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1 Introduction
RAN#88 initiated a study item on “Support of Reduced Capability NR devices” [1]. More specifically, several potential UE complexity reduction features have been listed in [1] for study: 
	· 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 


RAN1 discussed the candidate techniques in the RAN1 101 e-meeting for scoping and the following has been agreed in the meeting and post-meeting email discussion to further study on different areas: 
	· For FR1, study two antenna configurations for RedCap UEs, namely 1Rx/1Tx and 2Rx/1Tx. 
· For FR2, study two antenna configurations for RedCap UEs, namely 1Rx/1Tx and 2Rx/1Tx, where study of 2Rx/1Tx is prioritized.
· For FR1, study at least 20MHz maximum UE bandwidth at last for initial access.
· Other bandwidth FFS 
· For FR2, study at least 50MHz and 100MHz maximum UE bandwidth at last for initial access.
· Other bandwidth FFS 
· Study HD-FDD operation Type A and Type B (as defined in LTE) in RAN1, where study of Type A is prioritized.

· For UE complexity reduction through relaxed UE processing time, study a more relaxed UE processing time in terms of N1/N2 compared to capability #1

· Study the impact of BD and CCE limits reduction on power saving and PDCCH blocking probability (quantitatively) and resulting impacts on latency and scheduling flexibility (at least qualitatively).


However, there was no agreement made on the candidate techniques of UE processing capabilities reduction. 
In this contribution, we first provide our views on the open issues. In addition, evaluation and cost analysis of the UE cost reduction techniques that have so far been agreed to be further studied. 
2. Discussion
2.1 Scoping the UE Processing Capability Reduction Candidates
In the RAN1 #101e post meeting email discussion [101-e-Post-NR-RedCap], extensive discussions took place on the scoping of UE processing capability reduction candidates. A few candidates were proposed by companies to relax the peak data rate requirements as follows: 
· Reducing the maximum number of MIMO layers
· Maximum modulation order restriction
· Reduced number of HARQ processes 
· Reduced max TBS
As summarized by Rapporteur in the email thread, the first two techniques got wide support from companies (actually all). The main concern from some companies on adding the 3rd and 4th candidate into study is the scope extension and workload, which may cause the risk of not being able to complete the study item and work to get to market on time. Another argument to not study techniques of max TBS reduction for RedCap devices is the limited gain as the BW reduction and antenna reduction supposed to already reduce the "processing", TBS sizes, and HARQ memory. 

As concluded in LTE MTC study, reducing maximum TBS for DL and UL leads to reduced requirement on DL/UL processing, Polar/LDPC decoding and HARQ buffering. The relative cost saving gain observed in LTE is up to 16% percent for DL and up to 5% in UL [2]. More importantly, these techniques have least specification impact compared to others and the concern of RAN1 workload due to study them is sort of pessimistically overanxious: 
· No any impact on coverage performance. 
· The potential impacts on the specification is to limit the HARQ process number and maximum TBS to be a smaller number. 
Given these observations on cost reduction gain and associated standards efforts, we believe it is feasible and important to include all of these identified techniques for study in the scope of reduced UE processing capability, which actually have been explicitly captured as part of SID description. 

In addition, we believe relaxation on the UL waveform support should be also considered to avoid unnecessarily increase RedCap device complexity and cost. NR supports two waveforms for UL transmission, one is OFDM and another DFT-S-OFDM schemes. Compared to OFDM waveform, the DFT-S-OFDM is advantageous in terms of PAPR/CM property and higher power-amplifier efficiency, which eventually turns into a better coverage performance and battery utilization. The coverage of NR-lite devices is expected to be degraded due to the reduced number of Tx/Rx antenna. Taking the coverage issue and significantly longer battery requirements into account, it is clearly desirable to provide the flexibility for reduced capability UEs to support DFT-S-OFDM waveform only for UL transmission.    
Proposal 1: 
· Study at least following sub-areas to achieve relaxed UE processing capability, including reduced number of HARQ processes, reduced number of modulation schemes, a smaller required soft buffer size and reduced number of maximum layers.  
· Support of OFDM waveform for UL transmission should be an optional feature for reduced capability devices.

