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1. Introduction

During RAN plenary meeting 86, a new study item [1] on support of reduced capability NR devices has been approved and further it is revised as in [2]. Some of the objectives are as in the following:

Identify and study potential UE complexity reduction features, including [RAN1, RAN2]: 

· Reduced number of UE RX/TX antennas

· UE Bandwidth reduction 

Note: Rel-15 SSB bandwidth should be reused and L1 changes minimized 

· Half-Duplex-FDD 

· Relaxed UE processing time 

· Relaxed UE processing capability 

The study includes evaluations of the impact to coverage, network capacity and spectral efficiency

Note1: The work defined above should not overlap with LPWA use cases. The lowest data rate and bandwidth capability considered should be no less than an LTE Category 1bis modem.

Study UE power saving and battery lifetime enhancement for reduced capability UEs in applicable use cases (e.g. delay tolerant) [RAN2, RAN1]: 

· Reduced PDCCH monitoring by smaller numbers of blind decodes and CCE limits [RAN1].

· Extended DRX for RRC Inactive and/or Idle [RAN2]

· RRM relaxation for stationary devices [RAN2]

Study functionality that will enable the performance degradation of such complexity reduction to be mitigated or limited, including [RAN1]:

· Coverage recovery to compensate for potential coverage reduction due to the device complexity reduction. 
· Note: For FR1, coverage analysis for wearables can include consideration of potential reduced antenna efficiency due to device size limitations as part of the antenna gains. The extent of additional recovery of coverage loss due to reduced antenna efficiency is to be limited to 3 dB

· The study includes evaluations of the impact to network capacity and spectral efficiency

During RAN1 meeting 102-e, various complexity reduction techniques have been discussed for redcap UEs and the following agreements and conclusion have been achieved. 

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.

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.

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

Agreement:

· 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.

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.

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.

It has been identified the 3 most important use cases for RedCap UEs are industrial wireless sensors, video surveillance and wearables. Reducing the device cost and complexity as compared to high-end eMBB and URLLC devices of Rel-15/Rel-16 is beneficial to popularize the application of RedCap UE for these use cases. 
In this contribution, we further discuss the potential complexity reduction techniques for RedCap UEs.     
2. Discussion on UE complexity reduction techniques
2.1. Reduced number of UE RX/TX antennas
According to the current RAN4 specification [4], NR UE is required to be equipped with a minimum of two Rx antenna ports in all operating bands except for the bands n7, n38, n41, n77, n78, n79 where the UE is required to be equipped with a minimum of four Rx antenna ports. Therefore, NR UE needs to support at least 4 RF chains when operating in bands n7, n38, n41, n77, n78, n79 and support at least 2 RF chains in bands except for the bands n7, n38, n41, n77, n78, n79.

During RAN1#102-e meeting, it has been concluded that the study of reduced number of UE (physical) antenna elements and panels in FR2 is not prioritized in the RedCap study item. In the following we focus on antenna reduction techniques for FR1. 
2.1.1 Analysis of complexity reduction
As studied in Rel-12 MTC [3], there is about 20%~30% cost reduction when reducing the number of Rx antennas from 2 to 1. The cost reduction comes from both RF aspects e.g., RF filters, transceivers and baseband processing functional blocks e.g., ADC/DAC, FFT, data buffering and channel estimation, cell search and synchronization block.  In addition, as studied in Rel-16 NR UE power saving [4], less number of RF chains also brings in significant UE’s power saving. At least for wearables and industrial wireless sensors, UE’s power saving is important to prolong the UE’s battery life and overcomes the negative impact of small battery capacity due to small form factor. Therefore, it can be expected  that reducing the number of UE Rx number can reduce Redcap UE’s cost and is also beneficial for UE power saving.

In the following Table 1, we give our analysis on cost saving for Redcap with 1 or 2Rx in FR1 or FR2 based on the agreed cost breakdown for FR1 FDD/TDD and FR2.
Table 1 Cost saving from UE antenna reduction

	Functional block
	FR1 FDD (2Rx)
	FR1 TDD (4Rx)
	FR2

	
	Ref. UE(2Rx)
	Redcap

(1 Rx)
	Ref. UE

(4Rx)
	Redcap UE(2RX)
	Redcap UE(1RX)
	Ref. UE
	Redcap UE

	RF

	Antenna array for FR2
	
	
	
	
	
	~33%
	-

	Power amplifier 
	~25%
	~25%
	~25% 
	~25%
	~25%
	~18%
	-

	Filters
	~10%
	~5%
	~15%
	~8%
	~4%
	~8% 
	-

	RF transceiver
(including LNAs, mixer, and local oscillator)
	~45% 
	~22.5%
	~55%
	~27.5%
	~14%
	~41%
	-

