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1. [bookmark: OLE_LINK13][bookmark: OLE_LINK14]Introduction
In RAN1 #102-e meeting, follow agreements were achieved regarding to the study of UE complexity reduction and performance impacts [1]:
	Agreements:
· For cost/complexity reduction analysis, the RF-to-baseband cost ratio for an FR1 UE is assumed to be 40:60.
· For cost/complexity reduction analysis, the RF-to-baseband cost ratio for an FR2 UE is assumed to be approximately 50:50.

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

	RF

	Antenna array for FR2
	
	
	~33%

	Power amplifier 
	~25%
	~25% 
	~18%

	Filters
	~10%
	~15%
	~8% 

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

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

	Baseband

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

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

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

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

	LDPC decoding
	~10%
	~9%
	~9%

	HARQ buffer
	~14%
	~12%
	~11%

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

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

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

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



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

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

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

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

Agreements:
· For the purpose of evaluation, the UE processing time in terms of N1/N2 can be assumed to be doubled compared to those of capability #1, i.e.,
· N1 = 16, 20, 34, and 40 symbols for 15, 30, 60, and 120 kHz SCS (assuming only front-loaded DMRS)
· N2 = 20, 24, 46, and 72 symbols for 15, 30, 60, and 120 kHz SCS

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

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



In this contribution, we provide our analysis on UE complexity reduction, performance impacts, coexistence with legacy UEs and specification impacts from Reduced number of UE Rx/Tx antennas, bandwidth reduction, half-duplex FDD operation, relaxed UE processing time and relaxed UE processing capability perspective. 

2. Reduced number of UE Rx antennas 
2.1. Description of feature
In Rel-15, at least 4 Rx antennas are mandated in the bands of n7, n38, n41, n77, n78, n79, and  at least 2 Rx antennas are mandated for other FR1 bands and FR2. In RAN1#101-e meeting, it was agreed to study two antenna configurations for RedCap UEs: 1Rx/1Tx and 2Rx/1Tx for both FR1 and FR2. Reducing the number of Rx is expected to reduce the cost and complexity. In particular, reducing the number of UE Rx antennas is beneficial in terms of reducing the device size in FR1 which is crucial to support wearables. In today’s market, most of the smart watches have only 1Rx and 1Tx and the typical antenna size for watch is about 40-50mm X 3-5mm, which is much smaller than the antenna size for smart phone. In addition, typically a wearable device supports a wide range of frequency bands, and separate antenna and Rx chain is required for bands that has large frequency separations, this will further complicates the product design with form factor limitation. Therefore, it is crucial to allow 1Rx implementation at least for some wearable devices. For devices types that are not very restricted by form factor, 2Rx can be considered. 
Observation 2-1: Due to the requirement of support a wide range of frequency band and form factor limitation, 1Rx is crucial at least for some wearable devices, e.g. smart watch.
Proposal 2-1: Support 1Rx/1Tx for low-end RedCap devices e.g., wearables for all FR1 bands.
2.2. Analysis of UE complexity reduction 
The cost can be reduced in both RF and baseband processing aspects of the UE by reducing the number of antennas and related RF chains. Based on the agreed cost breakdown for each functional blocks, we evaluated the cost reductions by reducing the number of Rx antennas. Table 2-1 summarizes the cost reduction for RF, BB and RF+BB.  For more details, please refer to the excel document we submitted together with this contribution. For convenience, we provide cost estimate in Column C and cost reduction estimate in Column D, respectively. 

Table 2-1 Cost reduction estimate from reduced number of Rx antennas
	Function blocks
	FR1 FDD: 2  1
	FR1 TDD
	FR2 TDD

	
	
	4  2
	4  1
	2  1

	RF
	27%
	35%
	52%
	41%

	BB
	31%
	33%
	50%
	33%

	RF + BB
	30%
	34%
	51%
	37%



Observation 2-2: 
· For FR1 FDD, when the number of Rx antennas is reduced from 2 to 1, the overall estimated cost savings is around 30%;
· For FR1 TDD, when the number of Rx antennas is reduced from 4 to 2, the overall estimated cost savings is around 34%;
· For FR1 TDD, when the number of Rx antennas is reduced from 4 to 1, the overall estimated cost savings is around 51%;
· For FR2 TDD, when the number of Rx antennas is reduced from 2 to 1, the overall estimated cost savings is around 37%;
In addition, as mentioned, typically a wearable device supports a wide range of frequency bands, and separate antenna and Rx chain is required for bands that has large frequency separations, this will further complicate the product design with form factor limitation.  The cost, complexity and the size of a RedCap device would scale up, although not linearly, with the number of supported RF bands. 
Proposal 2-2: Capture following in TR 38.875:
· There is large cost reduction by reduced number of Rx antennas
· The reduced number of UE Rx antennas is beneficial in terms of reducing the device size.
· The cost, complexity and the size of a RedCap device would scale up, although not linearly, with the number of supported RF bands.

2.3. Analysis of performance impacts
Downlink coverage loss: Reducing the number of Rx antennas would have an impact on the downlink coverage for RedCap UEs. Based on our simulation in [2], it is observed that the impact of DL coverage is limited due to reduced Rx for both options agreed to be down-selected for the target performance requirement for RedCap Ues.   is observed that the impact of DL coverage is limited due to reduced Rx for both options agreed to be down-selected for the target performance requirement for RedCap UEs In addition, for some downlink channels, it may be possible to compensate the coverage through implementation choices like using power boosting or through longer acquisition time for SSB or HARQ-based trasnmission for PDSCH and Msg.4. Furthremore, NR networks are more uplink coverage limited. Therefore, the downlink coverage loss would not lead to an overall system coverage loss. 
Observation 2-3: for RedCap UEs,
· If the target performance requirement for each channel is identified by a target MCL or MIL or MPL within a reasonable deployment, i.e., option 1 is adopted,
· In urban scenario, PUSCH is the bottleneck channel, MSG4 of 1Rx need to be slightly enhanced.
· In 4GHz, broadcast PDCCH 1Rx and PRACH channels using PRACH Format B4 are slightly below the target performance
· In FDD, there are no obvious bottleneck channels
· If the target performance requirement for each channel is identified by the link budget of the bottleneck channel(s) for the reference NR UE within the same deployment scenario, i.e., option 3 is adopted, 
· In urban scenario, PUSCH is the bottleneck channel.
· In rural FDD scenario, PUSCH is the main bottleneck channel, PRACH using PRACH Format 0 and PUCCH format 3 with 22 bits are need to be enhanced.
· In Indoor scenario, except for PUSCH eMBB, PDSCH and broadcast PDCCH 1Rx are below target performance.  

