear from the current standards.
Specification impact
In general, initial access will require some changes ranging from early indication to increased signaling. Other changes are not precluded if they allow a cell to support Rel-18 5 MHz, Rel-17 RedCap and/or non-RedCap devices. Note previous developed features may be used to reduce device complexity.
Asymmetric bandwidth
A variation of the 5 MHz BW reduction is to make the downlink and uplink bandwidths asymmetric in size with the DL BW being 5 MHz while the UL BW being the maximum of 20 MHz for FR1.
Some benefits for this asymmetry include: reuse the Rel-17 separate initial UL BWP design including disabling PUCCH intraslot frequency hopping, using the same early indication mechanisms and RACH configurations. This would allow Rel-17 and Rel-18 RedCap UEs to share the same UL BWP.
The additional complexity reduction is in the baseband. The differences from the 5 MHz BW technique are provided. For ADC/DAC and FFT/IFFT blocks, since the UL is 20 MHz, a complexity reduction of 85% used. The UL processing block has a 60% reduction (same as the reduction from 10020 MHz).
[bookmark: _Ref102036448]Table 10. Comparison of complexity reduction for the asymmetric bandwidth. Red font indicates changed value from baseline.
	
	FR1 FDD (2Rx)
	FR1 TDD (4Rx)

	Functional block
	Reference
	Estimate
	Baseline
	Baseline + mod
	Reference
	Estimate
	Baseline
	Baseline + Mod

	RF

	Antenna array for FR2
	
	
	
	
	
	
	
	

	Power amplifier 
	25%
	25.%
	25.0%
	25.0%
	25%
	23.8%
	25.0%
	25.0

	Filters
	10%
	10.0%
	5.0%
	5.0%
	15%
	15.0%
	3.8%
	3.8%

	RF transceiver (including LNAs, mixer, and local oscillator)
	45%
	45.0%
	27.8%
	27.8%
	55%
	55.0%
	26.1%
	26.1%

	Duplexer / Switch
	20%
	20.0%
	20.0%
	20.0%
	5%
	5.0%
	5.0%
	5.0%

	Total RF
	
	100%
	77.8%
	77.8%
	
	98.8%
	59.9%
	59.9

	Baseband

	ADC / DAC
	10%
	1.5%
	1.0%
	0.7%
	9%
	1.4%
	0.6%
	0.4%

	FFT/IFFT
	4%
	0.6%
	0.4%
	0.3%
	4%
	0.6%
	0.2%
	0.2%

	Post-FFT data buffering
	10%
	0.5%
	1.0%
	0.3%
	10%
	0.5%
	0.5%
	0.1%

	Receiver processing block
	24%
	6.0%
	6.0%
	3.0%
	29%
	7.3%
	3.6%
	1.8%

	LDPC decoding
	10%
	0.5%
	0.8%
	0.2%
	9%
	0.5%
	0.3%
	0.1%

	HARQ buffer
	14%
	0.7%
	1.1%
	0.3%
	12%
	0.6%
	0.5%
	0.1%

	DL control processing & decoder
	5%
	3.5%
	5.0%
	3.5%
	4%
	2.8%
	4.0%
	2.8%

	Synchronization / cell search block
	9%
	4.5%
	4.5%
	2.3%
	9%
	4.5%
	2.3%
	1.1%

	UL processing block
	5%
	2.0%
	2.0%
	2.0%
	5%
	2.0%
	2.0%
	2.0%

	MIMO specific processing blocks
	9%
	9.0%
	4.5%
	4.5%
	9%
	9.0%
	2.3%
	2.3%

	Total baseband
	
	28.8%
	26.2%
	17.0%
	
	29.1%
	16.2%
	10.9%

	Total overall [40% RF: 60% BB]
	100%
	55.3%
	46.8%
	41.3%
	100%
	57.4%
	33.7%
	30.5%



Complexity analysis
Table 10 shows that an asymmetric bandwidth provides a 5.5% (FDD) and 3.2% (TDD) reduction over the baseline. For comparison, the 5 MHz bandwidth (symmetric bandwidth) in the previous section provided 7.0% (FDD) and 4.5% (TDD) reduction over the baseline. 
Performance impact
For the DL, the peak data rate as the 5 MHz restriction and 5 MHz BW is expected. 
Coexistence impact
As mentioned earlier, one benefit of the asymmetric bandwidth is the UL aspects for initial access do not have to change. Rel-18 and Rel-17 RedCap UEs can coexist (and reuse the same signaling). The DL aspects for initial access need further study when non-RedCap and Rel-17 UEs coexist.
Specification impact
No changes are expected for the UL BWP as the changes for Rel-17 RedCap should apply. For the DL, how initial access is supported may need changes.
Processing time relaxation
There are several types of processing time reduction to consider.
PDSCH/PUSCH
Background
In the Rel-17 study item, processing time relaxation was examined. In clause 7.5 of 38.875, the processing time was doubled to 
-	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
The TR noted the complexities for “Baseband: Receiver processing block”, “Baseband: LDPC decoding”, “Baseband: DL control processing & decoder” and “Baseband: UL processing block” have average reductions of 15%, 35%, 25%, and 25%, respectively. Based on reported results, there is a 6% reduction for a reference design. The doubling should reduce the peak data rate in half.
Analysis
Using those numbers, the combination of processing time relaxation and the baseline Rel-17 RedCap UE is presented below.
Table 11. Comparison of complexity reduction for processing time reduction. Red font indicates changed value from baseline.
	