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

	Sum(RF)
	100%
	~72.5%
	100%
	~66%
	~48%
	
	-

	Baseband

	ADC / DAC
	~10%
	~6%
	~9%
	~5%
	~3%
	~4%
	-

	FFT/IFFT
	~4%
	~2%
	~4%
	~2%
	~1%
	~4%
	-

	Post-FFT data buffering
	~10%
	~5%
	~10%
	~5%
	~2.5%
	~11%
	-

	Receiver processing block
	~24%
	~12%
	~29%
	~14.5%
	~7.5%
	~24%
	-

	LDPC decoding
	~10%
	~10%
	~9%
	~9%
	~9%
	~9%
	-

	HARQ buffer
	~14%
	~14%
	~12%
	~12%
	~12%
	~11%
	-

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

	Synchronization / cell search block
	~9%
	~4.5%
	~9%
	~4.5%
	~2.5%
	~7%
	-

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

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

	Sum(Baseband)
	100%
	~72.5%
	100%
	~70%
	~56%
	
	-

	Sum (RF+Baseband)
	100%
	~72.5%
	100%
	~68%
	~53%
	
	-


From Table 1, it can be seen that: For FDD, there is about 27.5% cost saving of the modem when reducing the number of receiving antenna from 2 to 1. For TDD in FR1, there is about 32% cost saving of the modem when reducing the number of receiving antenna from 4 to 2 while there is about 47% cost saving of the modem when reducing the number of receiving antenna from 4 to 1.

Observation 1: There is significant cost saving when reducing the number of receiving antennas. The cost saving can be up to 47% when the number of receiving antenna from 4 to 1.

2.1.2 Analysis of performance impact
The main impact of reduction of UE RX antennas is the coverage loss. Typically, reducing the number of Rx antenna from 4 to 2 or from 2 to 1 would result in about 3dB coverage loss and reducing the number of Rx antenna from 4 to 1 would result in about 6 dB coverage loss for downlink channels.  On the other hand, based on our simulation in [7] which is also summarized in the following table 2, even when reducing the number of Rx antenna from 4 to 2 or from 4 to 1, the bottleneck of coverage for Redcap UE is still PUSCH.  
Table 2 MCL for NR UE and Redcap UE in 2.6GHz
	Channels
	PDCCH
	PDSCH
	PUCCH
	PUSCH

	NR UE
	162.69
	161.15(4Rx)
	146.27(2bits)

146.30(11bits)

146.43(22bits)
	136.37

	Redcap UE
	159.38(2Rx)

155.42(1Rx)
	158.87(2Rx)

156.26(1Rx)
	146.13(2bits)

146.20(11bits)

146.11(22bits)
	136.17


Therefore, Redcap with 1Rx doesn’t cause severe issue for the cell coverage. Techniques for coverage recovery for uplink shall be studied.  For uplink, support of 1 Tx have no coverage impact for Redcap UEs since only 1 Tx is mandated for normal NR UE.

Observation 2: when reducing the number of Rx antenna from 4 to 2 or from 4 to 1, the bottleneck of coverage for Redcap UE is still PUSCH.
Another impact is the throughput loss due to antenna reduction. 1Rx or 2Rx will restrict the maximum supported MIMO layer to one or two thus degrade the spectrum efficiency. But on the other hand, it is fortunately that Redcap UE generally does not need to support very high data rate. For example, for wearable UE, in typical cases, several Mbps would be enough. Therefore, in general the system performance degradation would be very small.

2.1.3 Analysis of coexistence with legacy UEs
There is no coexistence issue between redcap UEs with reduced number of antennas and legacy UEs. Common channel such as SIBx, paging, RAR can be shared with normal NR UEs. To avoid using lower MCS for legacy NR UE than needed, common channel such as RAR and paging can be transmitted separately for redcap UE and normal NR UE, which can be realized by the gNB’s scheduling implementation. 
2.1.4 Analysis of specification impacts

As discussed above, there is no coverage issue for NR redcap UEs with reduced number of antennas. There may be possible specification impact on RAN4 to introduce decoding performance requirements for redcap UEs with reduced number of antennas.
2.1.5 Proposals
Based on the above evaluation and analysis, antenna reduction can bring in significant cost saving for redcap UE. And there is no coexistence issue between redcap UEs with reduced number of antennas and legacy UEs.

There is no abvious coverage loss.  Therefore, antenna reduction techniques shall be used for Redcap UEs.
For RedCap UEs operating in bands except for the bands n7, n38, n41, n77, n78, n79, it would be straightforward that the number of the Rx antennas can be reduced from 2 to 1. 
For RedCap UEs operating in bands n7, n38, n41, n77, n78, n79, reducing the number of the Rx antennas from 4 to 2 can bring in 32% cost saving and reducing the number of the Rx antennas from 4 to 1 can bring in 47% cost saving. Therefore, from cost saving perspective, reducing the number of the Rx antennas from 4 to 1 shall be supported. 

In addition, for some wearable use cases, e.g., smart watch, due to the very small form factor of the wearable device, it is almost impossible to place RF components for 2Rx within the modem thus 1Rx is already the typical implementation. In addition, there would be no obvious difference of the coverage performance between wearable UEs with 2Rx and wearable UEs with 1Rx since there isn’t sufficient isolation between 2 Rx antenna elements due to small form factor, therefore, there is no diversity gain.
Observation 3: it is difficult to place RF components for 2Rx within the modem for some wearable use cases, e.g., smart watch. 1Rx is already the typical implementation.
Observation 4: even if 2Rx is used for smart watch, the performance of 2Rx would be degraded because of insufficient isolation between 2 Rx antenna elements due to small form factor.
Therefore, 1Rx shall be supported for these bands. For other use cases, such as video surveillance, 2Rx can facilitate 2 MIMO layers transmission to achieve higher data rate thus shall be supported.