Data rate/throughput: Reducing the number of Rx antennas will reduce the number of transmission layers, resulting reduced DL data rate/throughput. However, we should focus on whether the required data rate can be achieved for the supported scenarios. As shown in [3], single layer transmission with 20MHz BW size is able to provide peak data rate up to 80 Mbps for DL/UL with 64QAM and 40 Mbps UL with 16QAM, it is sufficient for most types of wearables. 
Observation 2-4:
· The required data rate for most RedCap use cases can be supported with reduced number of Rx antennas, although the peak data rate will be degraded. 

Spectral efficiency/network capacity loss: To support any type RedCap UEs in a network, there must be some loss in terms of cell spectral efficiency. Table 2-3 summarizes our simulation resluts for the spectral efficiency/network capacity capacity for FR1 2.6GHz, more resluts for FR1 4GHz and FR2 28GHz can be found in [2].
Table 2-3: Evaluation results for UPT and spectral efficiency for normal UEs with/without 1-Rx RedCap UEs
	Metric
	Low Loading (N=8, M=0)*
	Low Loading (N=8, M=3)
	Low Loading (N=8, M=8)
	Medium Loading (N=12, M=0)
	Medium Loading (N=12, M=4)
	Medium Loading (N=12, M=12)

	RU
	0.2792
	0.2968
	0.3023
	0.4594
	0.476
	0.4913

	50% UPT (eMBB UEs)
	488090000
	471061000
	471375000
	396736000
	392376000
	387629000

	5% UPT (eMBB UEs)
	177709000
	162543000
	165984000
	102392000
	97197500
	95886300

	Cell avg. SE (bps/Hz) (eMBB UEs)
	5.747
	5.4884
	5.5313
	5.223
	5.1252
	5.0945

	50% UPT (RedCap UEs)
	/
	36388800
	35203400
	/
	25543800
	24365900

	5% UPT (RedCap UEs)
	/
	13540200
	13800900
	/
	7726860
	7239640

	Cell avg. SE (bps/Hz) (RedCap UEs)
	/
	2.3498
	2.3815
	/
	2.362
	2.3096

	50% UPT (All UEs)
	/
	456728000
	436730000
	/
	379110000
	347192000

	5% UPT (All UEs)
	/
	95095200
	34729500
	/
	59827100
	22793800

	Cell avg. SE (bps/Hz) (All UEs)
	/
	5.4334
	5.3932
	/
	5.0859
	4.9779

	Cell served throughput
(Mbps)
	160.46
	161.27
	163.05
	239.9392
	242.1024
	244.5813

	* N stands for the number of eMBB UE and M stands for the number of RedCap UE.



It is observed that with the introduction of RedCap UEs, the spectrum efficiency and UPT performance for eMBB Ues are degraded. Increasing of the number of RedCap UEs will further degrade both eMBB and RedCap Ues spectrum efficiency and UPT. For medium loading case, the degradtion for spectrum efficiency and UPT performance is slower compared to the low loading case. However, compared to the case with eMBB UEs only, the introduction of RedCap UEs to the system (up to 1 :1 for the ratio between RedCap and eMBB user) has little impact on the eMBB UE performance. This is mainly due to the much sparser traffic model for RedCap Ues  compared to eMBB UEs. Furthermore, the cell capacity (cell served throuhgput) increases with the introduction of RedCap UEs to the system.
In addition, for wearable with 1Rx, the spectral efficiency may be smaller compared to other RedCap devices. However, given that the access control mechanism will be specified, NW can decide whether to allow such low-end RedCap UE access the network. 
Observation 2-5: with the introduction of RedCap UEs,
· The spectrum efficiency and UPT performance is much worse for RedCap UEs compared to eMBB UEs, due to the reduced UE capability. There are little UPT performance loss for eMBB UEs.  
· The cell capacity (cell served throughput) increases. 

Power consumption: Power consumption is also saved by fewer RF chains and by less complexity of multi-antenna processing. It was confirmed by the agreements achieved in RAN1#102-e meeting for RedCap UE power saving [1], as listed below: 
	Agreements: 
•	The scaling factor ‘0.7’ is used for 2 Rx to 1Rx power scaling for power reduction related evaluation.
Working assumption:
Adopting the following rule for power determination
•	Rule 1: ‘Micro sleep’ power of 1 Rx is [0.8]x2 Rx ‘Micro sleep’ power 
•	Rule 2: For both 1 Rx and 2 Rx configuration, 
•	P(α) = max (Micro-sleep, α ∙ Pt + (1 – α) ∙ 0.7Pt))
•	Pt is the PDCCH-only power for same slot and cross-slot scheduling cases.