	FR1 FDD (2Rx)
	FR1 TDD (4Rx)

	Functional block
	Reference
	Estimate
	Baseline
	Baseline + mod
	Reference
	Estimate
	Baseline
	Baseline + Mod

	RF

	Antenna array for FR2
	
	
	
	
	
	
	
	

	Power amplifier 
	25%
	25.0%
	25.0%
	25.0%
	25%
	25.0%
	25.0%
	25.0%

	Filters
	10%
	10.0%
	5.0%
	5.0%
	15%
	15.0%
	3.8%
	3.8%

	RF transceiver (including LNAs, mixer, and local oscillator)
	45%
	45.0%
	27.8%
	27.8%
	55%
	55.0%
	26.1%
	26.1%

	Duplexer / Switch
	20%
	20.0%
	20.0%
	20.0%
	5%
	5.0%
	5.0%
	5.0%

	Total RF
	
	100.0%
	77.8%
	77.8%
	
	100.0%
	59.9%
	59.9%

	Baseband

	ADC / DAC
	10%
	10.0%
	1.0%
	1.0%
	9%
	9.0%
	0.6%
	0.6%

	FFT/IFFT
	4%
	4.0%
	0.4%
	0.4%
	4%
	4.0%
	0.2%
	0.2%

	Post-FFT data buffering
	10%
	10.0%
	1.0%
	1.0%
	10%
	10.0%
	0.5%
	0.5%

	Receiver processing block
	24%
	20.4%
	6.0%
	5.1%
	29%
	24.7%
	3.6%
	3.1%

	LDPC decoding
	10%
	6.5%
	0.8%
	0.5%
	9%
	5.9%
	0.3%
	0.2%

	HARQ buffer
	14%
	14%
	1.1%
	1.1%
	12%
	12%
	0.5%
	0.5%

	DL control processing & decoder
	5%
	3.8%
	5.0%
	3.8%
	4%
	3.0%
	4.0%
	3.0%

	Synchronization / cell search block
	9%
	9.0%
	4.5%
	4.5%
	9%
	9.0%
	2.3%
	2.3%

	UL processing block
	5%
	3.8%
	2.0%
	1.5%
	5%
	3.8%
	2.0%
	1.5%

	MIMO specific processing blocks
	9%
	9.0%
	4.5%
	4.5%
	9%
	9.0%
	2.3%
	2.3%

	Total baseband
	
	90.4%
	26.2%
	23.1%
	
	90.3%
	16.2%
	14.0%

	Total overall [40% RF: 60% BB]
	100%
	94.2%
	46.8%
	45.1%
	100%
	93.4%
	33.7%
	32.4%



There is 1.7% and 1.3%  additional complexity reduction for FDD and TDD, respectively, compared to the baseline. 
Performance impact
For both DL and UL, there is a reduction in the peak data rate. There may be need to consider the impact to Msg2, Msg3, and Msg4 timelines during initial access. 
Coexistence impact
It should be determined whether the relaxation for PDSCH / PUSCH processing time impacts initial access. If it does, certain timelines may need to be revisited. 
Specification impact
In general, the standards have several mechanisms in place to relax processing times including different K0 and K2 values. There may be other modifications to ensure relaxed times are used.
PDCCH + PDSCH / PUSCH relaxation
Background
This technique is built on PDSCH / PUSCH relaxation technique described above. By avoiding PDSCH / PUSCH transmissions in the same slot as the PDCCH, the UE can further relax the PDCCH processing time. In addition, there may be a power savings reduction because once the symbols carrying the PDCCH are received, the UE may stop receiving during that slot. 
This relaxation may also benefit from several existing features such as multi-slot scheduling. As a result, the processing load for PDCCH can be relaxed further.
Analysis
Since this relaxation is built upon the PDSCH / PUSCH relaxation, the additional complexity reduction will be larger than the 1.7% for FDD and 1.3% for TDD as calculated above. 
The relaxation may also be considered with PDSCH/PUSCH relaxation.
CSI relaxation
Background
The TR also mentioned one company provided complexity relaxations for CSI computation time. Based on their reported results, the “Baseband: DL control processing & decoder”, “Baseband: UL processing block”, and “Baseband: MIMO specific processing block” have reductions of 50%, 20%, and 50%, respectively. 
Clause 5.4 of 38.214 specifies the processing time CSI request field in a DCI triggers a CSI report(s) on the PUSCH. There are two terms for specify the first uplink symbol for the corresponding CSI report