For the number of Tx antennas, NR UE is only mandated to support 1 Tx both in FR1 and FR2. In addition, Redcap UE mainly works for low and medium data rate use case, single layer uplink transmission seems to be enough for these use cases. Therefore, 1 Tx seems to be sufficient for Redcap UEs.   

Proposal 1: Redcap UE supports 1 TX.
Proposal 2: For wearable UEs, when operating in bands n7, n38, n41, n77, n78, n79, the number of Rx can be reduced from 4 to 1. For other bands in FR1, the number of Rx can be reduced from 2 to 1.
Proposal 3: For other use cases, when operating in bands n7, n38, n41, n77, n78, n79, the number of Rx can be reduced from 4 to 2 or 1. For other bands in FR1, the number of Rx can be reduced from 2 to 1.
2.2. Small form factor of the wearable devices
Due to the small form factor of the wearable devices, the size of antenna is restricted compared with normal UE thus there is antenna gain loss for such devices. It has been agreed and noted in the updated SID [2] that the extent of additional recovery of coverage loss due to reduced antenna efficiency is to be limited to 3 dB. Reduced antenna efficiency would affect both uplink and downlink transmission. In order to avoid complicated scheduling, especially for common channels, limited kinds of antenna gain loss shall be supported for Redcap UEs. For example, only 2 kinds i.e., 0 dB or 3dB antenna gain loss can be supported.
Proposal 4: 0 dB or 3dB antenna gain loss can be supported for Redcap UEs.

2.2.1 Analysis of complexity reduction
For wearable use case, small form factor is one of the inherent design requirements for wearable devices. There is strict requirement for the device size for smart watch. 
2.2.2 Analysis of performance impact
Antenna gain loss has negative impact of both the downlink and the uplink coverage. Techniques for coverage recovery, especially for the transmission during initial access procedure, shall be studied for Redcap UEs with antenna gain loss. After initial access, the coverage can be handled by MCS report and proper scheduling by the gNB.
Proposal 5: Techniques for coverage recovery, especially for the transmission during initial access procedure, shall be studied for Redcap UEs with antenna gain loss.

2.2.3 Analysis of coexistence with legacy UEs
There is no coexistence issue between redcap UEs with antenna gain loss and normal NR UEs.
2.2.4 Analysis of specification impacts

Coverage recovery for both downlink and uplink channels, especially during initial access procedure, is needed for redcap UEs with antenna gain loss. 
2.3. UE Bandwidth reduction 
UE bandwidth reduction is another important technique for redcap UE.
During RAN1 meeting#101-e, the following agreements have been agreed:

Agreements: 
· For FR1, study at least 20MHz maximum UE bandwidth at least for initial access

· Other bandwidths FFS

· For FR2, study 50MHz and 100 MHz maximum UE bandwidth at least for initial access 

· Other bandwidths FFS

 Further, during RAN1 meeting 102-e, it is agreed the following:
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.

In the following, we discuss the complexity reduction, performance impact, coexistence with legacy UE and specification impact of bandwidth reduction for redcap UEs.
2.3.1 Analysis of complexity reduction
Reducing UE’s supported channel bandwidth is also expected to reduce UE’s cost and complexity. The complexity of the baseband processing components such as ADC/DAC, FFT, Post-FFT data buffering, channel decoding, HARQ buffer etc. would be decreased as the UE’s bandwidth is reduced. In addition, the cost of RF components would also be reduced. Furthermore, as studied in Rel-16 NR UE power saving [4], small working bandwidth is also beneficial for UE’s power saving.
Therefore, bandwidth reduction would be an important candidate technique to reduce redcap UE’s cost and complexity. In the following Table 3, the cost saving from UE bandwidth reduction is analyzed. Please note that since RF components such as power amplifier, RF transceiver with 20MHz are mature products in the current market, bandwidth reduction from 100MHz to 20MHz is expected to bring in cost reduction for these components.
Table 3 Cost saving from UE bandwidth reduction

	Functional block
	FR1 FDD (2Rx)
	FR1 TDD (4Rx)
	FR2

	
	Ref.UE
(100MHz)
	Redcap

(20MHz)
	Ref. UE

(100MHz)
	Redcap UE(20MHz)
	Ref. UE
(200MHz)
	Redcap UE(100MHz)
	Redcap UE(50MHz)

	

	Antenna array for FR2
	
	
	
	
	~33%
	~33.00%
	~33.00%

	Power amplifier 
	~25%
	~20%
	~25%
	~20%
	~18%
	~18.00%
	~18.00%

	Filters
	~10%
	~10%
	~15%
	~15%
	~8%
	~8.00%
	~8.00%

	RF transceiver
(including LNAs, mixer, and local oscillator)
	~45%
	~40.00%
	~55%
	~50.00%
	~41%
	~41.00%
	~41.00%

