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Discussion and decision
1 Introduction
In SID [1], the following objective was agreed:

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 

Note1: The work defined above should not overlap with LPWA use cases. The lowest capability considered should be no less than an LTE Category 1bis modem.
In this paper, methodology of evaluation on UE complexity reduction, and techniques of reducing UE complexity are discussed. 
2 Use cases and design target
Table 1 summarizes three use cases in SID [1]. Latency and reliability for industrial wireless sensors and video surveillance are much relaxed than Rel-15/16 URLLC or eMBB, for example 5-10ms latency for safety sensor.  With more retransmissions, 99.99% reliability can be easily met within 100ms or 500ms latency budget. In addition, the bit rate requirements of industrial wireless sensors and video surveillance are much lower than wearables. There are two typical bit rate target: 

· Target A: 2~4Mbps

· Target B: 10-50Mbps in DL and 5-25Mbps in UL

Target A is mainly for industrial wireless sensors and low-end surveillance, Target B is mainly for high end video surveillance and wearables. Table 2 provides some typical parameters and the achievable data rates. In our understanding, the reference bit rate is provided by a typical code rate (e.g., 0.25/0.5) and modulation scheme. In addition, 2 out of 14 symbols are assumed as DMRS overhead. Based on the roughly calculation, 5~20MHz bandwidth with QPSK and single MIMO layer can easily achieve Target A; 10~40MHz bandwidth with QPSK or 16QAM and single MIMO layer can achieve Target B.
Proposal #1: Consider two design targets of reference bit rate: Target A: 2~4Mbps and Target B: 10~50MBps in DL and 5~25Mbps in UL. 
Observation #1: Target A can be achieved with 5~20MHz bandwidth, QPSK and single MIMO layer. 

Observation #2: Target B can be achieved with 10~40MHz bandwidth, QPSK or 16QAM and single MIMO layer. 
Table 1 Summary of use cases for RedCap device
	Use cases
	Reference bit rate
	Latency
	Reliability
	Battery life

	Industrial wireless sensors
	2 Mbps


	100 ms

5-10 ms
	99.99%
	Few years

	Video Surveillance
	2-4Mbps

7.5-25Mbps(dominated by UL)
	500ms
	99%-99.99%
	-

	Wearables
	10-50Mbps in DL

>5Mbps in UL
	-
	-
	Up to 1-2weeks


Table 2 Typical parameters to achieve target data rates 
	
	Data rate
	Bandwidth
	Modulation
	Code rate
	MIMO layer

	Target A
	~3.6Mbps
	5MHz
	QPSK
	0.5
	1

	
	~3.6Mbps
	10MHz
	QPSK
	0.25
	1

	
	~7.2Mbps
	10MHz
	QPSK
	0.5
	1

	
	~7.2Mbps
	20MHz
	QPSK
	0.25
	1

	Target B
	~14.4Mbps
	20MHz
	QPSK
	0.5
	1

	
	~14.4Mbps
	10MHz
	16QAM
	0.25
	1

	
	~28.8Mbps
	10MHz
	16QAM
	0.5
	1

	
	~28.8Mbps
	20MHz
	16QAM
	0.25
	1

	
	~28.8Mbps
	40MHz
	QPSK
	0.25
	1

	
	~57.6Mbps
	20MHz
	16QAM
	0.5
	1

	
	~57.6Mbps
	40MHz
	QPSK
	0.5
	1


3 Methodology of evaluation on UE complexity reduction
In LTE Rel-11, RAN 1 kicked off a study item on low cost MTC for LTE. In TR 36.888 [2], the cost components of LTE UE was analyzed first and then, calculated the potential cost reduction techniques, as well as performance impacts of each cost reduction techniques, such as coverage analysis, minimum data rate, power consumption, specification impact and cell spectral efficiency. Comparing with the generic requirements in SID [1], at least coverage analysis, minimum data rate (when applicable), power consumption and specification impact can be studied. In addition, latency also need to be taken into account. 
Proposal #2: Besides cost analysis and specification impact analysis, performance analysis of power consumption, coverage, latency and minimum data rate (when applicable) can be considered. 
In TR 36.888 [2], the cost components of LTE UE includes RF cost and based band cost/complexity. A reference category 1 LTE UE modem is assumed for the cost breakdown shown as Table 3. Since there is no defined UE category in NR, at least one reference NR UE modem can be introduced for cost break down, which can achieve one of design target. For example, a reference NR UE can be assumed to have 20MHz bandwidth, 16QAM, 2 received antenna, 1 transmission antenna, single MIMO layer and a max TBS with up to 50 000 bits (or 150 000 bits). Additional cost reduction or increase can be provided based on this reference NR UE. 
Proposal #3: In order to provide cost analysis, define a reference UE modem and provide cost breakdown relative to RF and baseband functions of it.