And 

Where the timing is defined after the end of the last symbol of the PDCCH triggering the CSI report(s).
The clauses specify which values of tables 5.4-1 and 5.4-2 are used and under what conditions: , , and . Z1 is related to wideband frequency-granularity, Z3 is primarily used when reportQuantity is set to 'cri-RSRP' or 'ssb-Index-RSRP' and is related to beamReportTiming while Z2 is used for the otherwise case. Focusing on 15 kHz SCS, Z1 is 10 symbols (<1 ms) in table 5.4-1 and 22 symbols (> 1.5 ms) in table 5.4-2. Z2 is 40 symbols (< 3 ms).
Analysis
Using the numbers discussed in the TR, it is possible to estimate the complexity reduction in comparison to the baseline.
[bookmark: _Ref101420795]Table 12. Comparison of complexity reduction for the 5 MHz channel bandwidth. Red font indicates changed value from baseline.
	
	FR1 FDD (2Rx)
	FR1 TDD (4Rx)

	Functional block
	Reference
	Estimate
	Baseline
	Baseline + mod
	Reference
	Estimate
	Baseline
	Baseline + Mod

	RF

	Antenna array for FR2
	
	
	
	
	
	
	
	

	Power amplifier 
	25%
	25.0%
	25.0%
	25.0%
	25%
	25.0%
	25.0%
	25.0%

	Filters
	10%
	10.0%
	5.0%
	5.0%
	15%
	15.0%
	3.8%
	3.8%

	RF transceiver (including LNAs, mixer, and local oscillator)
	45%
	45.0%
	27.8%
	27.8%
	55%
	55.0%
	26.1%
	26.1%

	Duplexer / Switch
	20%
	20.0%
	20.0%
	20.0%
	5%
	5.0%
	5.0%
	5.0%

	Total RF
	
	100.0%
	77.8%
	77.8%
	
	100.0%
	59.9%
	59.9%

	Baseband

	ADC / DAC
	10%
	10.0%
	1.0%
	1.0%
	9%
	9.0%
	0.6%
	0.6%

	FFT/IFFT
	4%
	4.0%
	0.4%
	0.4%
	4%
	4.0%
	0.2%
	0.2%

	Post-FFT data buffering
	10%
	10.0%
	1.0%
	1.0%
	10%
	10.0%
	0.5%
	0.5%

	Receiver processing block
	24%
	24.0%
	6.0%
	6.0%
	29%
	29.0%
	3.6%
	3.6%

	LDPC decoding
	10%
	10.0%
	0.8%
	0.8%
	9%
	9.0%
	0.3%
	0.3%

	HARQ buffer
	14%
	14.0%
	1.1%
	1.1%
	12%
	12.0%
	0.5%
	0.5%

	DL control processing & decoder
	5%
	2.5%
	5.0%
	2.5%
	4%
	2.0%
	4.0%
	2.0%

	Synchronization / cell search block
	9%
	9.0%
	4.5%
	4.5%
	9%
	9.0%
	2.3%
	2.3%

	UL processing block
	5%
	4.0%
	2.0%
	1.6%
	5%
	3.8%
	2.0%
	1.5%

	MIMO specific processing blocks
	9%
	4.5%
	4.5%
	2.3%
	9%
	4.5%
	2.3%
	1.1%

	Total baseband
	
	92.0%
	26.2%
	21.0%
	
	92.3%
	16.2%
	12.6%

	Total overall [40% RF: 60% BB]
	100%
	95.2%
	46.8%
	43.7%
	100%
	95.4%
	33.7%
	31.5%



The additional complexity reduction is 2.2% for FDD and 3.1% for TDD over a baseline Rel-17 RedCap device. When compared to PDSCH/PUSCH processing relaxation, this higher reduction is due to the MIMO processing block primarily. We would like to have discussions about the complexity reduction estimates of the functional blocks to determine whether the additional reduction is reasonable.