	Duplexer / Switch
	~20%
	~20%
	~5%
	~5%
	~0%
	~0.00%
	~0.00%

	Sum(RF)
	100%
	~90%
	100%
	~90%
	
	100%
	100%

	

	ADC / DAC
	~10%
	~2%
	~9%
	~2.00%
	~4%
	~2.00%
	~1.00%

	FFT/IFFT
	~4%
	~1%
	~4%
	~1.00%
	~4%
	~2.00%
	~1.00%

	Post-FFT data buffering
	~10%
	~2%
	~10%
	~2.00%
	~11%
	~6.00%
	~3.00%

	Receiver processing block
	~24%
	~5%
	~29%
	~6.00%
	~24%
	~12.00%
	~6.00%

	LDPC decoding
	~10%
	~2%
	~9%
	~2.00%
	~9%
	~5.00%
	~2.50%

	HARQ buffer
	~14%
	~3%
	~12%
	~2.50%
	~11%
	~6.00%
	~3.00%

	DL control processing & decoder
	~5%
	~5%
	~4%
	~4.00%
	~5%
	~5.00%
	~5.00%

	Synchronization / cell search block
	~9%
	~9.00%
	~9%
	~9.00%
	~7%
	~7.00%
	~7.00%

	UL processing block
	~5%
	~5%
	~5%
	~5.00%
	~7%
	~7.00%
	~7.00%

	MIMO specific processing blocks
	~9%
	~9%
	~9%
	~9.00%
	~18%
	~18.00%
	~18.00%

	Sum(Baseband)
	100%
	~43%
	100%
	~43%
	100%
	~70%
	~54%

	Sum (RF+Baseband)
	100%
	~62%
	100%
	~62%
	100%
	~85%
	~77%


From table 3 it can be seen that about 38% cost reduction can be achieved for FR1 when bandwidth is reduced from 100 MHz to 20MHz while there is about 15% or 23% cost reduction respectively when bandwidth is reduced from 200 MHz to 100MHz or 50MHz.

Observation 5: About 38% cost reduction can be achieved for FR1 when bandwidth is reduced from 100MHz to 20MHz while there is about 15% or 23% cost reduction respectively when bandwidth is reduced from 200 MHz to 100MHz or 50MHz.

2.3.2 Analysis of performance impact
For FR1, we have agreed that the baseline UE bandwidth capability is 20 MHz, which can be assumed during the initial access procedure. Since the bandwidth of all possible initial BWP configuration is not larger than  20MHz, the bandwidth of Redcap UE can fully cover the entire initial downlink BWP and all the channels during initial access procedure thus there is no performance loss. Similarly, for FR2 if 100MHz maximum UE bandwidth is supported, there is also no performance loss. 
If maximum UE bandwidth of 50MHz is supported in FR2, there may be performance loss for downlink channels during initial access when bandwidth of larger than 50MHz is configured for the initial downlink BWP.
2.3.3 Analysis of coexistence with legacy UEs
For FR1, there is no coexistence issue with legacy UE due to bandwidth reduction since maximum bandwidth of 20MHz or larger shall be supported for redcap UE. 
Similarly, for FR2 if 100MHz maximum UE bandwidth is supported, there is no coexistence issue with legacy UE due to bandwidth reduction. 
However, if 50MHz maximum UE bandwidth is supported, there would be issue for redcap UE to receive PDSCH of common channel during initial access.The maximum bandwidth of SSB in FR2 is 57.6MHz and the maximum bandwidth of CORESET 0 in FR2 is 69.12MHz. For a Redcap UE with 50MHz maximum UE bandwidth, the bandwidth of SSB and CORESET 0 can’t be fully covered. To overcome the bandwidth bottleneck issue for a 50MHz bandwidth UE, there are 2 possible methods:

The 1st method, as it has been proposed during previous RAN1 meeting, is by UE implementation. By receiving only partial SSB and CORESET 0, there is still probability for the UE to succeed to read MIB, SIBx and other common message during initial access. However, since on which PRBs to schedule PDSCH for SIBx and other common messages is totally up to the gNB’s implementation and the PDSCH may not occupy the whole initial DL BWP. Without the knowledge of the location of the scheduling bandwidth, Redcap UE’s receiving bandwidth may not fully overlap with the PDSCH scheduling bandwidth, as shown in Figure 1. In this case, the PDSCH decoding performance will deteriorate. Therefore, method to avoid such mis-alignment between Redcap UE’s receiving bandwidth and PDSCH scheduling bandwidth shall be further studied. 
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Figure 1 Mis-alignment between Redcap UE’s receiving bandwidth and PDSCH scheduling bandwidth
The second method is to configure separate initial downlink BWP for Redcap UEs. The initial downlink BWP for Redcap UEs can be configured to match Redcap UE’s bandwidth, e.g. not larger than 50MHz. The initial downlink BWP for Redcap UEs can be configured to be FDMed with NR UE’s initial DL BWP, if the network channel bandwidth is wide enough. Or, the CORESET 0 for Redcap UEs can be configured to be TDMed with NR UE’s CORESET 0. However, how to configure the initial DL BWP for Redcap UE needs to be further studied. Initial DL BWP shall be configured in MIB but there are very few spare bits in MIB, which may not enough to configure additional initial DL BWP for Redcap UEs. In addition, the TDMed configuration will make more slots as downlink slots, which will sacrifice the slot format configuration flexibility.