Table 3 Fractional cost breakdown relative to RF and Baseband functions 
	Functional block
	Cost break down for LTE Cat 1 as reference
	Notes and expected change for NR

	Ratio of RF to baseband cost
	40:60
	 FR1 and FR 2 may have different ratio

	RF

	Power amplifier
	25%-30%
	

	Filters
	5%-10%
	

	RF transceiver

(including LNAs, mixer, and local oscillator)
	40%-50%
	

	Duplexer /

Switch
	15%-25%
	

	Other
	0%-10%
	

	Total
	95%-110%
	

	Baseband

	ADC / DAC
	10%
	

	FFT/IFFT
	5%
	Maybe impacted by SCS

	Post-FFT data buffering
	10%-15%
	

	Receiver processing block
	20%-35%
	

	Turbo decoding
	5%-15%
	LDPC for NR

	HARQ  buffer
	10%-15%
	

	DL control processing & decoder
	5%
	Assuming 44BD per 1ms

	Synchronization / cell search block
	10%-15%
	

	UL processing block
	5%-10%
	

	MIMO specific processing blocks
	5%-15%
	1 MIMO layer 2 Rx

	Other
	0%
	

	Total
	90%-110%
	


4 Techniques of UE complexity reduction
4.1 Reduced number of UE RX/TX antennas
In NR, there is no mandatory requirement on transmit antenna or transmit chains for either FR1 or FR 2. For FR2, one transmit chain may have several antenna elements. However, reduction of number of antenna elements will impact on effective isotropic radiated power (EIRP) and effective isotropic sensitivity (EIS). For example, reducing half of antenna elements may bring in 6dB EIPR loss, which will reduce coverage and system capacity.  On the other hand, reducing the number of antenna elements will need large RAN 4 effort on defining new requirement. Therefore, it is not preferred to relax the RF requirement, i.e., reduce number of antenna elements of a transmit chain or a receive chain for FR2. 
Observation #3: Reducing the number of antenna elements for FR 2 will cause coverage and system capacity reduction and need large specification effort in RAN 4.
Two or four receive antenna ports are mandatory for FR 1 depending on the band, and two Rx receive ports are mandatory for FR 2. In TS 38.101-1, Clause 7.2: 

The 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. 

Since the number of mandatory receive antenna ports depends on the operating bands, the supported bands for RedCap UE can be discussed first. On the other hand, reduce the number of operating bands can also reduce the RF cost. 
As analyzed in section 2, single MIMO layer is enough to achieve peak data rate, and amount of cost reduction. Two Rx is enough for RedCap UE. Table 4 provides cost analysis for single Rx for FR 1 assuming the cost break down as in Table 3 with reference UE module with 20MHz bandwidth, 16QAM, two receive antennas, one transmit antenna,  single MIMO layer and a max TBS with up to 50 000 bits. The methodology for calculation is similar as in TR 36.888[2]. On RF part, the cost saving is mainly from Filters and RF transceiver. For baseband, most of functional block can provide 50% gain except for DL control processing and decoder and UL processing block. Based on a roughly calculation for FR 1, additional 34.6% of cost can be saved if reducing from 2 Rx to 1 Rx. In addition, it will reduce a lot of device size and easy to be integrated into a module. However, for FR 2, dual polarization can be used to support two transmit chains. In this case, no cost reduction is expected as well as the device size. 
RAN 4 specifications provide requirements with 2Rx and 4Rx for FR 1 and a dual receive RF chain for FR 2. Therefore, reducing from 4Rx to 2Rx for some specification bands does not need additional requirements. But a single receive RF chain UE will require additional work in RAN 4 to define corresponding receiver characteristics, performance requirements and requirements relating to the reporting of channel state information. 

Reduction of number of UE RX antennas will bring in DL coverage loss. Some preliminary simulation result on coverage and potential techniques for coverage recovery can be found in [3]. For PDCCH,  ~6-10dB  or ~3-6dB loss are observed when reducing from 4 to 1 or 2. 
In addition, in order to compensate the coverage loss, early indication of RedCap UE with less Rx is beneficial so that gNB can choose a proper format for Msg 2/4/B for RedCap UE with less Rx. For example, indication via PRACH or Msg A/3. 
Proposal #4: For both FR 1 and FR2, further study on Rx antenna reduction to one or two receive antenna(s) considering the potential cost reduction, performance impact and specification impact. . 
Table 4 Cost analysis for Single Rx (FR1)
	Functional block