[bookmark: _GoBack]Some companies mentioned that although the reduction in Rx antenna can reduce power consumption in the RF and the baseband modules, due to longer reception time needed for downlink channels, the power consumption will be increased. Based on the RedCap power template [4], we evaluated the power consumption for UEs with 2Rx and 1Rx using the traffic models, corresponding DRX configurations and other assumptions provided in [4]. The evaluation results are summarized in Table 2-4.
Table 2-4: Power saving gain by reducing from 2Rx and 1Rx for RedCap UEs.
	Traffic model
	Average relative power in per slot
	Power saving gain (1Rx vs 2Rx)

	Instant messaging with 2Rx RedCap UE antennas
	5.606744
	14.03%

	Instant messaging with 1Rx RedCap UE antenna
	4.819946
	

	Heartbeat with 200ms IAT and 2Rx RedCap UE antennas
	2.418902
	11.30%

	Heartbeat with 200ms IAT and 1Rx RedCap UE antenna
	2.145611
	

	Heartbeat with 80ms IAT and 2Rx RedCap UE antennas
	2.335983
	10.93%

	Heartbeat with 80ms IAT and 1Rx RedCap UE antenna
	2.080752
	

	VoIP with 2Rx RedCap UE antennas
	24.36922
	15.40%

	VoIP with 1Rx RedCap UE antenna
	20.6157
	



Based on above table, following observations can be made :

Observation 2-6: 
· About 14% power saving gain can be achieved by reducing the Rx antennas from 2 to 1 for instant messaging traffic. 
· About 11.3% power saving gain can be achieved by reducing the Rx antennas from 2 to 1 for Heartbeat traffic with 200ms IAT. 
· About 10.9% power saving gain can be achieved by reducing the Rx antennas from 2 to 1 for Heartbeat traffic with 80ms IAT. 
· About 15.4% power saving gain can be achieved by reducing the Rx antennas from 2 to 1 for VoIP traffic. 

Therefore, we proposed : 

Proposal 2-3 : The impacts on the DL coverage, capacity and spectrum efficiency due to the reduced number of Rx antennas should be discussed and concluded in the agenda item of 8.6.3 Coverage.
Proposal 2-4 : For reduced number of Rx antennas, capture following in the TR 38.875: 
· The required data rate for most RedCap use cases can be supported for the reduced number of Rx antennas, although the peak data rate will be degraded. 
· Reduction in Rx antenna by half can significantly reduce UE power consumption and device cost.
2.4. Analysis of coexistence with legacy UEs
We did not see any issues on the coexistence with legacy UEs due to the reduced number of Rx antennas for RedCap UEs. 

Proposal 2-5: Capture in the TR 38.875 that no coexistence impact on legacy UEs due to reduced number of Rx antennas for RedCap UEs.
2.5. Analysis of specification impacts
There are potential RAN4 specification impacts for defining corresponding receiver characteristics, demodulation performance requirements, CSI reporting requirements, RRM requirements, etc. 
From RAN1 perspective, it may or may not have specification impacts, depending on the decision on whether DL coverage recovery is needed by specification changes.
Proposal 2-6: Capture in the TR 38.875 that potential RAN4 specification impacts are expected for defining corresponding receiver characteristics, demodulation performance requirements etc.

3. UE bandwidth reduction 
3.1. Description of feature
Reduced bandwidth is considered as one potential feature to lower the UE cost. It was agreed in the last meeting that for initial access, the baseline UE bandwidth capability is 20 MHz for FR1and the same maximum UE bandwidth in a band applies to both RF and baseband. For FR2, both 50MHz and 100MHz were agreed to be further studied as the maximum BW size for initial access based on RAN1 101-e meeting. 
The BW size for SSB in FR2 are 28.8MHz for 120KHz SCS and 57.6MHz for 240KHz SCS. The BW size for CORESET#0 in FR2 is 34.56MHz for 60KHz SCS with 48 RBs and 120KHz SCS with 24 RBs; and 69.12MHz for 60KHz SCS with 96 RBs and 120KHz SCS with 48 RBs; As observed, for receiving SSB, the bandwidth of 50MHz is not enough for SCS of 240KHz. For receiving CORESET#0, 50MHz is also not enough for almost half of the valid CORESE#0 configurations. Furthermore, when the SSB and CORESET#0 in FR2 uses multiplexing patterns 2 and 3, i.e., in FDMed manner, to cover both SSB and CORESET#0, the minimum BW size would be 63.4MHz for CORESET#0 with 24 RBs @ 120KHz SCS; and the maximum BW size would be 129.6 MHz for CORESET#0 with 48 RBs @ 120KHz SCS and SSB@240KHz. Therefore, 50MHz BW size as the maximum BW size for RedCap UE for initial access cannot accommodate many configurations. To support 50MHz, additional efforts are needed for following aspects: 
· When the BW size for SSB+CORESET#0 exceeds 50MHz, frequency domain resource allocation between SSB and CORESET#0 for multiplexing patterns 2 and 3 
· CORESET#0 uses interleaved REG to CCE mapping, PDCCH decoding performance when only part of the CCEs is received by the UE 
Therefore, it is desirable to support 100 MHz BW size for RedCap for FR2 during initial access. 
Proposal 3-1: For RedCap UEs in FR2, the baseline UE bandwidth capability is 100 MHz, which can be assumed during the initial access procedure. 

3.2. Analysis of UE complexity reduction 
Reduction of maximum bandwidth provides significant cost savings mainly from reduced baseband processing. We evaluated the cost reductions by reducing UE bandwidth and summarized the results in Table 3-1. For more details, please refer to the excel document we submitted together with this contribution.
Table 3-1 Cost reduction estimate from reduced bandwidth
	Function blocks
	FR1 FDD
100MHz  20MHz
	FR1 TDD
100MHz  20MHz
	FR2 TDD
200MHz  100MHz
	FR2 TDD
200MHz  50MHz

	RF
	5%
	5%
	1%
	3%

	BB
	60%
	60%
	33%
	49%

	RF + BB
	38%
	38%
	17%
	26%



Observation 3-1: 
· For FR1 FDD, when UE bandwidth is reduced from 100MHz to 20MHz, the overall estimated cost savings is around 38%;
· For FR1 TDD, when UE bandwidth is reduced from 100MHz to 20MHz, the overall estimated cost savings is around 38%;
· For FR2 TDD, when UE bandwidth is reduced from 200MHz to 100MHz, the overall estimated cost savings is around 17%;
· For FR2 TDD, when UE bandwidth is reduced from 200MHz to 100MHz, the overall estimated cost savings is around 26%;