Observation 6:  There may be mis-alignment between Redcap UE’s receiving bandwidth and the scheduling bandwidth of PDSCH for common channel during initial access procedure.
2.3.4 Analysis of specification impacts
For FR1, there is minor specification impact due to bandwidth reduction since maximum channel bandwidth of 20MHz or larger shall be supported for redcap UE. 

Similarly, for FR2 if 100MHz maximum UE bandwidth is supported, there is also minor specification impact. 
However, if 50MHz maximum UE bandwidth is supported, as discussed above, how to receive the common channel during initial access shall be studied.
2.3.5 Proposal
Bandwidth reduction for FR1
For FR1, Redcap UE with 20MHz maximum UE bandwidth can fully cover the bandwidth of SSB or CORESET 0. Therefore, there is no problem for a Redcap with 20MHz maximum UE bandwidth to complete the initial access procedure from the bandwidth perspective. After initial access, the gNB can flexibly configure the UE with BWP having a bandwidth equal to or smaller than 20MHz. From the perspective of fulfilling the data rate requirements for the above use cases, even with single MIMO layer transmission, 20 MHz can provide sufficient data rate for most of the use cases. Therefore 20MHz maximum UE bandwidth shall be supported for FR1. On the other hand, bandwidth larger than 20MHz, e.g., 40MHz can also be considered for wearable UE having 1Rx to support high data rate requirements, e.g., up to 150Mbps. 

Observation 7: There is no problem for a Redcap with 20MHz maximum UE bandwidth to complete the initial access procedure from the perspective of bandwidth.

Proposal 6: For FR1, 20MHz maximum UE bandwidth shall be supported. Maximum UE bandwidth larger than 20MHz, e.g., 40MHz can also be considered for high end wearable use case.
Proposal 7: For FR2, 100MHz maximum UE bandwidth shall be supported.
Proposal 8: For FR2, if 50MHz maximum UE bandwidth is to be supported. Methods to avoid the mis-alignment between Redcap UE’s receiving bandwidth and PDSCH scheduling bandwidth or methods to configure separate initial downlink BWP for Redcap UEs shall be further studied.
Another aspect on the Redcap UE’s bandwidth reduction is whether and how the NR BWP framework shall be used. BWP operation is one important NR feature which is designed to facilitate UE’s power saving and flexible resource allocation. In order to minimize the specification impact and let RedCap UE enjoy the benefit of the BWP operation, RedCap UE shall support BWP operation. On the other hand, flexible BWP operation may result in complicated design, e.g., UE may needs to support kinds of RF and baseband components (Filters, ADC/DAC, etc.) to support different bandwidths and subcarrier spacings. In order to reduce the UE’s complexity, it would be beneficial for RedCap UE to support simplified BWP operation. RedCap UE can support less number of BWPs configurations. For example, it is possible to support only one additional BWP besides the initial downlink BWP thus the UE only have to support two BWPs in total. If more BWPs deems necessary, there shall be limited configurations, e.g., in FR1, only support BWP configured with specific bandwidth such as 5MHz, 10MHz, 20MHz.   

Proposal 9: RedCap UE supports simplified BWP operation.

Finally, in order to strive to reduce the UE’s cost and meanwhile fulfill the requirements of the use cases, it can be considered to decouple the UL bandwidth and the DL bandwidth for RedCap UEs. It seems that the uplink traffic would be dominant at least for Industrial wireless sensors and Video Surveillance thus it would be feasible to support a large uplink bandwidth and a small downlink bandwidth. Similarly, RedCap UE can support less number of downlink BWP than uplink BWPs, e.g., it only support the initial downlink BWP while it can support 2 uplink BWPs.
Proposal 10: Decouple the DL and UL BWP design for RedCap UE.

· Support small DL bandwidth and large UL bandwidth
· Support less number of DL BWP configurations than that of UL

2.4. Relaxed UE processing time 
During RAN1#102e meeting, the following has been agreed on relaxed UE processing time.
Agreements:

· For the purpose of evaluation, the UE processing time in terms of N1/N2 can be assumed to be doubled compared to those of capability #1, i.e.,

· N1 = 16, 20, 34, and 40 symbols for 15, 30, 60, and 120 kHz SCS (assuming only front-loaded DMRS)

· N2 = 20, 24, 46, and 72 symbols for 15, 30, 60, and 120 kHz SCS

Agreement:

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

For RedCap UEs, the end-to-end latency requirement is relaxed compared with that of normal NR UEs, therefore it is possible to support relaxed UE processing timeline to reduce UE’s cost and complexity. In addition, as studied in NR UE’s power saving [4], relaxed UE processing timeline also reduces UE’s power by lowering UE’s working voltage and avoiding unnecessary data buffering. 
For NR UEs, the k0/K1/k2 values are indicated by the scheduling DCI. NR UE shall support 0 as the minimum k0/k1/k2 value, i.e., same-slot PDSCH/PUSCH scheduling and HARQ-ACK feedback.  For RedCap UEs, cross-slot only scheduling (i.e., no support of same-slot scheduling) can be supported in order to relax the UE’s processing time. In addition, different RedCap UEs can support different minimum k0/k1/k2 values. For a same UE, k0/k1/k2 can have different minimum values.  A UE can report the supported minimum k0/k1/k2 combination to the network.
Proposal 11: RedCap UE supports cross-slot only scheduling.  Different RedCap UEs can support different minimum k0/k1/k2 values combination.