Summary
The following table summarizes the results from the previous sections.
Table 13. Summary of techniques. Additional reduction is difference between complexity reduction of baseline and baseline with technique/
	Complexity reduction technique
	FDD: additional reduction
	TDD: additional reduction

	Number of HARQ processes
	0.3%
	0.2%

	Modulation order UL: 6416QAM
	1.3%
	1.3%

	Modulation order UL: 25616QAM
	1%
	0.8%

	Restricted PDSCH / PUSCH
	3.2%
	2.1%

	5 MHz RF
	7%
	4.5%

	Asymmetric bandwidth
	5.5%
	3.2%

	Processing time
	1.7%
	1.3%

	CSI processing time
	3.1%
	2.2%




[bookmark: _Ref129681832]Conclusion
The contribution examined complexity techniques.
Evaluation and Baseline
Proposal 1: Reuse the complexity breakdown for a reference NR device for the complexity reduction techniques in Rel-18.
Proposal 2: Define a baseline Rel-17 RedCap UE that supports a maximum 20 MHz bandwidth, one Rx branch, one MIMO layer, and a maximum DL modulation order of 64QAM.
Buffers
Observation 1: A reduced number of HARQ processes provides minimal complexity reduction benefits when considering bandwidth reduction, one MIMO layer and maximum modulation order reduction.
Observation 2: It may not be worthwhile to spend time re-discussing L2 buffer size in Rel-18.
Modulation order
Observation 3: UL modulation order reduction (6416 QAM) provides an additional 1.3% (FDD and TDD) complexity reduction over the baseline.
Observation 4: DL modulation order reduction (25616 QAM) provides an additional 1% (FDD) / 0.8% (TDD) complexity reduction over the baseline.
Bandwidth
Observation 5: To estimate the complexity reduction for 5 MHz PDSCH/PUSCH restriction, further description about the restriction is needed.
Observation 6: Bandwidth reduction to 5 MHz provides an additional estimated complexity reduction of 7% for FDD and 4.5% for TDD over the baseline.
Observation 7: a 5 MHz Rel-18 RedCap device can only use a 5 MHz CORESET#0 (24 RBs) and SSB with 15 kHz SCS with the current standards.
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38.306

Appendix
Appendix: 38.331 Access barring [5]
[bookmark: _Toc60776719][bookmark: _Toc90650591]5.2.2.4.2	Actions upon reception of the SIB1
Upon receiving the SIB1 the UE shall:
1>	store the acquired SIB1;
1>	if the UE is a RedCap UE and it is in RRC_IDLE or in RRC_INACTIVE, or if the RedCap UE is in RRC_CONNECTED while T311 is running:
2> if intraFreqReselectionRedCap is not present in SIB1:
3> consider the cell as barred in accordance with TS 38.304 [20];
3> perform barring as if intraFreqReselectionRedCap is set to allowed;
2> else:
[bookmark: OLE_LINK100][bookmark: OLE_LINK101]3> if the cellBarredRedCap1Rx is present in the acquired SIB1 and is set to barred and the UE is equipped with 1 Rx branch; or
3> if the cellBarredRedCap2Rx is present in the acquired SIB1 and is set to barred and the UE is equipped with 2 Rx branches; or
3> if the halfDuplexRedCapAllowed is not present in the acquires SIB1 and the UE supports only half-duplex FDD operation:
4>	consider the cell as barred in accordance with TS 38.304 [20];
4>	consider cell re-selection to other cells on the same frequency as the barred cell as specified in TS 38.304 [20];
Appendix: 38.306 
In 38.306, clause 4.1.4 states the required total layer 2 buffer size is calculated by
MaxDLDataRate * RLC RTT + MaxULDataRate * RLC RTT.
where for FR1, the RLC RTT for {15, 30} kHz SCS is {50, 40} ms, respectively (table 4.1.4-1). The max data rate is computed

where:
· J is the number of aggregated component carriers in a band or band combination
· Rmax = 948/1024
· For the j-th CC,
·  is the maximum number of supported layers given by higher layer parameter maxNumberMIMO-LayersPDSCH for downlink and maximum of higher layer parameters maxNumberMIMO-LayersCB-PUSCH and maxNumberMIMO-LayersNonCB-PUSCH for uplink.
·  is the maximum supported modulation order given by higher layer parameter supportedModulationOrderDL for downlink and higher layer parameter supportedModulationOrderUL for uplink.
·  is the scaling factor given by higher layer parameter scalingFactor and can take the values 1, 0.8, 0.75, and 0.4.
· µ is the numerology (as defined in TS 38.211 [6])
·  is the average OFDM symbol duration in a subframe for numerology µ, i.e.  . Note that normal cyclic prefix is assumed.
·  is the maximum RB allocation in bandwidth BW(j) with numerology µ , as defined in 5.3 TS 38.101-1 [2] and 5.3 TS 38.101-2 [3], where BW(j) is the UE supported maximum bandwidth in the given band or band combination.
·  is the overhead and takes the following values:
0.14, for frequency range FR1 for DL
0.18, for frequency range FR2 for DL
0.08, for frequency range FR1 for UL
0.10, for frequency range FR2 for UL