2.2 Analysis of cost reduction techniques
2.2.1 Cost analysis of NR Reference Devices
In the post meeting email discussion, one NR reference device was agreed for evaluation of cost/complexity reductions as follows: 
	The reference NR device for evaluation of cost/complexity reduction supports the following:
· All mandatory Rel-15 features (with or without capability signaling)
· Single RAT
· Operation in a single band at a time
· Maximum bandwidth:
· For FR1: 100 MHz for DL and UL
· For FR2: 200 MHz for DL and UL
· Antennas:
· For FR1 FDD: 2Rx/1Tx
· For FR1 TDD: 4Rx/1Tx
· For FR2: 2Rx/1Tx
· Power class: PC3
· Processing time: Capability 1
· Modulation:
· For FR1: support 256QAM for DL and 64QAM for UL
· For FR2: support 64QAM for DL and 64QAM for UL
· Access: Direct DL/UL access between UE and gNB



Table 1 presents our estimates of the relative NR reference device cost with splitting into two parts, RF components and base band processing and then identifying the percentage cost of each of the two parts, as did in eMTC analysis. In other tables, we provide cost analysis for each cost reduction techniques with the relative percentage cost reduction to that of the reference NR device i.e. discount value as used in TR 36.888. These estimates may of course vary depending on e.g. implementation architecture, algorithm details and what exactly is included in the different blocks. The numbers should merely be seen as a guideline and input for the discussion on potential savings. Even the partitioning between RF and baseband costs may shift depending on implementation details e.g. required external memory.

Table 1: Fractional cost breakdown relative to RF and baseband functions for reference NR devices
	Function block
	Proposed for reference NR device

	Duplex mode
	TDD and FDD

	Frequency Band assumed
	Supported all standard smartphone bands (LB, MB, HB, UHB and 5-7GHz) 

	Ratio of RF to baseband cost
	40:60



	Function block of RF
	Proposed value for reference NR device

	Antenna Parts
	NA

	Power amplifier
	NA

	Filters
	NA

	RF transceiver
(including LNAs, mixer, and local oscillator)
	NA

	Duplexer /Switch
	NA

	Other
	NA

	Total
	N/A



	Function block of Baseband
	Values proposed for reference NR device

	ADC / DAC
	NA

	FFT/IFFT
	~5%

	Post-FFT data buffering
	~10%

	Receiver
processing block
	~35% (Includes control processing, CSI meas, channel estimation, MIMO specific processing.)

	LDPC Decoding 
	~15%

	HARQ buffer
	~15%

	DL control processing & decoder
	NA (included in Receiver processing block)

	Synchronization / cell search block
	~10%

	UL processing block
	~10%

	MIMO specific processing blocks
	NA (included in Receiver processing block)

	Other
	NA

	Total
	100%



2.2.2 Analysis of reduced maximum BW
Cost analysis
Table 2 provides our estimate of the relative NR device cost reduction with reduced BW from 100MHz to 20MHz, focusing on FR1 case (i.e. discount number as in TR 36.888). The reduction of the maximum bandwidth can be applied to the downlink and/or uplink, the RF and/or baseband components, the data and control channels. With the reduced bandwidth, the cost saving can be achieved from several components as listed in Table 2, including post-FFT processing, IFFT/FFT, receiver processing block, LDPC/Polar decoding, HARQ buffer as well as UL processing blocks. 