3.3. Analysis of performance impacts
Data rate:
Although bandwidth reduction may result in peak data rate reduction, 20MHz in FR1 can sufficiently close to achieve data rate requirements for almost all targeted use cases, for example, with 64QAM and 1(/2) MIMO layer, the DL peak data rate can be achived around 80(/160)Mbps; with 16QAM and 1 MIMO layer, the UL peak data rate can be achived around 40Mbps. For peak DL and UL data rate of 150Mbps and 50Mbps, the target RedCap UEs are for high-end devices, it is not necessary to be achieved assuming a 20MHz and rank 1 transmission, larger BW and/or more than one rank transmission can be used for such high-end devices.   
In FR2, both maximum UE bandwidth 50 MHz and 100 MHz can meet the peak data rate requirement.
Observation 3-2:
· For FR1 with 20 MHz as maximum bandwidth using 1Rx antenna, the required data rate for most RedCap use cases can be supported. For high-end RedCap devices requiring 150Mbps DL peak data rate and 50Mbps UL peak data rate, larger BW than 20MHz and/or more than one rank transmission can be used to achieve the required peak data rate.
· For FR2 with 50 MHz or 100 MHz as maximum bandwidth using 1Rx antenna, the peak data rate requirement can be met.
Power consumption:
Reducing the maximum bandwidth provides a reduction in power consumption due to the lower baseband processing requirements in some of the components, possibly including ADC/DAC, FFT, buffering and DL/UL processing blocks. As agreed in [5], compared to 100MHz bandwidth for FR1, the power consumption scaled for XMHz is 0.4 + 0.6 * (X - 20) / 80. 
Observation 3-3:
· UE power consumption can be significantly reduced by the reduced maximum bandwidth.
Proposal 3-2: capture above observation 3-1, 3-2 and 3-3 in the TR 38.875.
3.4. Analysis of coexistence with legacy UEs
For coexistence with legacy UEs, the impact depends on the scenarios and poential solutions. For example, if the cell load is high and if RedCap UEs reusing the legacy procedure and share the same initial BWP as for legacy UE, then it has impact on the performace of leagcy UEs and increase the cell load. However, if the cell load is low or there are solutions to offload RedCap UEs to a different initial BWP as discussed in [6], the overall impact on leagcy UE would be small.
Observation 3-4: there may or may not have impacts on the coexistence with legacy UEs, depending on the cell load and the solutions for RedCap and normal UEs camped on the same cell.
Observation 3-5: For both IDLE/INACTIVE and RRC-CONNECTED modes, if RedCap UEs are offloaded to a different BWP than initial BWP, it is beneficial from UE implementation perspective to have SSB transmitted in the operating BWP for RedCap UEs.
3.5. Analysis of specification impacts
Following specification impacts are identified due to the reduced bandwidth size
· Initial access including SSB detection, SIB reception and random access procedure 
· Dedicated initial BWP with non-CD SSB transmission for RedCap UE as discussed in [6] 
· The bandwidth for FDMed RACH Occasions exceeds the supported bandwidth by RedCap UEs
· Capability signaling for reduced bandwidth or UE type identification
Proposal 3-3: Following are captured in the TR 38.875 for specification impacts caused by the reduced bandwidth size:
· Initial access including SSB detection, SIB reception and random access procedure 
· Initial BWP with non-CD SSB transmission dedicated for RedCap UEs 
· Capability signaling for reduced bandwidth or UE type identification

4. Half-duplex FDD operation
4.1. Description of feature
Half-duplex can lower the cost of a RedCap UE by not requiring simultaneous transmission and reception, and hence half-duplex FDD RedCap UE does not need a duplexer, instead a switch can be used. It was agreed in RAN1 101-e meeting to study HD-FDD operation Type A and Type B (as defined in LTE) with prioritizing Type A. Type A and Type B HD-FDD operation are different from the required switching time for Rx-to-Tx and vice versa. 
In Rel-15, following transition time is defined for a UE that is not capable of full-duplex communication [7]:
	TS 38.211 sub-clause 4.3.2
[…]
A UE not capable of full-duplex communication is not expected to transmit in the uplink earlier than  after the end of the last received downlink symbol in the same cell where  is given by Table 4.3.2-3. 
A UE not capable of full-duplex communication is not expected to receive in the downlink earlier than  after the end of the last transmitted uplink symbol in the same cell where  is given by Table 4.3.2-3.
Table 4.3.2-3: Transition time  and 
	Transition time
	FR1
	FR2

	
	25600
	13792

	
	25600
	13792






From above, it can be seen that for none full duplex operation, the transition time is symbol-level for FR1 and FR2. It is desirable to support the similar level of the guard time for HD-FDD operation A to reduce the specification impacts. Therefore, it seems not necessary to support HD-FDD operation Type B for NR RedCap device. Following analysis for UE complexity reduction, performance impacts, coexistence with legacy UEs and  specification impacts focus on HD-FDD operation Type A.
Proposal 4-1: If HD-FDD operation is to be supported for RedCap NR devices, only consider HD-FDD operation Type A.
4.2. Analysis of UE complexity reduction 
The cost saving by half-duplex FDD mainly comes from the savings for the RF module that cosists of the duplexer/switch. The detailed cost reductions by half-duplex FDD Type A operation are presented in the excel file we submitted together with this contribution. As observed, HD-FDD Type A operation brings 6% cost saving compared to full duplex-FDD.
Observation 4-1: for HD-FDD Type A operation, the overall estimated cost savings is around 6% compared to full duplex-FDD. 
4.3. Analysis of performance impacts
For HD-FDD Type A operation, it is assumed that the transition time is not significantly long compared to typical scheduling time granularity and similar performace impacts as analyzed for LTE-MTC HD-FDD operation can be expected. 
· Half duplex operation will not result in loss of coverage. 
· The noise figure of a switch-based receiver RF chain is less than that of a duplexer-based receiver RF chain.
· Lower power consumption
· The insertion loss of the switch in the HD-FDD UE is less than in the duplexer of an FD-FDD UE: reducing the electrical power required to produce a certain amount of radiated RF power. Half duplex operation means some components can be put in a reduced power state until required. It is recognised that RF and baseband power consumption is often dictated by implementation. 
· Lower (peak) data rates and spectral efficiency 
· Latency : an HD-FDD device in RRC_CONNECTED can meet the 5-10 ms latency requirement for safety related sensors.
· Among RedCap use cases, the strigent latency requirement is for safety related sensors that requiring  5-10ms latency applicable to devices in RRC_CONNECTED. Larger latency is expected for SR-based UL transmissions. As analyzed in [8], in the worst case, e.g. 1-slot UL/DL transmission alignment delay, 1-slot transmission for SR and PUSCH, the overall latency is 7.4ms and 3.7ms with 15 kHz and 30 kHz SCS.  
Proposal 4-2: Capture following performance impacts in the TR 38.875 for HD-FDD Type A operation.
· Half duplex operation will not result in loss of coverage. 
· The noise figure of a switch-based receiver RF chain is less than that of a duplexer-based receiver RF chain.
· Lower power consumption
· Lower (peak) data rates and spectral efficiency 
· An HD-FDD device in RRC_CONNECTED can meet the 5-10 ms latency requirement for safety related sensors.

