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Introduction
[bookmark: _Hlk525462591]In Rel-18, a study item on further UE complexity reduction has been agreed with the following objective [1] –
· Study further UE complexity reduction techniques based on Rel-17 evaluation methodology in TR 38.875
· Consider network impact, coexistence of Rel-17 and Rel-18 RedCap and non-RedCap UEs in a cell, UE impact, specification impact
· Potential solutions, which may complement each other, for reducing device complexity are focusing on:
· UE bandwidth reduction to 5 MHz in FR1,
· Possibly in combination with relaxed UE processing timeline for PDSCH and/or PUSCH and/or CSI
· reduced UE peak data rate in FR1, 
· Possibly including restricted bandwidth for PDSCH and/or PUSCH
· Possibly in combination with relaxed UE processing timeline for PDSCH and/or PUSCH and/or CSI
In this contribution, we discuss complexity evaluation methodology and evaluate potential complexity reduction techniques.
[bookmark: _Hlk525462634][bookmark: _Hlk4137067][bookmark: _Hlk520894743][bookmark: _Hlk7596973]UE Complexity Reduction Features
In this section, we consider several potential complexity reduction features for the Rel-18 RedCap UE. To provide a good comparison to Rel-17 RedCap, we propose to reuse the existing complexity evaluation methodology and assumptions from TR 38.875. This can save significant effort and produce results that are compatible with Rel-17 evaluations.
Proposal 1: Reuse complexity evaluation methodology and assumptions from TR 38.875 where the complexity reduction is based on the NR reference UE (FR1, 100 MHz, FDD/TDD). 
The Rel-18 complexity reduction features should be, however, compared against Rel-17 RedCap UE to determine the extent of the complexity reduction. The baseline Rel-17 RedCap UE to be used for comparison should not support any optional feature.
Proposal 2: The results of the Rel-18 complexity reduction features are compared against a baseline Rel-17 RedCap UE (20 MHz) with 1Tx-1Rx, 64-QAM DL/ UL, HD-FDD or TDD. 
Based on the Rel-17 discussions and the potential techniques outlined in the SI, the following techniques and combinations are proposed to be evaluated. Note that with 5 MHz bandwidth, the peak data rates are still higher than 10 Mbps target noted in the SI. Therefore, we suggest to also consider TBS restriction to keep the peak data rates to the SI target.
Proposal 3: The following complexity reduction features and combinations should be evaluated –
· UE BW reduction to 5 MHz
· UE BW reduction to 5 MHz + TBS restriction
· UE BW reduction to 5 MHz + relaxed UE processing time
· UE BW reduction to 5 MHz + relaxed UE processing time + TBS restriction
· BW restriction of PDSCH/PUSCH to 5 MHz
· BW restriction of PDSCH/PUSCH to 5 MHz + TBS restriction
· BW restriction of PDSCH/PUSCH to 5 MHz + relaxed UE processing time
· BW restriction of PDSCH/PUSCH to 5 MHz + relaxed UE processing time + TBS restriction
· BW restriction of PDSCH to 5 MHz
· BW restriction of PDSCH to 5 MHz + TBS restriction
· BW restriction of PDSCH to 5 MHz + relaxed UE processing time
· BW restriction of PDSCH to 5 MHz + relaxed UE processing time + TBS restriction
In the rest of this section, potential complexity reduction techniques have been evaluated and preliminary results are provided. 
[bookmark: _Ref101872539]Bandwidth Reduction to 5 MHz
Complexity reduction
[bookmark: _Hlk101274657]Reducing the UE RF bandwidth can result in significant complexity reduction with the complexity reduction proportional to the amount of bandwidth reduced. In [1], it states that the BW reduction to 5 MHz should be studied. Estimates of UE complexity reduction are shown in Table 1 - Table 2. In the tables, cost reduction is shown with and without RF reduction. Note that RF reduction depends on the actual component cost and there is no consensus whether RF component cost can be reduced with BW reduction. However, it is reasonable to consider potential RF cost reduction for components suitable for 5 MHz UE, in particular for the power amplifier and RF transceiver. Therefore, we provide two set of results – one without reduction in RF component cost, and one with moderate reduction in RF component cost. 
[bookmark: _Ref100244419]Table 1. Complexity reduction estimation from reducing the RF bandwidth (FDD).
	Functional block
	Cost breakdown (FR1 FDD)

	
	100 → 20 MHz
	100 → 5 MHz
(No RF saving)
	100 → 5 MHz (RF saving)

	Power amplifier
	25.0%
	25.0%
	20.0%

	Filters
	10.0%
	10.0%
	10.0%

	RF transceiver
(including LNAs, mixer, and local oscillator)
	45.0%
	45.0%
	40.0%

	Duplexer / Switch
	20.0%
	20.0%
	20.0%

	Total of RF
	100.0%
	100.0%
	90.0%

	ADC / DAC 
	1.9%
	0.5%
	0.5%

	FFT/IFFT
	0.6%
	0.2%
	0.2%

	Post-FFT data buffering
	1.9%
	0.5%
	0.5%

	Receiver processing block
	14.4%
	3.6%
	3.6%

	LDPC decoding
	6.0%
	4.0%
	4.0%

	HARQ buffer
	2.7%
	0.7%
	0.7%

	DL control processing & decoder
	5.0%
	1.3%
	1.3%

	Synchronization / cell search block
	9.0%
	9.0%
	9.0%

	UL processing block
	3.0%
	1.0%
	1.0%

	MIMO specific processing blocks
	9.0%
	9.0%
	9.0%

	Total of Baseband
	53.5%
	29.8%
	29.8%

	RF+BB: Total (with RF:BB cost split 40:60)
	72.1%
	57.9%
	53.9%



[bookmark: _Ref100244422]Table 2. Complexity reduction estimation from reducing the RF bandwidth (TDD).
	Functional block
	Cost breakdown (FR1 TDD)

	
	100 → 20 MHz
	100 → 5 MHz
(No RF saving)
	100 → 5 MHz (RF saving)

	Power amplifier
	25.0%
	25.0%
	20.0%

	Filters
	15.0%
	15.0%
	15.0%

	RF transceiver
(including LNAs, mixer, and local oscillator)
	55.0%
	55.0%
	50.0%