2.4.1 Analysis of complexity reduction
With relaxed UE processing time, i.e., doubled UE processing time, it is expected to reduce the complexity of the function blocks such as Receiver processing block, LDPC decoding, DL control processing & decoder, UL processing block and MIMO specific processing blocks.
Based on the cost breakdown that is agreed during RAN1#102e, the complexity reduction is given as in the following Table 4. 
Table 4 Complexity reduction from relaxed UE processing time
	Functional block
	FR1 FDD (2Rx)
	FR1 TDD (4Rx)
	FR2

	
	Ref.UE
(100MHz)
	Redcap

(20MHz)
	Ref. UE

(100MHz)
	Redcap UE(20MHz)
	Ref. UE
(200MHz)
	Redcap UE


	

	Antenna array for FR2
	
	
	
	
	~33%
	~33%

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

	Filters
	~10%
	~10%
	~15%
	~15%
	~8%
	~8%

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

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

	Sum(RF)
	100%
	100%
	100%
	100%
	
	100%

	

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

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

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

	Receiver processing block
	~24%
	~15%
	~29%
	~18%
	~24%
	~15%

	LDPC decoding
	~10%
	~5%
	~9%
	~5%
	~9%
	~5%

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

	DL control processing & decoder
	~5%
	~4%
	~4%
	~3%
	~5%
	~4%

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

	UL processing block
	~5%
	~3%
	~5%
	~3%
	~7%
	~4%

	MIMO specific processing blocks
	~9%
	6%
	~9%
	~6%
	~18%
	~12%

	Sum(Baseband)
	100%
	~80%
	100%
	~79%
	100%
	~77%

	Sum (RF+Baseband)
	100%
	~88%
	100%
	~87%
	100%
	~89%


From table 4 it can be seen that obvious complexity reduction (i.e., about 11%~13%) can be achieved from relaxed processing time. The complexity reduction can transfer into UE’s power saving and cost saving.
Observation 8: Obvious complexity reduction (i.e., about 11%~13%) can be achieved from relaxed processing time
2.4.2 Analysis of performance impact
For a RedCap UE supports cross-slot only scheduling, the data transmission latency would be slightly increased. But since use cases for redcap UEs have relaxed delay requirements, such slightly increased transmission latency can be accepted.  
On the other hand, cross-slot only scheduling is beneficial for UE’s power saving.
2.4.3 Analysis of coexistence with legacy UEs
NR has already support flexible timing. There is no obvious coexistence issue with legacy UEs due to relaxed UE processing time. During initial access procedure, the timing between msg1/2/3/4 may be affected due to relaxed processing time therefore legacy NR UE and redcap UE may not share same RAR messages.
2.4.4 Analysis of specification impacts

In order to support relaxed UE processing time, there would be some impacts on the default TDRA table design for common channel transmission. New default TDRA table supports non-zero k0/k2 shall be designed. In addition, during initial access procedure, the timing between msg1/2/3/4 may be affected due to relaxed processing time.
2.5. Relaxed UE processing capability 
The following have been agreed on relaxed UE processing capability.

Agreements:
· For FR1 DL, study relaxation of maximum mandatory modulation to 64QAM instead of 256QAM.
· For FR1 UL, study relaxation of maximum mandatory modulation to 16QAM instead of 64QAM.

· For FR2 DL, study relaxation of maximum mandatory modulation to 16QAM instead of 64QAM.

· For FR2 UL, study relaxation of maximum mandatory modulation to 16QAM instead of 64QAM.

· Restriction to 1 or 2 MIMO layers in DL can be studied.

· No TBS restriction is considered in this SI beyond the implicit TBS restrictions resulting from reduced UE bandwidth or reduced number of MIMO layers.

Besides the aspects, other techniques on relaxed UE processing capability can be considered. For example, it can also be studied whether it would be beneficial to support further relaxed BWP switching delay on top of Type 2 BWP switching delay. In our companion contribution [6], relaxed PDCCH monitoring capability is also discussed. 
Proposal 12: Study to support further relaxed BWP switching delay and relaxed PDCCH monitoring capability for RedCap UEs.
2.5.1 Analysis of complexity reduction
Relaxation of maximum mandatory modulation, the complexity of both the RF and baseband aspects of redcap UE’s can be reduced. For RF, the power amplifier can be simplified due to less stringent EVM requirements. For baseband, complexity of function blocks such as post-FFT data buffer, LDPC decoding, HARQ buffer and UL processing block can be reduced.
In the following Table 5 and Table 6, the cost saving of relaxing DL modulation and UL modulation is analyzed based on the agreed cost break down.