4.4. Analysis of coexistence with legacy UEs
HD-FDD may have some scheduling restrictions for the NW side when it coexists with legacy UEs. However, assuming that HD-FDD Type A does not require long transition time compared to typical scheduling time granularity, the impacts of coexistence with legacy UEs can be minor. 
Observation 4-2: there is no or minor impacts on the coexistence with legacy UEs due to HD-FDD Type A operation. 
4.5. Analysis of specification impacts
Following specification impacts are expected: 
· Define DL-to-UL and/or UL-to-DL switching time
· Define applicable bands and performance requirements for HD-FDD operation
· Collison handling between DL and UL transmission 
· Support HD-FDD operation, gNB is required to ensure that a UE is not scheduled simultaneously in the downlink and uplink, similar as the support for NR Rel-15 HD-TDD. Although managing the conflict between downlink and uplink for HD-FDD can be implemented as a scheduler constraint, there may exist the case that downlink and uplink transmissions cannot be avoided by scheduler, e.g. for contention-based PRACH. Further discussion is necessary on how to handle such case.  
Proposal 4-3: Capture following specification impacts in the TR 38.875 for HD-FDD Type A operation.
· Define DL-to-UL and/or UL-to-DL switching time
· Define applicable bands and performance requirements for HD-FDD operation
· Collison handling between DL and UL transmission 
· UE capability signaling

5. Relaxed UE processing time
5.1. Description of feature
In RAN1#102-e meeting, it was agreed for the purpose of evaluation, the UE processing time in terms of N1/N2 can be assumed to be doubled compared to those of capability #1 and the study of relaxed UE processing time related to CSI computation is not prioritized in the RedCap study item.

5.2. Analysis of UE complexity reduction 
If the minimum processing time can be relaxed, it is possible to slow the processor with reduced clock frequency, possible distribution of computation load over time, possible reduced demands on parallel processing and chip area, and possible less complex channel decoder. The detailed cost reductions by doubling UE processing time can be found in the excel file we submitted together with this contribution. It is observed that around 10% - 13% overall cost can be saved.
Observation 5-1: For relaxed UE processing time, the overall estimated cost savings is around 10%- 13% for doubling UE processing time of N1/N2.  

5.3. Analysis of performance impacts
Latency: Table 5-1 gives latency analysis for the relaxed UE processing time based on TR 37.910, following are assumed:
A TDD system with ‘DDSU’ pattern, the special slot S of {D : GP : U} = {10 : 2 : 2}. Configured grant PUSCH is assumed for safety related sensors that requiring 5-10ms latency. The CG-PUSCH duration is 14 symbols with only front-loaded DMRS, and its periodicity is 4 slots. PDCCH monitoring occasion periodicity = 1 slot.
Table 5-1 : UL user plane latency for NR TDD of DDSU with grant free transmission (ms)
	Component
(Unit symbols)
	UE capability 1
	RedCap UE with doubled N1/N2

	
	30kHz
N1=10
N2=12
	120KHz
N1=20
N2=36
	30kHz
N1=20
N2=24
	120KHz
N1=40
N2=72

	1. UL data transfer
	T1 = (tUE,tx + tFA,UL) + tUL_duration + tBS,rx

	1.1 UE processing delay for PUSCH generation:  tUE,tx =Tproc,2/2
	6
	18
	12
	36

	1.2 Alignment delay (UL):  tFA,UL
	42
	42
	42
	42

	1.3 PUSCH duration:  tUL_duration
	14
	14
	14
	14

	1.4 gNB’s PUSCH decoding time:  tBS,rx 
=Tproc,1/2
	5
	10
	10
	20

	2. HARQ retransmission
	THARQ = T2 + T1
T2 = (tBS,tx + tFA,DL) + tDL_duration + tUE,rx (For Steps 2.1 to 2.4)

	2.1 gNB’s  UL grant preparation: tBS,tx=Tproc,1/2
	5
	10
	10
	20

	2.2 Alignment delay (DL):  tFA,DL
	4
	8
	8
	2

	2.3 PDCCH duration (UL grant):  tDL_duration
	1
	1
	1
	1

	2.4  UE processing delay for UL grant:  tUE,rx =Tproc,2/2
	6
	18
	12
	36

	2.5 Repeat UL data transfer from 1.1 to 1.4
	T1

	Total one way user plane latency for UL
	TUP= T1 + n×THARQ
where n is the number of re-transmissions (n≥0)

	Without Re-transmission n=0
	67 symbols
2.39ms
	84 symbols
0.75ms
	78 symbols
2.79ms
	112 symbols
1ms

	With 1 Re-transmission n=1
	5.36ms
	1.83ms
	6.69ms
	2.53ms



From Table 5-1, it is observed that the latency requirements for different use cases can be met by doubling the UE processing time capability in terms of N1/N2.
Observation 5-2: 
· The latency requirements for non-safety/safety related sensors, surveillance cameras and wearables can be met by doubling the UE processing time capability in terms of N1/N2.