Table 2: Relative cost saving estimation for the reduction of maximum BW
	Function block
	Values for reference NR device 
	Proposed values 

	Reduced Bandwidth (MHz)
	100
	20

	RF
	
	

	Antenna
	NA
	NA

	Power amplifier
	NA
	NA

	Filters
	NA
	NA

	RF transceiver
(including LNAs, mixer, and local oscillator)
	NA
	95%

	Duplexer/Switch
	NA
	NA

	Others (RX processing blocks)
	NA
	NA

	Total of RF relative cost saving
	NA
	NA

	Baseband
	
	

	ADC / DAC
	NA
	NA

	FFT/IFFT
	~5%
	50 %

	Post-FFT data buffering
	~10%
	50 %

	Receiver processing block
	~35% (Includes control processing, CSI measurement, channel estimation, MIMO specific processing.)
	70 %

	LDPC Decoding 
	~15%
	55 %

	HARQ buffer
	~15%
	60 %

	DL control processing & decoder
	NA (included in Receiver processing block)
	NA

	Synchronization / cell search block
	~10%
	NA

	UL processing block
	~10%
	75 %

	MIMO specific processing blocks
	NA (included in Receiver processing block)
	NA

	Other
	NA
	NA

	Total of Baseband relative cost saving
	100%
	33% (= 1-67%)



As can be seen, reduction of the maximum bandwidth to 20MHz in FR1 can decrease the cost with 33%. 

Observation 1: 
· Reduction of the maximum bandwidth from 100MHz to 20MHz in FR1 can decrease the baseband cost with 33%. 


2.2.2 Analysis of reduced number of Rx Antennas

Cost analysis
Removing the requirement for a Redcap device to process two or even four antennas and receiver chains is expected to provide cost saving from both RF and baseband processing perspective. Table 3 summarizes the estimated values relative to the NR reference devices with reducing to one antenna port and receiver chain. 
Table 3: Relative cost saving estimation for the reduction of number of Rx antennas
	Function block
	Values proposed for reference NR device
	Proposed values
	Proposed values
	Proposed values

	Number of Rx Antenna/RF chain
	8/4
	4/2
	2/1
	1/1 *

	RF
	
	
	
	

	Antenna
	NA
	50 %
	75%
	87%

	Power amplifier
	NA
	NA
	NA
	42%

	Filters
	NA
	60 %
	70%
	90%

	RF transceiver
(including LNAs, mixer, and local oscillator)
	NA
	73 %
	32%

	32%

	Duplexer/Switch
	NA
	60 %
	70%
	90%

	Others (RX processing blocks)
	NA
	50%
	75%
	75%

	Total of RF 
	N/A
	N/A
	N/A
	N/A

	Baseband
	
	
	
	

	ADC / DAC
	NA
	50%
	25%
	25%

	FFT/IFFT
	~5%
	70 %
	58 %
	58%

	Post-FFT data buffering
	~10%
	70 %
	58 %
	58 %

	Receiver processing block
	~35% (Includes control processing, CSI measurement, channel estimation, MIMO specific processing.)
	78 %
	68 %
	68 %

	LDPC Decoding 
	~15%
	70 %
	60 %
	60 %

	HARQ buffer
	~15%
	75 %
	60 %
	60 %

	DL control processing & decoder
	NA (included in Receiver processing block)
	NA
	NA
	NA

	Synchronization / cell search block
	~10%
	75 %
	60 %
	60 %

	UL processing block
	~10%
	NA
	NA
	NA

	MIMO specific processing blocks
	NA (included in Receiver processing block)
	NA
	NA
	NA

	Other
	NA
	NA
	NA
	NA

	Total of Baseband relative cost saving
	100%
	23% (= 1-77%)
	34%
	34%


Note: Assuming reduction in no. of RX antennas will also reduce the maximum MIMO layers supported.  
* 1 Antenna implies support of only LB, MB and HB 

Observation 2: 
· Reduction of number of Rx antennas to one in FR1 can decrease the cost with 23%~34% for 2 Rx and 1 Rx configuration respectively. 