	Duplexer / Switch
	5.0%
	5.0%
	5.0%

	Total of RF
	100.0%
	100.0%
	90.0%

	ADC / DAC 
	1.7%
	0.4%
	0.4%

	FFT/IFFT
	0.6%
	0.2%
	0.2%

	Post-FFT data buffering
	1.9%
	0.5%
	0.5%

	Receiver processing block
	17.4%
	4.4%
	4.4%

	LDPC decoding
	5.4%
	3.2%
	3.2%

	HARQ buffer
	2.3%
	0.6%
	0.6%

	DL control processing & decoder
	4.0%
	1.0%
	1.0%

	Synchronization / cell search block
	9.0%
	9.0%
	9.0%

	UL processing block
	3.0%
	1.0%
	1.0%

	MIMO specific processing blocks
	9.0%
	9.0%
	9.0%

	Total of Baseband
	54.3%
	29.3%
	29.3%

	RF+BB: Total (with RF:BB cost split 40:60)
	72.6%
	57.6%
	53.6%



For FDD, when the UE RF bandwidth is reduced from 20 MHz to 5 MHz, complexity reduction of 20%-25% can be achieved (where 20% is without reduction in RF component cost and 25% includes reduction in RF component cost). For TDD, when the UE RF bandwidth is reduced from 20 MHz to 5 MHz, complexity reduction of 21% - 26% can be achieved. 
Coverage analysis
Reducing the UE bandwidth may result in some coverage loss if existing broadcast signals cannot be transmitted within the reduced bandwidth. For instance, transmitting legacy SIB1 using 5 MHz may reduce the cell coverage as SIB1 would have to be transmitted using higher MCS level. For Rel-17 RedCap UE in FR1, the smallest bandwidth is 20 MHz and coverage issues were encountered for broadcast channels. Further reducing the bandwidth to 5 MHz is expected to have some impact on coverage.
The SSB includes the PSS, the SSS, and the PBCH. The structure of the SSB is shown in Figure 1. The PSS and the SSS comprise 127 subcarriers each. The PBCH is transmitted in the second, third, and fourth OFDM symbols of the SSB, occupying a maximum of 240 subcarriers. In the third OFDM symbol, the PBCH is mapped to 48 subcarriers on either side of the SSS with a small gap separating the SSS from the PBCH.
 (
PSS
PBCH
SSS
127 subcarriers
240 subcarriers
0
47
56
182
192
239
)
[bookmark: _Ref101522548]Figure 1. SSB structure.
As seen above, the frequency span of the SSB is fixed in terms of the number of subcarriers. This means that the actual bandwidth depends on the subcarrier spacing (SCS). With 15 kHz SCS:
· PSS and SSS occupy 1.9 MHz;
· PBCH occupies 3.6 MHz.
With 30 kHz SCS:
· PSS and SSS occupy 3.81 MHz;
· PBCH occupies 7.2 MHz.
It is seen that at 15 kHz SCS, the SSB can be received by a UE with 5 MHz bandwidth. At 30 kHz SCS, however, while the PSS and SSS (with 3.81 MHz) can be received by a 5-MHz UE, the PBCH bandwidth (7.2 MHz) exceeds the UE bandwidth in all three symbols in which the PBCH is transmitted, as depicted in Figure 2. Therefore, a 5-MHz UE would not be able to receive the entire PBCH within its receive bandwidth. The UE may attempt to decode the PBCH by puncturing the REs outside its reception bandwidth. This degrades the decoding performance of PBCH and hence coverage its coverage.
 (
PSS
PBCH
SSS
3.81 MHz
7.2 MHz
5 MHz
)
[bookmark: _Ref101872818]Figure 2. SSB structure for 30 kHz SCS.
Due to the limitation on the CORESET size within a bandwidth of 5 MHz, the number of CCEs available for the PDCCH is limited (e.g. up to 12 CCEs for 15 kHz SCS and up to 3 CCEs for 30 kHz SCS as shown in Table 3). Therefore, coverage for the PDCCH will be reduced and specification changes to increase the available CCEs may be needed.
[bookmark: _Ref102117928]Table 3. Number of CCEs in a CORESET
	
	Number of CCEs

	SCS
	15 kHz
	30 kHz
	60 kHz

	# OFDM symbols
	1
	2
	3
	1
	2
	3
	1
	2
	3

	Channel bandwidth
	5 MHz
	4
	8
	12
	1
	2
	3
	
	
	

	
	10 MHz
	8
	16
	24
	4
	8
	12
	1
	2
	3

	
	15 MHz
	13
	26
	39
	6
	12
	18
	3
	6
	9

	
	20 MHz
	17
	35
	53
	8
	17
	25
	4
	8
	12



The above limitation for a RedCap UE with 5 MHz has additional implications in relation to CORESET#0. There is no CORESET#0 configuration that can be supported with 30 kHz SCS since the smallest supported CORESET#0 size is 24 PRBs. The CORESET#0 configurations that can be supported for Rel-17 RedCap UE with 15 kHz SCS are shown in Table 4. It can be seen that for RedCap UE with 20 MHz bandwidth all aggregation levels can be supported at least with some configurations. For a UE with 5 MHz bandwidth, however, only the first three rows (24 PRBs) can be supported. Therefore, the highest aggregation level is 8 (with 2 symbols). Therefore, if CORESET#0 is used to schedule a common SIB1 for both legacy UEs and reduced bandwidth RedCap UEs, the size of CORESET#0 must be limited to 24 PRBs, which implies that coverage of PDCCH scheduling SIB1 is impacted even for legacy UEs.
[bookmark: _Ref101865160]Table 4. Number of PDCCH candidates in CORESET#0 with 15 kHz SCS and different configurations.
	Configuration {#PRBs,#symbols}
	Number of CCEs
	Number of PDCCHs

	
	