Lower power consumption: Power saving benefit can be obtained from relaxed UE processing time, particularly from cross-slot scheduling which may lower UE’s working voltage and avoiding unnecessary data buffering.
Coverage: it is expected that no significant coverage impact from a more relaxed UE processing time.
Spectral efficiency/Capacity:  no impact on spectral efficiency or network capacity is expected since gNB can schedule other UEs during the UE processing time.
Proposal 5-1: Capture following performance impacts in the TR 38.875 for relaxed UE processing time:
· The latency requirements for non-safety/safety related sensors, surveillance cameras and wearables can be met by doubling the UE processing time capability in terms of N1/N2.
· Power saving benefit can be obtained from relaxed UE processing time
· no significant impacts on coverage impact 
· no significant impacts on spectral efficiency or network capacity 

5.4. Analysis of coexistence with legacy UEs
For relaxed UE processing time, it may make the scheduler a bit more complex. However, we consider the complexity would be acceptable since UEs with different capability e.g. Capability #1 and Capbility#2 served by the same gNB already exist. 
Another potential impact mentioned in [9] is that identification of RedCap UEs before Msg3 may be needed if relaxed UE processing time is applicable before Msg3. However, it depends on the detailed discussion on how UE processing timeline is relaxed. One possibility is that UE operates using Capability #1 during initial access since the amount of data to be processed during the initial access is small. After initial access, network can configure the UE operates with more relaxed processing timeline. On the other hand, even though the relaxed processing timeline is used during initial access, network can use a slower scheduling timeline for all the UEs so that early identification is not necessary.
In summary, we do not see the coexistence impacts from the relaxed UE processing time.    
Observation 5-3: No coexistence impacts from the relaxed UE processing time.
5.5. Analysis of specification impacts
The potential specification impact is the definition of relaxed UE processing time capability and N1/N2 values.
For the impact on the scheduling time, we do not expect the relaxation of N1/N2 would require additional value range for K1/K2 as the existing value range is already wide enough. 
Proposal 5-2: Capture in the TR 38.875 that the specification impacts for relaxed UE processing time capability is the definition of relaxed UE processing time capability and N1/N2 values.

6. Relaxed UE processing capability
6.1. Description of feature
For relaxed UE processing capability, the main techniques are restricting the maximum modulation orders, restricting the maximum number of MIMO layers, TB sizes restriction and reducing the maximum number of HARQ processes. In RAN1#102-e meeting [1], following were agreed:
	Agreements:
· For FR1 DL, study relaxation of maximum mandatory modulation to 64QAM instead of 256QAM.
· For FR1 UL, study relaxation of maximum mandatory modulation to 16QAM instead of 64QAM.
· For FR2 DL, study relaxation of maximum mandatory modulation to 16QAM instead of 64QAM.
· For FR2 UL, study relaxation of maximum mandatory modulation to 16QAM instead of 64QAM.
· Restriction to 1 or 2 MIMO layers in DL can be studied.
· No TBS restriction is considered in this SI beyond the implicit TBS restrictions resulting from reduced UE bandwidth or reduced number of MIMO layers.


One technique to relax UE processing capability is still under discussion, that is reducing the maximum number of HARQ processes. In the following sections, we provide our analysis for cost saving, performace impacts, coexsistence with legancy UE and specification impacts for the reduced maximum number of HARQ processes.  
6.2. Analysis of UE complexity reduction 
We evaluated the cost reductions for different techniques to relax UE processing capability in following Table 6-1, 6-2 and 6-3. More details can be found in the excel document we submitted together with this contribution. 
Reduced maximum number of MIMO layers
Table 6-1 Cost reduction estimate from reduced maximum number of MIMO layers
	Function blocks
	FR1 FDD: 2  1
	FR1 TDD
	FR2 TDD

	
	
	4  2
	4  1
	2  1

	RF
	0%
	0%
	0%
	0%

	BB
	24%
	25%
	37%
	22%

	RF + BB
	14%
	15%
	22%
	11%



Observation 6-1: 
· For FR1 FDD, when the maximum number of MIMO layers is reduced from 2 to 1, the overall estimated cost savings is around 14%;
· For FR1 TDD, when the maximum number of MIMO layers is reduced from 4 to 2, the overall estimated cost savings is around 15%;
· For FR1 TDD, when the maximum number of MIMO layers is reduced from 4 to 1, the overall estimated cost savings is around 22%;
· For FR2 TDD, when the maximum number of MIMO layers is reduced from 2 to 1, the overall estimated cost savings is around 11%;

Restricted maximum modulation order
Table 6-2 Cost reduction estimate from restricted maximum modulation order
	Function blocks
	FR1 FDD
	FR1 TDD
	FR2 TDD

	
	DL: 256  16QAM
	UL: 64  16QAM
	DL: 256  64QAM
	UL: 64  16QAM
	DL: 64  16QAM
	UL: 64  16QAM

	RF
	2%
	3%
	3%
	4%
	2%
	3%

	BB
	9%
	2%
	9%
	2%
	8%
	2%

	RF + BB
	7%
	3%
	6%
	3%
	5%
	3%



Observation 6-2: 
· For FR1, when the maximum modulation order for DL is reduced from 256QAM to 64QAM, the overall estimated cost savings is around 6% -7%;
· For FR2, when the maximum modulation order for DL is reduced from 64QAM to 16QAM, the overall estimated cost savings is around 5%;
· For FR1 and FR2, when the maximum modulation order for UL is reduced from 64QAM to 16QAM, the overall estimated cost savings is around 3%;