Standards impacts
On the other hand, reduction of number of Rx antennas results in some degradation in the coverage for the RedCap devices compared to normal NR UEs. We provide evaluation of the corresponding coverage loss performance due to smaller number of Rx antennas in companion contribution [3]. The downlink coverage loss for RedCap devices can be compensated by simple repetition in time domain e.g. for PDCCH channel. 
The random access procedure maybe be impacted by the reduced number of Rx antennas to support the RedCap devices with single Rx antenna. Although it can be addressed by gNB implementation by always using lower code-rate Msg-2/Msg-4 that can be successfully decoded by single Rx RedCap devices, this approach is not preferable simply due to the unnecessary signaling overhead. One resource-efficient way is to allow gNB identifying the presence of RedCap devices with single RF chain (e.g. based on the detected PRACH resource) and then correspondingly select MSG-2/4 format properly. 2.2.3 Cost analysis of Half-Duplex FDD Operation. 
Observation 3: 
· The coverage of RedCap devices and random access procedure maybe impacted due to reduced number of Rx antennas. 

2.2.4 Analysis of Half-Duplex FDD

Cost analysis
Half duplex FDD (HD-FDD) operation can lower the cost of a RedCap NR device by simplifying the RF
implementation. By not requiring simultaneous transmission and reception, an HD-FDD RedCap UE does not require a duplexer and a switch is sufficient. In addition, it also benefits the processing power and memory dimensioning due of no need of handling concurrent DL and UL operations. Table summarizes the anticipated cost saving of HD-FDD operation for RedCap device. As shown in Table 4, the cost saving can be up to 50% for duplexer in RF part due to replacing duplexer with switch. 

Table 4: Relative cost saving estimation for half-duplex FDD
	Function block
	Values proposed for reference NR device
	Proposed values

	Half-Duplex FDD
	No
	Yes

	RF
	
	

	Antenna
	NA
	NA

	Power amplifier
	NA
	NA

	Filters
	NA
	NA

	RF transceiver
(including LNAs, mixer, and local oscillator)
	NA
	NA

	Duplexer/Switch
	NA
	50%

	Others
	NA
	NA

	Total of RF 
	N/A
	NA

	Baseband
	
	

	ADC / DAC
	NA
	NA

	FFT/IFFT
	~5%
	NA

	Post-FFT data buffering
	~10%
	NA

	Receiver
processing block
	~35% (Includes control processing, CSI meas, channel estimation, MIMO specific processing.)
	NA

	LDPC Decoding 
	~15%
	NA

	HARQ buffer
	~15%
	NA

	DL control processing & decoder
	NA (included in Receiver processing block)
	NA

	Synchronization / cell search block
	~10%
	NA

	UL processing block
	~10%
	NA

	MIMO specific processing blocks
	NA (included in Receiver processing block)
	NA

	Other
	NA
	NA

	Total of Baseband relative cost saving
	100%
	NA



Observation 4: 
· Support half-duplex FDD operation for FR1 can decrease the cost with 50% cost for duplex/switch on RF part.  


Standards impacts
As already concluded in LTE study and still hold for NR system, the HD-FDD will not result in coverage loss. The potential standard impact of HD-FDD mainly defines the switching time when transitioning from receive to transmit and vice versa. The switching time of downlink-to-uplink maybe created by not receiving symbols at the end of the DL slot (e.g. Type-A HD-FDD) immediately preceding the uplink transmission slot. The exact value of this switching time or even whether it should be explicitly defined in specification can be subject to further discussion in WI phase. This DL throughput loss can be even mitigated by gNB scheduler e.g. not schedule UL transmission that immediately follows downlink transmissions. In this way, RedCap devices may receive all the symbols within the downlink slot. Note that the switching time of uplink-to-downlink transition can be created by properly setting TA value by gNB scheduler for the RedCap devices without the need of special handing.  

Observation 5: 
· The impact of HD-FDD support for RedCap devices may only need to define downlink-to-uplink switching time, which can be either hard-encoded in specification or reported as part of UE capability signaling subject to the further discussions in WI phase.  