	AL4
	AL8
	AL16

	{24,1}
	4
	1
	0
	0

	{24,2}
	8
	2
	1
	0

	{24,3}
	12
	3
	1
	0

	{48,1}
	8
	2
	1
	0

	{48,2}
	16
	4
	2
	1

	{48,3}
	24
	4
	2
	1

	{96,1}
	16
	4
	2
	1

	{96,2}
	32
	4
	2
	1

	{96,3}
	48
	4
	2
	1



The maximum payload size for SIB1 is 2976 bits, although the actual size is typically much smaller. One typical example is 1192 bits. After adding headers, a TBS of 1256 bits may be considered. Since this size is much smaller than the TBS considered for PDSCH in 20 MHz bandwidth, SIB1 coverage was not deemed to be problematic. For 20 MHz UE bandwidth, based on the current specifications, the maximum transmission bandwidth is 106 PRBs for 15 kHz SCS and 51 PRBs for 30 kHz SCS [3]. To support a UE with 5 MHz bandwidth with the legacy SIB1, SIB1 would need to be transmitted within the reduced bandwidth. More specifically, SIB1 is transmitted within the CORESET#0 bandwidth. For a channel bandwidth of 20 MHz, the CORESET#0 can be configured with a maximum of 96 PRBs with 15 kHz SCS and 48 PRBs with 30 kHz SCS. For a channel bandwidth of 5 MHz, however, the transmission bandwidth is significantly reduced: 25 PRBs for 15 kHz SCS and 11 PRBs for 30 kHz SCS [3]. As a result, as discussed above, only a CORESET#0 of 24 PRBs can be configured with 15 kHz SCS, whereas there is no existing CORESET#0 configuration that can supported with 30 kHz SCS. Therefore, for the latter case, we can assume that SIB1 can be transmitted over the full transmission bandwidth spanning 11 PRBs. In either case, transmission of SIB1 in the reduced number of PRBs requires a significant increase in the coding rate by a factor of 4 at 15 kHz SCS and ~4.4 at 30 kHz SCS. This may degrade SIB1 coverage by ~6–7 dB, which be significant in some scenarios. However, it should be noted that gNB can transmit multiple SIB transmissions that may be combined across the SI window. Therefore, coverage of SIB may not be reduced.
Note that for channel bandwidth or BWP of 5 MHz and 15 kHz SCS, CORESET#0 will contain 24 PRBs which would limit SIB1 transmission also to 24 PRBs even though 25 PRBs would be available. In this case, it would be straightforward to extend the SIB1 transmission to 25 PRBs by either PRB repetition or rate matching. This could be indicated to Rel-18 RedCap UE, e.g. when the DCI indicates the number scheduled PRBs to be 24.
In addition, performance loss may result from reduced frequency diversity. In Rel-17, it was demonstrated that, at the 10% BLER point, there is a loss of 0.5 dB PDSCH performance for MCS0 using 273 PRBs (100 MHz BW) vs 51 PRBs (20 MHz BW). When the bandwidth is further reduced to 5 MHz, additional frequency diversity loss is expected. However, it is not expected that bandwidth reduction will have a significant impact on PDSCH coverage if the cell edge target data rate is adjusted according.
Similarly, for the UL, bandwidth reduction is not expected to have a significant impact on PUSCH coverage if the target data rate is adjusted accordingly. For Rel-17 RedCap UE, the target uplink data rate was kept the same as for reference NR UE. This was because for uplink the cell edge UE transmits in a narrow bandwidth and therefore, reducing the bandwidth to 20 MHz did not constrain the transmission and hence the data rate. For Rel-18 RedCap UE, however, a lower target data rate should be expected since the UE is intended to address use cases with lower data rates than Rel-17 RedCap UE.
Cell spectral efficiency analysis
Reducing the UE bandwidth may have some impact on the spectral efficiency due to loss in frequency selective scheduling gain and loss in frequency diversity. This loss, however, is dependent on the scheduling algorithm. The system-level simulations are conducted to evaluate cell spectral efficiency when the RedCap UE bandwidth is reduced to 5 MHz. Figure 3 shows that UE bandwidth reduction to 5 MHz in FR1 can decrease the UE throughput of downlink and uplink. For instance, the average user throughput is reduced from 4.5 Mbps to 1.6 Mbps when the RedCap UE’s bandwidth changes from 20 MHz to 5 MHz in the uplink case. Also, in Table 5, we observe that the spectral efficiency decreases as the UE bandwidth is reduced in both downlink and uplink cases. Therefore, reducing the bandwidth to 5 MHz will degrade UE throughput and spectral efficiency. 

[bookmark: _Ref101871245]Figure 3. System-level performance for downlink and uplink – 2.6 GHz carrier frequency, Full Buffer.
Also, in Table 5, we observe that the spectral efficiency decreases as the UE bandwidth is reduced in both downlink and uplink cases. Therefore, reducing the bandwidth to 5 MHz will degrade UE throughput and spectral efficiency. In this case, spectral efficiency loss of approximately 9-10% is observed for the cell, and 4-8% is observed for the cell edge. Note that, in these simulations, UEs are always allocated full BW. As a result, user throughput especially UL show large difference between 20 MHz and 5 MHz UE.
[bookmark: _Ref101871259]Table 5. Spectral efficiency reduction estimation from reducing bandwidth from 20 MHz to 5 MHz.
	Spectral Efficiency Reduction
	Bandwidth reduction - 20 MHz → 5 MHz, Full UE BW allocation for PDSCH / PUSCH

	
	Sector SE
	Cell edge SE

	Downlink
	9.8%
	3.8%

	Uplink
	9.5%
	7.9%



Power consumption analysis
Power consumption is likely to be reduced for bandwidth limited UE due to lower power consumption in the baseband and RF units. Using the power model developed in release 16 to study a range of different methods for reducing UE power consumption [3GPP TR 38.840 V2.0.0, Study on UE Power Saving], the table below can be derived that provides the best-case estimates of the power consumption gains available when reducing the BW to 5 MHz for the FR1 DL.  Note that these estimates assume that the existing model can be extended linearly below 10 MHz. 
Table 6: Table 2. Power consumption saving estimation from reducing the RF bandwidth (DL FR1).
	