Table 5 Cost saving from Relaxed DL modulation (64QAM instead of 256QAM)
	Functional block
	FR1 FDD (2Rx)
	FR1 TDD (4Rx)
	FR2

	
	Ref.UE
(100MHz)
	Redcap

(20MHz)
	Ref. UE

(100MHz)
	Redcap UE(20MHz)
	Ref. UE
(200MHz)
	Redcap UE


	

	Antenna array for FR2
	
	
	
	
	~33%
	~33%

	Power amplifier 
	~25%
	~18.00%
	~25%
	~18.00%
	~18%
	~12%

	Filters
	~10%
	~10%
	~15%
	~15%
	~8%
	~8%

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

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

	Sum(RF)
	100%
	~93%
	100%
	~93%
	
	~94%

	

	ADC / DAC
	~10%
	~10.00%
	~9%
	~9.00%
	~4%
	~4%

	FFT/IFFT
	~4%
	~4.00%
	~4%
	~4.00%
	~4%
	~4%

	Post-FFT data buffering
	~10%
	~7.50%
	~10%
	~7.50%
	~11%
	~8%

	Receiver processing block
	~24%
	~24.00%
	~29%
	~29.00%
	~24%
	~24%

	LDPC decoding
	~10%
	~7.50%
	~9%
	~6.50%
	~9%
	~6%

	HARQ buffer
	~14%
	~10.50%
	~12%
	~9.00%
	~11%
	~8%

	DL control processing & decoder
	~5%
	~5.00%
	~4%
	~4.00%
	~5%
	~5%

	Synchronization / cell search block
	~9%
	~9.00%
	~9%
	~9.00%
	~7%
	~7%

	UL processing block
	~5%
	~5.00%
	~5%
	~5.00%
	~7%
	~7%

	MIMO specific processing blocks
	~9%
	~9.00%
	~9%
	~9.00%
	~18%
	~18%

	Sum(Baseband)
	100%
	~92%
	100%
	~92%
	100%
	~91%

	Sum (RF+Baseband)
	100%
	~92%
	100%
	~92%
	100%
	~93%


Table 6 Cost saving from Relaxed UL modulation (16QAM instead of 64QAM)
	Functional block
	FR1 FDD (2Rx)
	FR1 TDD (4Rx)
	FR2

	
	Ref.UE
(100MHz)
	Redcap

(20MHz)
	Ref. UE

(100MHz)
	Redcap UE(20MHz)
	Ref. UE
(200MHz)
	Redcap UE


	

	Antenna array for FR2
	
	
	
	
	~33%
	~33%

	Power amplifier 
	~25%
	~18.00%
	~25%
	~18.00%
	~18%
	~12%

	Filters
	~10%
	~10%
	~15%
	~15%
	~8%
	~8%

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

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

	Sum(RF)
	100%
	~93%
	100%
	~93%
	
	~94%

	

	ADC / DAC
	~10%
	~10.00%
	~9%
	~9%
	~4%
	~4%

	FFT/IFFT
	~4%
	~4.00%
	~4%
	~4%
	~4%
	~4%

	Post-FFT data buffering
	~10%
	~10.00%
	~10%
	~10%
	~11%
	~11%

	Receiver processing block
	~24%
	~24.00%
	~29%
	~29%
	~24%
	~24%

	LDPC decoding
	~10%
	~10.00%
	~9%
	~9%
	~9%
	~9%

	HARQ buffer
	~14%
	~14.00%
	~12%
	~12%
	~11%
	~11%

	DL control processing & decoder
	~5%
	~5.00%
	~4%
	~4%
	~5%
	~5%

	Synchronization / cell search block
	~9%
	~9.00%
	~9%
	~9%
	~7%
	~7%

	UL processing block
	~5%
	~3.50%
	~5%
	~4%
	~7%
	~5%

	MIMO specific processing blocks
	~9%
	~9.00%
	~9%
	~9%
	~18%
	~18%

	Sum(Baseband)
	100%
	~99%
	100%
	~99%
	100%
	~98%

	Sum (RF+Baseband)
	100%
	~96%
	100%
	~96%
	100%
	~96%


From Table 5 and Table 6, it can be seen that there is about 7%~8% cost saving by relaxing DL modulation (64QAM instead of 256QAM) and there is about 4% cost saving by relaxing DL modulation (16QAM instead of 64QAM).

Observation 9: there is about 7%~8% cost saving by relaxing DL modulation (64QAM instead of 256QAM) and there is about 4% cost saving by relaxing DL modulation (16QAM instead of 64QAM).
2.5.2 Analysis of performance impact
For a RedCap UE with relaxed processing capability, the data transmission latency would be slightly increased. But since use cases for redcap UEs have relaxed delay requirements, such slightly increased transmission delay can be accepted.  

On the other hand, relaxed processing capability is beneficial for UE’s power saving.
2.5.3 Analysis of coexistence with legacy UEs
There is no coexistence issue with legacy UEs due to relaxed UE processing time.

2.5.4 Analysis of specification impacts

In order to support relaxed UE processing time, there would be some impacts on the default TDRA table design for common channel transmission. New default TDRA table support non-zero k0/k2 shall be designed.