2.2.5 Analysis of Relax UE processing capability  

Cost analysis
As discussed in Section 2.1, we believe it is important to relax UE processing time. There are various techniques that reduce UE cost including maximum number of layers/modulation schemes/HARQ processes as well as the maximum TBS. The cost reductions of these techniques lead to different saving as summarized in Table 5 in details. 


Table 5: Relative cost saving estimation for relax UE processing capability
	Function block
	Values proposed for reference NR device
	Technique 1*
	Technique 2
	Technique 3

	-
	
	MIMO layers 2 to 1
	Mod order 256 to 64
	HARQ proceses to 4

	RF
	
	
	
	

	Antenna
	NA
	NA
	NA
	NA

	Power amplifier
	NA
	NA
	NA
	NA

	Filters
	NA
	NA
	NA
	NA

	RF transceiver
(including LNAs, mixer, and local oscillator)
	NA
	NA
	NA
	NA

	Duplexer/Switch
	NA
	NA
	NA
	NA

	Others
	NA
	NA
	NA
	NA

	Total of RF 
	N/A
	NA
	NA
	NA

	Baseband
	
	
	
	

	ADC / DAC
	NA
	NA
	NA
	NA

	FFT/IFFT
	~5%
	70 %
	NA
	NA

	Post-FFT data buffering
	~10%
	70 %
	NA
	NA

	Receiver processing block
	~35% (Includes control processing, CSI measurement, channel estimation, MIMO specific processing.)
	80 %
	NA
	NA

	LDPC Decoding 
	~15%
	70 %
	85 %
	NA

	HARQ buffer
	~15%
	75 %
	85 %
	60 %

	DL control processing & decoder
	NA (included in Receiver processing block)
	NA
	NA
	NA

	Synchronization / cell search block
	~10%
	75 %
	NA
	NA

	UL processing block
	~10%
	0 %
	NA
	NA

	MIMO specific processing blocks
	NA (included in Receiver processing block)
	NA
	NA
	NA

	Other
	NA
	NA
	NA
	NA

	Total of Baseband relative cost saving
	100%
	22%
	5%
	6%


Note: *Technique 1 – Assuming number of RX antennas remain same

Observation 5:
· The cost reduction of MIMO layers, maximum modulation order, number of HARQ processes can decrease the cost with 22%, 5%, 6%, respectively. 
In general, there is no impact on coverage performance from relaxed UE processing capability candidates. As detailed in Section 2.1, the anticipated impacts on the specification include smaller HARQ process number and maximum TBS. 

Proposal 2: 
· Capture the Table 1/2/3/4/5 into RedCap TR for cost analysis associated with each cost reduction techniques.

3. Conclusion 
In this contribution, we have presented our views on the standard impacts of reduced capability NR devices and provided evaluation/cost analysis for cost reduction techniques. Based on the discussions above, the following was proposed: 
Observation 1: 
· Reduction of the maximum bandwidth from 100MHz to 20MHz in FR1 can decrease the baseband cost with 33%. 

Observation 2: 
· Reduction of number of Rx antennas to one in FR1 can decrease the cost with 23%~34% for 2 Rx and 1 Rx configuration respectively. 

Observation 3: 
· The coverage of RedCap devices and random-access procedure maybe impacted due to reduced number of Rx antennas. 

Observation 4: 
· Support half-duplex FDD operation for FR1 can decrease the cost with 50% cost for duplex/switch on RF part.  

Observation 5: 
· The impact of HD-FDD support for RedCap devices may only need to define downlink-to-uplink switching time, which can be either hard-encoded in specification or reported as part of UE capability signaling subject to the further discussions in WI phase.  

Proposal 1: 
· Study at least following sub-areas to achieve relaxed UE processing capability, including reduced number of HARQ processes, reduced number of modulation schemes, a smaller required soft buffer size and reduced number of maximum layers.  
· Support of OFDM waveform for UL transmission should be an optional feature for reduced capability devices.

Proposal 2: 
· Capture the Table 1/2/3/4/5 into RedCap TR for cost analysis associated with each cost reduction techniques.
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