	Best Case Estimated Power Saving for DL FR1 using TR 38.840 model

	
	100  20 MHz (4Rx)
	100  10MHz (4Rx)
	100  5MHz (4Rx)
	100  5MHx (2Rx)

	Power Saving
	~60 %
	~67.5 %
	~71.25 %*
	~80 %**

	Notes
	
*TR 38.840 note is not considered,    “ If the power after scaling is smaller than the BWP transition power, assume the BWP transition power as the output of scaling unless otherwise justified.”

**TR 38.840 scaling assumed:      “2Rx power is 0.7x 4Rx power for FR1”




Coexistence analysis
No coexistence issue with legacy UEs is expected. However, as explained in the next section, some CORESET#0 configurations cannot be supported by Rel-18 RedCap UE and therefore new CORESET#0 may need to be defined. Alternately, some configurations may not be supported in cells with Rel-18 RedCap UE. Subsequent to initial access, RedCap UEs can be configured to a BWP of appropriate size.
RAN1 specification impact
There are two main areas where RAN1 specification impact is foreseen – SSB/CORESET#0 support for 30 kHz SCS and coverage compensation.
First, for 15 kHz SCS, SSB can be supported and CORESET#0 can fit without 5 MHz, so there is no need for specification changes. For 30 kHz SCS, the SSB would span beyond 5 MHz. The UE can still receive PSS/SSS but not the full PBCH. This would have an impact as e.g. the UE would need to puncture the PBCH or additional PBCH transmission may be needed to compensate. In addition, new CORESET#0 configurations would have to be defined. Alternately SSB/CORESET#0 using 30 kHz SCS cannot be supported for this UE.
Second, coverage analysis would need to be performed to see whether coverage compensation would be needed. Channels of concern include broadcast channels (e.g. PBCH, SIB1) and downlink control information (PDCCH). In case of coverage loss, compensation method may need to be specified.
Third, early identification may be needed. This, however, can reuse the same mechanism defined for Rel-17 RedCap UE.
Based on the above discussion, the following observations can be drawn –
Observation 1: Reducing BW to 5 MHz provides substantial complexity reduction compared to UE with 20 MHz. 
Observation 2: Reducing BW to 5 MHz may have an impact to coverage and further coverage analysis is needed to determine system impact and potential need for compensation. 
Observation 3: RedCap UE with 5 MHz BW have lower DL and UL spectral effiency compared to UE with 20 MHz BW, and further spectral efficiency analysis is needed to determine impact to non-RedCap UE.
Observation 4: Reducing BW to 5 MHz is expected to reduce UE power consumption.
Observation 5: Existing SSB configurations can be used with 5 MHz UE (e.g. with puncturing of PBCH in case of 30 kHz SCS).
Observation 6: Existing CORESET#0 configurations with 15 kHz SCS and 24 PRBs can be used for 5 MHz UE. There is no existing CORESET#0 configuration with 30 kHz SCS that can be used for 5 MHz UE.
Observation 7: Other channels can be supported without changes, but coverage compensation may be needed.
Observation 8: RedCap UE with 5 MHz BW can coexist with legacy UEs.
[bookmark: _Ref100495224]Bandwidth restriction for PDSCH/PUSCH
Instead of RF reduction to 5 MHz, bandwidth restriction can be used to limit the baseband of the data channels to 5 MHz while keeping the RF at 20 MHz. In this case, there is no impact to SSB, CORESET#0 and PDCCH as they can continue to use the full 20 MHz available to Rel-17 RedCap UE. There would also be no impact to coverage based on these channels.
Complexity reduction
In this case, the baseband bandwidth of the PDSCH and PUSCH was limited to 5 MHz. Because there is no reduction in the RF, complexity of ADC/DAC, FFT/IFFT remains unchanged.
Estimates of UE complexity reduction are shown in Table 7. For FDD, approximately 16% complexity reduction can be achieved (from 72.1% to 61.2%). For FDD, approximately 17% complexity reduction can be achieved (from 72.6% to 60.4%). 
[bookmark: _Ref46433070]Table 7. Relative complexity reduction estimation from PDSCH/PUSCH bandwidth restriction compared to reference non-RedCap NR UE.
	Functional block
	Cost breakdown