Reduced maximum number of HARQ processes
Table 6-3 Cost reduction estimate from reduced maximum number of HARQ processes
	Function blocks
	FR1 FDD
	FR1 TDD
	FR2 TDD

	
	16  8
	16  4
	16  8
	16  4
	16  8
	16  4

	RF
	0%
	0%
	0%
	0%
	0%
	0%

	BB
	9%
	14%
	8%
	13%
	9%
	13%

	RF + BB
	6%
	9%
	5%
	8%
	4%
	7%



Observation 6-3: 
· For FR1 and FR2, when the maximum number of HARQ processes is reduced from 16 to 8, the overall estimated cost savings is around 4% - 6%;
· For Fr1 and FR2, when the maximum number of HARQ processes is reduced from 16 to 4, the overall estimated cost savings is around 7% - 9%.
6.3. Analysis of performance impacts
The consequence for reduced maximum number of MIMO layers, restricted maximum modulation order and reduced maximum number of HARQ processes is reduced peak data rate. The potential performance impacts are:
· Reduced maximum data rates;
· No coverage impacts:
· Reduced cell spectrum efficiency
· Small reduction in power consumption since higher data rate seems consume larger power than that of lower data rate
6.4. Analysis of coexistence with legacy UEs
No coexistence impacts are found by relaxed UE processing capability.
6.5. Analysis of specification impacts
For specification impacts caused by relaxed UE processing capability, the most important one is the UE capability indication to notify the network of UE’s reduced capabilities. If reduced maximum number of HARQ processes is supported, it may have some RAN4 specification impact in terms of the demodulation performance requirements. For other impacts such as the changes for DCI size, CQI table and MCS table due to the restricted maximum modulation order, it is possible to do some optimizations, but not essential to have. 

Maximum number of HARQ processes have imapcts on the soft buffer size, more HARQ processes requires larger buffer size and it causes more complexity for the UE. In Rel-15 and Rel-16, gNB can configure up to 16 HARQ processes and all UEs are required to support 16 HARQ processes. For RedCap UEs with low data rate requirements, as discussed above, cost savings by HARQ process number reduction from 16 to 8 can be around 4% that is similar level as the cost saving by restricting the maximum modulation order. When HARQ process number is reduced from 16 to 4, more cost savings can be achieved compared to restricting the maximum modulation order. We think reducing the maximum HARQ process number is one good solution to further reduce the UE complexity with marginal specification impact. Therefore, following is proposed. 
Proposal 6-1: support maximum HARQ process number reduction for RedCap UEs.

7. Conclusion
This contribution discusses complexity reduction features for RedCap devices. The observations and proposals are summarized as following:

For Reduced number of UE Rx antennas:
Observation 2-1: Due to the requirement of support a wide range of frequency band and form factor limitation, 1Rx is crucial at least for some wearable devices, e.g. smart watch.
Observation 2-2: 
· For FR1 FDD, when the number of Rx antennas is reduced from 2 to 1, the overall estimated cost savings is around 30%;
· For FR1 TDD, when the number of Rx antennas is reduced from 4 to 2, the overall estimated cost savings is around 34%;
· For FR1 TDD, when the number of Rx antennas is reduced from 4 to 1, the overall estimated cost savings is around 51%;
· For FR2 TDD, when the number of Rx antennas is reduced from 2 to 1, the overall estimated cost savings is around 37%;
Observation 2-3: for RedCap UEs,
· If the target performance requirement for each channel is identified by a target MCL or MIL or MPL within a reasonable deployment, i.e., option 1 is adopted,
· In urban scenario, PUSCH is the bottleneck channel, MSG4 of 1Rx need to be slightly enhanced.
· In 4GHz, broadcast PDCCH 1Rx and PRACH channels using PRACH Format B4 are slightly below the target performance
· In FDD, there are no obvious bottleneck channels
· If the target performance requirement for each channel is identified by the link budget of the bottleneck channel(s) for the reference NR UE within the same deployment scenario, i.e., option 3 is adopted, 
· In urban scenario, PUSCH is the bottleneck channel.
· In rural FDD scenario, PUSCH is the main bottleneck channel, PRACH using PRACH Format 0 and PUCCH format 3 with 22 bits are need to be enhanced.
· In Indoor scenario, except for PUSCH eMBB, PDSCH and broadcast PDCCH 1Rx are below target performance.  
Observation 2-4:
· The required data rate for most RedCap use cases can be supported with reduced number of Rx antennas, although the peak data rate will be degraded. 
Observation 2-5: with the introduction of RedCap UEs,
· The spectrum efficiency and UPT performance is much worse for RedCap UEs compared to eMBB UEs, due to the reduced UE capability. There are little UPT performance loss for eMBB UEs.  
· The cell capacity (cell served throughput) increases. 
Observation 2-6: 
· About 14% power saving gain can be achieved by reducing the Rx antennas from 2 to 1 for instant meassaging traffic. 
· About 11.3% power saving gain can be achieved by reducing the Rx antennas from 2 to 1 for Heartbeat traffic with 200ms IAT. 
· About 10.9% power saving gain can be achieved by reducing the Rx antennas from 2 to 1 for Heartbeat traffic with 80ms IAT. 
· About 15.4% power saving gain can be achieved by reducing the Rx antennas from 2 to 1 for VoIP traffic. 

Proposal 2-1: Support 1Rx/1Tx for low-end RedCap devices e.g., wearables for all FR1 bands.
Proposal 2-2: Capture following in TR 38.875:
· There is large cost reduction by reduced number of Rx antennas
· The reduced number of UE Rx antennas is beneficial in terms of reducing the device size.
· The cost, complexity and the size of a RedCap device would scale up, although not linearly, with the number of supported RF bands.
Proposal 2-3 : The impacts on the DL coverage, capacity and spectrum efficiency due to the reduced number of Rx antennas should be discussed and concluded in the agenda item of 8.6.3 Coverage.
Proposal 2-4 : For reduced number of Rx antennas, capture following in the TR 38.875: 
· The required data rate for most RedCap use cases can be supported for the reduced number of Rx antennas, although the peak data rate will be degraded. 
· Reduction in Rx antenna by half can significantly reduce UE power consumption and device cost.
Proposal 2-5: Capture in the TR 38.875 that no coexistence impact on legacy UEs due to reduced number of Rx antennas for RedCap UEs.