Based on the above analysis, we propose to support relaxed DL modulation and relaxed UL modulation.
Proposal 13: Relaxed DL modulation and relaxed UL modulation shall be supported for redcap UE.

2.6. UE capability and capability report for RedCap UEs
As discussed above, there would be possibly multiple UE complexity reduction techniques that could be adopted as a combination. Furthermore, for different use cases, the use case requirements may be different thus the complexity reduction techniques may be different. Therefore, it would be beneficial to support various complexity reduction feature combinations to fulfill different use case requirements. A RedCap UE can report to the network with the UE capability signaling which complexity reduction features it supports. On the other hand, too many types of Redcap UE would incur fragment of the productions and make it difficult for the chip set vendor to achieve economies of scale, which is adverse to decrease the cost of Redcap UE. 
Proposal 14: Study how to balance the need to fulfill different use case requirements and avoid the fragment of the productions.
Furthermore, it shall be studied when and how the UE shall report its capabilities to the network. Some complexity reduction features such as Rx/Tx antennas reduction, processing time relaxation may have impact on the transmission during the initial access stage. For example, 1Rx and antenna gain loss requires coverage recovery for the transmission even during initial access procedure. Processing time relaxation may have impact on the transmission timing of the messages in RACH access procedure. Therefore, it would be necessary to be report these capabilities during the initial access procedure.
For other capabilities, they can be reported after initial access by using capability report signaling.

Proposal 15: UE’s capabilities have impacts on transmission during initial access shall be report as early as possible.  
3. Conclusions
In this contribution, we discussed the potential complexity reduction techniques for RedCap UEs and we have the following observations and proposals:   
Observation 1: There is significant cost saving when reducing the number of receiving antennas. The cost saving can be up to 47% when the number of receiving antenna from 4 to 1.
Observation 2: when reducing the number of Rx antenna from 4 to 2 or from 4 to 1, the bottleneck of coverage for Redcap UE is still PUSCH.
Observation 3: it is difficult to place RF components for 2Rx within the modem for some wearable use cases, e.g., smart watch. 1Rx is already the typical implementation.

Observation 4: even if 2Rx is used for smart watch, the performance of 2Rx would be degraded because of insufficient isolation between 2 Rx antenna elements due to small form factor.
Observation 5: About 38% cost reduction can be achieved for FR1 when bandwidth is reduced from 100MHz to 20MHz while there is about 15% or 23% cost reduction when bandwidth is reduced from 200 MHz to 100MHz or 50MHz.
Observation 6:  There may be mis-alignment between Redcap UE’s receiving bandwidth and the scheduling bandwidth of PDSCH for common channel during initial access procedure.
Observation 7: There is no problem for a Redcap with 20MHz maximum UE bandwidth to complete the initial access procedure from the perspective of bandwidth.
Observation 8: Obvious complexity reduction (i.e., about 11%~13%) can be achieved from relaxed processing time.
Observation 9: there is about 7%~8% cost saving by relaxing DL modulation (64QAM instead of 256QAM) and there is about 4% cost saving by relaxing DL modulation (16QAM instead of 64QAM).
Proposal 1: Redcap UE supports 1 TX.
Proposal 2: For wearable UEs, when operating in bands n7, n38, n41, n77, n78, n79, the number of Rx can be reduced from 4 to 1. For other bands in FR1, the number of Rx can be reduced from 2 to 1.
Proposal 3: For other use cases, when operating in bands n7, n38, n41, n77, n78, n79, the number of Rx can be reduced from 4 to 2 or 1. For other bands in FR1, the number of Rx can be reduced from 2 to 1.
Proposal 4: 0 dB or 3dB antenna gain loss can be supported for Redcap UEs.
Proposal 5: Techniques for coverage recovery, especially for the transmission during initial access procedure, shall be studied for Redcap UEs with antenna gain loss.

Proposal 6: For FR1, 20MHz maximum UE bandwidth shall be supported. Maximum UE bandwidth larger than 20MHz, e.g., 40MHz can also be considered for high end wearable use case.
Proposal 7: For FR2, 100MHz maximum UE bandwidth shall be supported.
Proposal 8: For FR2, if 50MHz maximum UE bandwidth is to be supported. Methods to avoid the mis-alignment between Redcap UE’s receiving bandwidth and PDSCH scheduling bandwidth or methods to configure separate initial downlink BWP for Redcap UEs shall be further studied.
Proposal 9: RedCap UE supports simplified BWP operation.

Proposal 10: Decouple the DL and UL BWP design for RedCap UE.

· Support small DL bandwidth and large UL bandwidth

· Support less number of DL BWP configurations than that of UL

Proposal 11: RedCap UE supports cross-slot only scheduling.  Different RedCap UEs can support different minimum k0/k1/k2 values combination.
Proposal 12: Study to support further relaxed BWP switching delay and relaxed PDCCH monitoring capability for RedCap UEs.
Proposal 13: Relaxed DL modulation and relaxed UL modulation shall be supported for redcap UE.
Proposal 14: Study how to balance the need to fulfill different use case requirements and avoid the fragment of the productions.

Proposal 15: UE’s capabilities have impacts on transmission during initial access shall be report as early as possible.  
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