	
	5 MHz PDSCH/PUSCH
(FDD)
	5 MHz PDSCH/PUSCH
(TDD)

	Power amplifier
	25.0%
	25.0%

	Filters
	10.0%
	15.0%

	RF transceiver
(including LNAs, mixer, and local oscillator)
	45.0%
	55.0%

	Duplexer / Switch
	20.0%
	5.0%

	Total of RF
	100.0%
	100.0%

	ADC / DAC 
	1.9%
	1.7%

	FFT/IFFT
	0.6%
	0.6%

	Post-FFT data buffering
	0.5%
	0.5%

	Receiver processing block
	3.6%
	4.4%

	LDPC decoding
	4.0%
	3.2%

	HARQ buffer
	0.7%
	0.6%

	DL control processing & decoder
	5.0%
	4.0%

	Synchronization / cell search block
	9.0%
	9.0%

	UL processing block
	1.0%
	1.0%

	MIMO specific processing blocks
	9.0%
	9.0%

	Total of Baseband
	35.3%
	34.0%

	Overall relative cost
	61.2%
	60.4%



Coverage analysis
Since there is no impact to the SSB, CORESET#0 and PDCCH compared to Rel-17 RedCap UE, there is no impact to the performance of those channels.
For the PDSCH, reducing the UE bandwidth may result in some coverage loss if existing broadcast signals cannot be transmitted within the reduced bandwidth. However, this is not expected to be the case since gNB can transmit multiple SIB transmissions that may be combined across the SI window. For unicast transmission, it is not expected that bandwidth reduction will have a significant impact on PDSCH coverage if the cell edge target data rate is adjusted according.
Similarly, for the UL, bandwidth reduction is not expected to have a significant impact on PUSCH coverage if the target data rate is adjusted accordingly. For Rel-17 RedCap UE, the target uplink data rate was kept the same as for reference NR UE. This was because for uplink the cell edge UE transmits in a narrow bandwidth and therefore, reducing the bandwidth to 20 MHz did not constrain the transmission and hence the data rate. For Rel-18 RedCap UE, however, a lower target data rate should be expected since the UE is intended to address use cases with lower data rates than Rel-17 RedCap UE.
Cell spectral efficiency analysis
The loss in spectral efficiency would be similar but smaller than those shown in Section 2.1. This is because if only the baseband is limited to 5 MHz, the UE can be scheduled anywhere within the 20 MHz BWP provided the total frequency allocation does not span beyond 5 MHz.
Power consumption analysis
Power consumption may be reduced for bandwidth limited UE due to lower power consumption in the baseband unit. In this case, however, power consumption reduction may be small especially if the PDCCH continues to be operated using wider bandwidth. This of course depends on the traffic model. In case of infrequent data transmission/reception, power consumption may be dominated by control channel monitoring and measurements. In this case, power saving may be small if the PDCCH is not reduced in bandwidth.
Coexistence analysis
No coexistence issue with Rel-17 RedCap and NR UEs is expected. Rel-18 RedCap UE can support the same channels and signals, and the 5 MHz baseband limitations may be implemented by the scheduler. In addition, Rel-18 RedCap UE may share the same BWP as Rel-17 RedCap UE (i.e. up to 20 MHz).
RAN1 specification impact
RAN1 specification impact is expected to be minimal. For instance, the maximum number of PRBs that can be scheduled can be limited to fit within 5 MHz bandwidth. The UE can be identified during Msg5 or early identification can be used (e.g. via Msg1 or Msg3). No dedicated BWP would be needed. During initial access, eNB restriction may be need until the UE capability is known.
Based on the above discussion, the following observations can be drawn –
Observation 9: Bandwidth restriction of PDSCH + PUSCH to 5 MHz provides moderate complexity reduction compared to UE with 20 MHz. 
Observation 10: Bandwidth restriction of PDSCH + PUSCH to 5 MHz is not expected to have an impact on coverage. 
Observation 11: Bandwidth restriction of PDSCH + PUSCH to 5 MHz may lower DL and UL spectral effiency compared to UE with 20 MHz BW, and further spectral efficiency analysis is needed to determine impact to non-RedCap UE.
Observation 12: Bandwidth restriction of PDSCH + PUSCH to 5 MHz is not expected to reduce UE power consumption substantially.
Observation 13: Bandwidth restriction of PDSCH + PUSCH to 5 MHz can be supported with minimal specification impact.
Observation 14: There is no impact to coexistence with legacy UEs from bandwidth restriction of PDSCH + PUSCH to 5 MHz.
Bandwidth restriction for PDSCH
In [1], it states that bandwidth for PDSCH and/or PUSCH is a potential solution. In Section 2.2, analysis for PDSCH + PUSCH restrictions are provided. In this section, we consider PDSCH only restriction. From a cost perspective, PDSCH only restriction will have better saving than PUSCH only restriction. There would also be more potential impact in term of coverage. Therefore, we consider only PDSCH only.
Complexity reduction
In this case, the baseband bandwidth of the PDSCH was limited to 5 MHz. Estimates of UE complexity reduction are shown in Table 7. For FDD, approximately 13% complexity reduction can be achieved (compared to 16% for PDSCH+PUSCH restriction). For FDD, approximately 15% complexity reduction can be achieved (compared to 17% for PDSCH+PUSCH restriction). 
Table 8. Relative complexity reduction estimation from PDSCH bandwidth restriction compared to reference non-RedCap NR UE.
	Functional block
	Cost breakdown

	
	5 MHz PDSCH/PUSCH
(FDD)
	5 MHz PDSCH
(FDD)
	5 MHz PDSCH/PUSCH
(TDD)
	5 MHz PDSCH
(TDD)

	Power amplifier
	25.0%
	25.0%
	25.0%
	25.0%

	Filters
	10.0%
	10.0%
	15.0%
	15.0%

	RF transceiver
(including LNAs, mixer, and local oscillator)
	45.0%
	45.0%
	55.0%
	55.0%