For UE bandwidth reduction,
Observation 3-1: 
· For FR1 FDD, when UE bandwidth is reduced from 100MHz to 20MHz, the overall estimated cost savings is around 38%;
· For FR1 TDD, when UE bandwidth is reduced from 100MHz to 20MHz, the overall estimated cost savings is around 38%;
· For FR2 TDD, when UE bandwidth is reduced from 200MHz to 100MHz, the overall estimated cost savings is around 17%;
· For FR2 TDD, when UE bandwidth is reduced from 200MHz to 100MHz, the overall estimated cost savings is around 26%;
Observation 3-2:
· For FR1 with 20 MHz as maximum bandwidth using 1Rx antenna, the required data rate for most RedCap use cases can be supported. For high-end RedCap devices requiring 150Mbps DL peak data rate and 50Mbps UL peak data rate, larger BW than 20MHz and/or more than one rank transmission can be used to achieve the required peak data rate.
· For FR2 with 50 MHz or 100 MHz as maximum bandwidth using 1Rx antenna, the peak data rate requirement can be met.
Observation 3-3:
· UE power consumption can be significantly reduced by the reduced maximum bandwidth.
Observation 3-4: there may or may not have impacts on the coexistence with legacy UEs, depending on the cell load and the solutions for RedCap and normal UEs camped on the same cell.
Observation 3-5: For both IDLE/INACTIVE and RRC-CONNECTED modes, if RedCap UEs are offloaded to a different BWP than initial BWP, it is beneficial from UE implementation perspective to have SSB transmitted in the operating BWP for RedCap UEs.

Proposal 3-1: For RedCap UEs in FR2, the baseline UE bandwidth capability is 100 MHz, which can be assumed during the initial access procedure. 
Proposal 3-2: capture above observation 3-1, 3-2 and 3-3 in the TR 38.875.
Proposal 3-3: Following are captured in the TR 38.875 for specification impacts caused by the reduced bandwidth size:
· Initial access including SSB detection, SIB reception and random access procedure 
· Initial BWP with non-CD SSB transmission dedicated for RedCap UEs 
· Capability signaling for reduced bandwidth or UE type identification

For HD-FDD operation, 
Observation 4-1: for HD-FDD Type A operation, the overall estimated cost savings is around 6% compared to full duplex-FDD. 
Observation 4-2: there is no or minor impacts on the coexistence with legacy UEs due to HD-FDD Type A operation. 
Proposal 4-1: If HD-FDD operation is to be supported for RedCap NR devices, only consider HD-FDD operation Type A.
Proposal 4-2: Capture following performance impacts in the TR 38.875 for HD-FDD Type A operation.
· Half duplex operation will not result in loss of coverage. 
· The noise figure of a switch-based receiver RF chain is less than that of a duplexer-based receiver RF chain.
· Lower power consumption
· Lower (peak) data rates and spectral efficiency 
· An HD-FDD device in RRC_CONNECTED can meet the 5-10 ms latency requirement for safety related sensors.
Proposal 4-3: Capture following specification impacts in the TR 38.875 for HD-FDD Type A operation.
· Define DL-to-UL and/or UL-to-DL switching time
· Define applicable bands and performance requirements for HD-FDD operation
· Collison handling between DL and UL transmission 
· UE capability signaling

For Relaxed UE processing time,
Observation 5-1: For relaxed UE processing time, the overall estimated cost savings is around 10%- 13% for doubling UE processing time of N1/N2.  
Observation 5-2: 
· The latency requirements for non-safety/safety related sensors, surveillance cameras and wearables can be met by doubling the UE processing time capability in terms of N1/N2.
Observation 5-3: No coexistence impacts from the relaxed UE processing time.

Proposal 5-1: Capture following performance impacts in the TR 38.875 for relaxed UE processing time:
· The latency requirements for non-safety/safety related sensors, surveillance cameras and wearables can be met by doubling the UE processing time capability in terms of N1/N2.
· Power saving benefit can be obtained from relaxed UE processing time
· no significant impacts on coverage impact 
· no significant impacts on spectral efficiency or network capacity 
Proposal 5-2: Capture in the TR 38.875 that the specification impacts for relaxed UE processing time capability is the definition of relaxed UE processing time capability and N1/N2 values.

For Relaxed UE processing capability,
Observation 6-1: 
· For FR1 FDD, when the maximum number of MIMO layers is reduced from 2 to 1, the overall estimated cost savings is around 14%;
· For FR1 TDD, when the maximum number of MIMO layers is reduced from 4 to 2, the overall estimated cost savings is around 15%;
· For FR1 TDD, when the maximum number of MIMO layers is reduced from 4 to 1, the overall estimated cost savings is around 22%;
· For FR2 TDD, when the maximum number of MIMO layers is reduced from 2 to 1, the overall estimated cost savings is around 11%;
Observation 6-2: 
· For FR1, when the maximum modulation order for DL is reduced from 256QAM to 64QAM, the overall estimated cost savings is around 6% -7%;
· For FR2, when the maximum modulation order for DL is reduced from 64QAM to 16QAM, the overall estimated cost savings is around 5%;
· For FR1 and FR2, when the maximum modulation order for UL is reduced from 64QAM to 16QAM, the overall estimated cost savings is around 3%;
Observation 6-3: 
· For FR1 and FR2, when the maximum number of HARQ processes is reduced from 16 to 8, the overall estimated cost savings is around 4% - 6%;
· For Fr1 and FR2, when the maximum number of HARQ processes is reduced from 16 to 4, the overall estimated cost savings is around 7% - 9%.
Proposal 6-1: support maximum HARQ process number reduction for RedCap UEs.
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