	Duplexer / Switch
	20.0%
	20.0%
	5.0%
	5.0%

	Total of RF
	100.0%
	100.0%
	100.0%
	100.0%

	ADC / DAC 
	1.9%
	1.9%
	1.7%
	1.7%

	FFT/IFFT
	0.6%
	0.6%
	0.6%
	0.6%

	Post-FFT data buffering
	0.5%
	0.5%
	0.5%
	0.5%

	Receiver processing block
	3.6%
	3.6%
	4.4%
	4.4%

	LDPC decoding
	4.0%
	4.0%
	3.2%
	3.2%

	HARQ buffer
	0.7%
	0.7%
	0.6%
	0.6%

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

	Synchronization / cell search block
	9.0%
	9.0%
	9.0%
	9.0%

	UL processing block
	1.0%
	3.0%
	1.0%
	3.0%

	MIMO specific processing blocks
	9.0%
	9.0%
	9.0%
	9.0%

	Total of Baseband
	35.3%
	37.3%
	34.0%
	36.0%

	Overall relative cost
	61.2%
	62.4%
	60.4%
	61.6%



Coverage analysis
Since there is no impact to the SSB, CORESET#0 and PDCCH compared to Rel-17 RedCap UE, there is no impact to the performance of those channels.
For the PDSCH, reducing the UE bandwidth may result in some coverage loss if existing broadcast signals cannot be transmitted within the reduced bandwidth. However, this is not expected to be the case since gNB can transmit multiple SIB transmissions that may be combined across the SI window. For unicast transmission, it is not expected that bandwidth reduction will have a significant impact on PDSCH coverage if the cell edge target data rate is adjusted according
Cell spectral efficiency analysis
The loss in spectral efficiency would be similar but smaller than those shown in Section 2.1. This is because if only the PDSCH is limited to 5 MHz, the UE can be scheduled anywhere within the 20 MHz BWP provided the total frequency allocation does not span beyond 5 MHz.
Power consumption analysis
Power consumption is expected to be reduced for bandwidth limited UE due to lower power consumption in the baseband unit. In this case, however, power consumption reduction may be small especially if the PDCCH continues to be operated using wider bandwidth. This of course depends on the traffic model. In case of infrequent data transmission/reception, power consumption may be dominated by control channel monitoring and measurements. In this case, power saving may be small if the PDCCH is not reduced in bandwidth.
Coexistence analysis
No coexistence issue with Rel-17 RedCap and NR UEs is expected. Rel-18 RedCap UE can support the same channels and signals, and the 5 MHz baseband limitations may be implemented by the scheduler.
RAN1 specification impact
RAN1 specification impact is expected to be minimal. For instance, the maximum number of PRBs for PDSCH that can be scheduled can be limited to fit within 5 MHz bandwidth. The UE can be identified during Msg5 or early identification can be used (e.g. via Msg1 or Msg3). No dedicated BWP would be needed. During initial access, eNB restriction may be need until the UE capability is known.
Based on the above discussion, the following observations can be drawn –
Observation 15: Bandwidth restriction of PDSCH to 5 MHz provides moderate complexity compared to UE with 20 MHz.
Observation 16: Bandwidth restriction of PDSCH to 5 MHz is not expected to have an impact on coverage. 
Observation 17: Bandwidth restriction of PDSCH to 5 MHz may lower DL spectral effiency compared to UE with 20 MHz BW, and further spectral efficiency analysis is needed to determine impact to non-RedCap UE.
Observation 18: Bandwidth restriction of PDSCH to 5 MHz is not expected to reduce UE power consumption substantially.
Observation 19: Bandwidth restriction of PDSCH to 5 MHz can be supported with minimal specification changes.
Observation 20: There is no impact to coexistence with legacy UEs from bandwidth restriction of PDSCH to 5 MHz.
Relaxed UE processing time
In Rel-17 study, it was agreed to consider (N1,N2) relaxation for UE complexity reduction. It was agreed that UE processing time in term 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
In addition, it was agreed not to prioritize the study of relaxed UE processing time with respect to CSI computation. This was because CSI measurement, feedback, or reporting relaxation for FR1 was seen as further optimization that would only result in marginal cost reduction. Therefore, in Rel-18 we prefer to avoid this technique.
Complexity reduction
For relaxed UE processing time, we consider complexity reduction from (N1, N2) relaxation. The results are shown in Table 9. Relaxing the UE processing time beyond what has been specified in Rel-15 can provide small complexity reduction on the order of 3-4% as shown in Table 9.
[bookmark: _Ref46433765]Table 9. Relative complexity reduction estimation from relaxed UE (N1, N2) processing time compared to reference non-RedCap NR UE.
	Functional block
	Cost breakdown

	
	FR1 FDD
	FR1 TDD

	Power amplifier
	25.0%
	25.0%

	Filters
	10.0%
	15.0%

	RF transceiver
(including LNAs, mixer, and local oscillator)
	45.0%
	55.0%

	Duplexer / Switch
	20.0%
	5.0%

	Total of RF
	100.0%
	100.0%

	ADC / DAC 
	10.0%
	9.0%

	FFT/IFFT
	4.0%
	4.0%

	Post-FFT data buffering
	10.0%
	10.0%

	Receiver processing block
	24.0%
	29.0%

	LDPC decoding
	5.0%
	4.5%

	HARQ buffer
	14.0%
	12.0%

	DL control processing & decoder
	5.0%
	4.0%

	Synchronization / cell search block
	9.0%
	9.0%

	UL processing block
	3.8%
	3.8%

	MIMO specific processing blocks
	9.0%
	9.0%

	Total of Baseband
	93.8%
	94.3%

	Overall relative cost
	96.3%
	96.6%



Coverage analysis
Relaxing the UE processing time will not reduce coverage.
Cell spectral efficiency analysis
Relaxing the UE processing time is not expected to reduce cell spectral efficiency.
Coexistence analysis
Relaxing (N1,N2) will have an impact to legacy UEs unless such UE can be identified in Msg1 during random access procedure. This is because the timing between RAR grant and Msg3 depends on N1 and N2 values. 
Power consumption analysis
Relaxing the UE processing time may result in a small degradation in power consumption as the UE is expected to stay active longer.
RAN1 specification impact
NR specifications can support signaling of N1/N2 processing times. Introducing additional values for RedCap UE will have a small impact to RAN1 specification. In this case, a new UE processing time capability would need to be introduced in 38.214. In addition, Msg1 early identification would always be needed so that the gNB can determine the N1/N2 timing of the UE.
Observation 21: Relaxed UE processing time can provide small complexity reduction on the order of 3-4%.
Observation 22: Relaxed UE processing time is not expected to have an impact on coverage. 
Observation 23: Relaxed UE processing time is not expected to have an impact on spectral effiency.
Observation 24: Relaxed UE processing time is not expected to reduce UE power consumption.
Observation 25: Relaxed UE processing time can be supported with minimal specification changes.
Observation 26: There is an impact to random access procedure for legacy UEs from relaxed UE processing time. In addition, it can have significant impact to scheduling complexity.
Maximum TBS restriction
Complexity reduction
Another approach for peak rate reduction is through restrict the maximum transport block size. In this case, complexity reduction can be achieved in the LDPC decoding, HARQ buffer, and UL processing block. For our analysis, the reference UE has peak data rates of 89 Mbps DL and 91 Mbps UL for 20 MHz FDD UE. For 5 MHz UE, the peak data rates are reduced in proportion to the bandwidth to 22 Mbps DL and 23 Mbps UL, while the Rel-18 RedCap UE has peak data rates of 10 Mbps DL and 10 Mbps UL. It is seen that modulation restriction can provide small complexity reduction of around 4% as shown in Table 10 on top of the BW reduction to 5MHz. 
[bookmark: _Ref46467466]Table 10. Relative complexity reduction estimation from TBS restriction.
	Functional block
	Cost breakdown

	
	FR1 FDD
(5 MHz)
	FR1 FDD 
(5 MHz + TBS limit)
	FR1 TDD
(5 MHz)
	FR1 TDD 
(5 MHz + TBS limit)

	Power amplifier
	20.0%
	20.0%
	20.0%
	20.0%

	Filters
	10.0%
	10.0%
	15.0%
	15.0%

	RF transceiver
(including LNAs, mixer, and local oscillator)
	40.0%
	40.0%
	50.0%
	50.0%

	Duplexer / Switch
	20.0%
	20.0%
	5.0%
	5.0%

	Total of RF
	90.0%
	90.0%
	90.0%
	90.0%

	ADC / DAC 
	0.5%
	0.5%
	0.4%
	0.4%

	FFT/IFFT
	0.2%
	0.2%
	0.2%
	0.2%

	Post-FFT data buffering
	0.5%
	0.5%
	0.5%
	0.5%

	Receiver processing block
	3.6%
	3.6%
	4.4%
	4.4%

	LDPC decoding
	4.0%
	1.8%
	3.2%
	1.4%

	HARQ buffer
	0.7%
	0.3%
	0.6%
	0.3%

	DL control processing & decoder
	1.3%
	1.3%
	1.0%
	1.0%

	Synchronization / cell search block
	9.0%
	9.0%
	9.0%
	9.0%

	UL processing block
	1.0%
	0.5%
	1.0%
	0.5%

	MIMO specific processing blocks
	9.0%
	9.0%
	9.0%
	9.0%

	Total of Baseband
	29.8%
	26.6%
	29.3%
	26.7%

	Overall relative cost
	53.9%
	52.0%
	53.6%
	52.0%



Coverage Analysis
TBS restriction will not impact coverage.
Cell Spectral Efficiency Analysis
TBS restriction will reduce cell spectral efficiency as the peak data rates for UEs with good SNR will be reduced.
Power Consumption Analysis
Power consumption may increase slightly for a UE with good SNR due to longer Tx/Rx times. It is, however, not expected to impact overall power consumption significantly.
RAN1 specification impact
RAN1 specification impact is expected to be minimal. The existing MCS and CQI tables can be reused. 
Observation 27: TBS restriction to limit DL/UL peak rates to 10Mbps provides small reduction in complexity.
Observation 28: TBS restriction is not expected to impact coverage. 
Observation 29: TBS restriction can reduce peak data rate and would have some impact to Rel-18 RedCap spectral efficiency.
Observation 30: TBS restriction may increase Tx/Rx times slightly for UE with good SNR but is not expected to impact power consumption substantially.
Observation 31: TBS restriction can be supported with minimal specification changes.
Observation 32: Restricting the maximum TBS would not impact coexistence with legacy UEs.
UE Complexity Reduction Feature Combination
Based on the analysis in Section 2, it is seen that UE RF BW reduction can offer large complexity reduction, while bandwidth restriction for PDSCH/PUSCH can offer medium complexity reduction. Processing time relaxation and TBS restriction, however, offers only small complexity reduction. Table 11 provides estimated complexity reduction relative to the Rel-17 RedCap UE (20 MHz, 1Tx-1Rx, 64-QAM DL/UL, HD-FDD or TDD). The numbers is parenthesis refer to complexity reduction relative to baseline Rel-17 RedCap UE.
[bookmark: _Ref46490311]Table 11. Estimated complexity reduction.
	Features
	Estimated complexity reduction

	
	FR1 FDD (HD-FDD)
	FR1 TDD

	Rel-17 RedCap (20 MHz, 1Tx-1Rx, DL 64-QAM)
	40.4%
	30.0%

	5 MHz, 1Tx-1Rx, DL 64-QAM
	28.9% (-29%)
	21.7% (-28%)

	5 MHz, 1Tx-1Rx, DL 64-QAM, TBS restriction
	27.9% (-31%)
	21.1% (-30%)

	5 MHz, 1Tx-1Rx, DL 64-QAM, relaxed UE processing time
	28.3% (-30%)
	21.3% (-29%)

	5 MHz, 1Tx-1Rx, DL 64-QAM, TBS restriction, relaxed UE processing time
	27.6% (-32%)
	20.9% (-30%)

	BW restriction for PDSCH/PUSCH, 1Tx-1Rx, DL 64-QAM
	34.8% (-14%)
	26.3% (-12%)

	BW restriction for PDSCH/PUSCH, 1Tx-1Rx, DL 64-QAM, TBS restriction
	33.8% (-16%)
	25.7% (-14%)

	BW restriction for PDSCH/PUSCH, 1Tx-1Rx, DL 64-QAM, relaxed UE processing time
	34.1% (-16%)
	25.9% (-14%)

	BW restriction for PDSCH/PUSCH, 1Tx-1Rx, DL 64-QAM, TBS restriction, relaxed UE processing time
	33.5% (-17%)
	25.5% (-15%)

	BW restriction for PDSCH, 1Tx-1Rx, DL 64-QAM
	36.0% (-11%)
	27.5% (-8%)


It is seen that up to 32% and 30% complexity reduction can be achieved for FDD and TDD, respectively. Several observations may be made from Table 11.
Observation 33: Complexity reduction combination of 5 MHz RF, 1Tx-1Rx, 64-QAM DL, HD-FDD or TDD provides reduction of approximately 29% for FDD and 28% for TDD relative to Rel-17 RedCap UE.
Observation 34: Complexity reduction combination of 5 MHz PDSCH + PUSCH, 1Tx-1Rx, 64-QAM DL, HD-FDD or TDD provides reduction of approximately 14% for FDD and 12% for TDD relative to Rel-17 RedCap UE.
Observation 35: Complexity reduction combination of 5 MHz PDSCH, 1Tx-1Rx, 64-QAM DL, HD-FDD or TDD provides reduction of approximately 11% for FDD and 8% for TDD relative to Rel-17 RedCap UE.
Observation 36: Relaxing UE processing times provides marginal complexity reduction of around 1% on top of 5 MHz RF or data channel baseband reduction.
Observation 37: TBS reduction to limit DL/UL peak rates to 10Mbps provides marginal complexity reduction of around 2% on top of 5 MHz RF or data channel baseband reduction.
Observation 34: Relaxing UE processing times provides marginal complexity reduction of around 1% on top of 5 MHz RF or data channel baseband reduction.
Conclusions
In this contribution, we consider further reduced capability NR devices and make the following observations and proposals –
Proposal 1: Reuse complexity evaluation methodology and assumptions from TR 38.875 where the complexity reduction is based on the NR reference UE (FR1, 100 MHz, FDD/TDD). 
Proposal 2: The results of the Rel-18 complexity reduction features are compared against a baseline Rel-17 RedCap UE (20 MHz) with 1Tx-1Rx, 64-QAM DL/ UL, HD-FDD or TDD. 
Proposal 3: The following complexity reduction features and combinations should be evaluated –
· UE BW reduction to 5 MHz
· UE BW reduction to 5 MHz + TBS restriction
· UE BW reduction to 5 MHz + relaxed UE processing time
· UE BW reduction to 5 MHz + relaxed UE processing time + TBS restriction
· BW restriction of PDSCH/PUSCH to 5 MHz
· BW restriction of PDSCH/PUSCH to 5 MHz + TBS restriction
· BW restriction of PDSCH/PUSCH to 5 MHz + relaxed UE processing time
· BW restriction of PDSCH/PUSCH to 5 MHz + relaxed UE processing time + TBS restriction
· BW restriction of PDSCH to 5 MHz
· BW restriction of PDSCH to 5 MHz + TBS restriction
· BW restriction of PDSCH to 5 MHz + relaxed UE processing time
· BW restriction of PDSCH to 5 MHz + relaxed UE processing time + TBS restriction
Observation 1: Reducing BW to 5 MHz provides substantial complexity reduction compared to UE with 20 MHz. 
Observation 2: Reducing BW to 5 MHz may have an impact to coverage and further coverage analysis is needed to determine system impact and potential need for compensation. 
Observation 3: RedCap UE with 5 MHz BW have lower DL and UL spectral effiency compared to UE with 20 MHz BW, and further spectral efficiency analysis is needed to determine impact to non-RedCap UE.
Observation 4: Reducing BW to 5 MHz is expected to reduce UE power consumption.
Observation 5: Existing SSB configurations can be used with 5 MHz UE (e.g. with puncturing of PBCH in case of 30 kHz SCS).
Observation 6: Existing CORESET#0 configurations with 15 kHz SCS and 24 PRBs can be used for 5 MHz UE. There is no existing CORESET#0 configuration with 30 kHz SCS that can be used for 5 MHz UE.
Observation 7: Other channels can be supported without changes, but coverage compensation may be needed.
Observation 8: RedCap UE with 5 MHz BW can coexist with legacy UEs.
Observation 9: Bandwidth restriction of PDSCH + PUSCH to 5 MHz provides moderate complexity reduction compared to UE with 20 MHz. 
Observation 10: Bandwidth restriction of PDSCH + PUSCH to 5 MHz is not expected to have an impact on coverage. 
Observation 11: Bandwidth restriction of PDSCH + PUSCH to 5 MHz may lower DL and UL spectral effiency compared to UE with 20 MHz BW, and further spectral efficiency analysis is needed to determine impact to non-RedCap UE.
Observation 12: Bandwidth restriction of PDSCH + PUSCH to 5 MHz is not expected to reduce UE power consumption substantially.
Observation 13: Bandwidth restriction of PDSCH + PUSCH to 5 MHz can be supported with minimal specification impact.
Observation 14: There is no impact to coexistence with legacy UEs from bandwidth restriction of PDSCH + PUSCH to 5 MHz.
Observation 15: Bandwidth restriction of PDSCH to 5 MHz provides moderate complexity compared to UE with 20 MHz.
Observation 16: Bandwidth restriction of PDSCH to 5 MHz is not expected to have an impact on coverage. 
Observation 17: Bandwidth restriction of PDSCH to 5 MHz may lower DL spectral effiency compared to UE with 20 MHz BW, and further spectral efficiency analysis is needed to determine impact to non-RedCap UE.
Observation 18: Bandwidth restriction of PDSCH to 5 MHz is not expected to reduce UE power consumption substantially.
Observation 19: Bandwidth restriction of PDSCH to 5 MHz can be supported with minimal specification changes.
Observation 20: There is no impact to coexistence with legacy UEs from bandwidth restriction of PDSCH to 5 MHz.
Observation 21: Relaxed UE processing time can provide small complexity reduction on the order of 3-4%.
Observation 22: Relaxed UE processing time is not expected to have an impact on coverage. 
Observation 23: Relaxed UE processing time is not expected to have an impact on spectral effiency.
Observation 24: Relaxed UE processing time is not expected to reduce UE power consumption.
Observation 25: Relaxed UE processing time can be supported with minimal specification changes.
Observation 26: There is an impact to random access procedure for legacy UEs from relaxed UE processing time. In addition, it can have significant impact to scheduling complexity.
Observation 27: TBS restriction to limit DL/UL peak rates to 10Mbps provides small reduction in complexity.
Observation 28: TBS restriction is not expected to impact coverage. 
Observation 29: TBS restriction can reduce peak data rate and would have some impact to Rel-18 RedCap spectral efficiency.
Observation 30: TBS restriction may increase Tx/Rx times slightly for UE with good SNR but is not expected to impact power consumption substantially.
Observation 31: TBS restriction can be supported with minimal specification changes.
Observation 32: Restricting the maximum TBS would not impact coexistence with legacy UEs.
Observation 33: Complexity reduction combination of 5 MHz RF, 1Tx-1Rx, 64-QAM DL, HD-FDD or TDD provides reduction of approximately 29% for FDD and 28% for TDD relative to Rel-17 RedCap UE.
Observation 34: Complexity reduction combination of 5 MHz PDSCH + PUSCH, 1Tx-1Rx, 64-QAM DL, HD-FDD or TDD provides reduction of approximately 14% for FDD and 12% for TDD relative to Rel-17 RedCap UE.
Observation 35: Complexity reduction combination of 5 MHz PDSCH, 1Tx-1Rx, 64-QAM DL, HD-FDD or TDD provides reduction of approximately 11% for FDD and 8% for TDD relative to Rel-17 RedCap UE.
Observation 36: Relaxing UE processing times provides marginal complexity reduction of around 1% on top of 5 MHz RF or data channel baseband reduction.
Observation 37: TBS reduction to limit DL/UL peak rates to 10Mbps provides marginal complexity reduction of around 2% on top of 5 MHz RF or data channel baseband reduction.
Observation 34: Relaxing UE processing times provides marginal complexity reduction of around 1% on top of 5 MHz RF or data channel baseband reduction.
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