(Ratio of RF to baseband cost 40:60)
	Cost break down 
	Reduction  

	Power amplifier
	25%-30%
	

	Filters
	5%-10%
	50%

	RF transceiver

(including LNAs, mixer, and local oscillator)
	40%-50%
	30%

	Duplexer /Switch
	15%-25%
	

	Other
	0%-10%
	

	Total of RF
	95%-110%
	19%

	ADC / DAC 
	10%
	40%

	FFT/IFFT
	5%
	50%

	Post-FFT data buffering
	10%-15%
	50%

	Receiver processing block
	20%-35%
	50%

	LDPC decoding
	5%-15%
	50%

	HARQ  buffer
	10%-15%
	50%

	DL control processing & decoder
	5%
	

	Synchronization / cell search block
	10%-15%
	50%

	UL processing block
	5%-10%
	

	MIMO specific processing blocks
	5%-15%
	50%

	Other
	0%
	

	Total of Baseband
	90%-110%
	45%

	Overall relative cost savings
	 
	34.6%


4.2 UE Bandwidth reduction 

100MHz and 400MHz UE bandwidth are required for FR 1 and FR 2 respectively in NR. Based on the analysis in section 2, 5~20MHz bandwidth and 10~40MHz bandwidth can achieve bit rate target for RedCap UE.  Table 5 provides preliminary cost analysis on further reduction from 20MHz to 10MHz bandwidth for FR 1. It is based on the cost break down in Table 3 with a reference UE module with 20MHz bandwidth, 16QAM, two receive antennas, one transmit antenna,  single MIMO layer and a max TBS with up to 50 000 bits. The cost reduction on RF is limited if reducing BW from 20MHz to 10MHz. For baseband, the most cost saving is from FFT/IFFT, Post FFT buffer, receiver processing block, decoding and HARQ buffer. Based on a roughly calculation, additional 16.5% of cost can be saved if further reducing from 20MHz to 10MHz bandwidth. The cost saving further reduced to 5MHz is less than half of it. 
NR supports configurable bandwidth of a BWP. Therefore, gNB can configure a BWP with the BW no larger than UE RF BW after RRC connection setup. However, if UE bandwidth is much less than the cell bandwidth, some performance lose is expected due to the lack of CSI of a wider bandwidth. gNB doesn’t know how to distribute UEs to an ideal BWP/narrowband with good channel quality for data reception and transmission when channel reciprocity holds. Some techniques can be further studied to compensate the performance loss. 
For initial access, NR supports 3.6MHz/7.2MHz SSB bandwidth for FR 1 and 28.8MHz/57.6MHz SSB bandwidth for FR 2. The configurable bandwidth of CORESET #0 is from 4.32MHz ~ 17.28MHz for FR1 and 34.56MHz ~ 69.12MHz for FR2. The bandwidth of SSB and CORESET #0 depend on subcarrier spacing, multiplexing pattern and operation band. For RedCap UE, it may not be required to support all the combination of SSB BW and BW of COREST #0. In order to reuse Rel-15 SSB design, a design for Redcap UE with >5MHz bandwidth for FR 1 and >40MHz bandwidth for FR 2 can be supported. The specification impact will depends on the UE bandwidth of RedCap UE. For example, if the SSB and/or CORESET 0 is shared by legacy NR UEs and RedCap UEs, the configuration flexibility of SSB and COREST #0 will be restricted.  This may impact on the deployment, including the traffic load of initial BWP, potential coverage of SSB and PDCCH in CORESET 0 for both NR UE and RedCap UE since the DL coverage depends on the occupied BW of a channel. To eliminate the issues, some solutions can be considering, such as, separated SSB and CORESET #0 from legacy UE (by reusing Rel-15 SSB design); shared SSB but separated CORESET #0; shared SSB and CORESRT #0 and initial BWP configuration and/or different RMSI. 
Bandwidth reduction does not expect to have impact on UL coverage. Since the evaluation in IMT-2020 is assumed 10MHz/20MHz for FDD/TDD for FR 1 and 100MHz for FR 2 for DL control channel and PDSCH, no coverage loss for DL control channel as long as the coverage is no less than these BW. DL power boosting can provide 3-6dB gain by gNB implementation. 
Proposal #5: Further study on 5-20MHz bandwidth for FR 1 and 40MHz for FR2 considering the target bit rate, cost reduction and potential specification impact.
 Table 5 Cost analysis for further reduction from 20MHz to 10MHz bandwidth (FR 1)
	Functional block

(Ratio of RF to baseband cost 40:60)
	Cost break down
	Reduction

	Power amplifier
	25%-30%
	

	Filters
	5%-10%
	

	RF transceiver

(including LNAs, mixer, and local oscillator)
	40%-50%
	5%

	Duplexer /Switch
	15%-25%
	

	Other
	0%-10%
	

	Total of RF
	95%-110%
	2.25%

	FFT/IFFT
	5%
	50% 

Assuming same SCS

	Post-FFT data buffering
	10%-15%
	50%

	Receiver processing block
	20%-35%
	35%

	LDPC decoding
	5%-15% 
	35%

	HARQ  buffer
	10%-15%
	35%

	Total of BB
	
	26%

	Total of all
	
	16.5%


4.3 Half-Duplex-FDD 

The cost saving reduction of HD-FDD comes from removing the duplexer. As shown in Table 6, 8% cost can be saved assuming the cost break down in Table 3. No coverage impact is expected. RAN 4 may need to define switching time and operation band (if needed). RAN 1 spec may already can support HD-FDD with UL/DL configuration and with proper gNB scheduling. 

Proposal #6: Further study on the potential specification impact to support HD-FDD.
Table 6 Cost analysis for HD-FDD (FR 1, FDD)
	
	Cost break down
	Reduction

	Duplexer /

Switch
	15%-25%
	100%

	Total of RF
	
	20%

	Total of all
	
	8%


4.4 Relaxed UE processing time 

LTE UE supports 44BDs within 1ms for PDCCH and 4ms HARQ-ACK delay and UL scheduling delay. More BDs in a given time unit or less time to decode more BDs requires more hardware or higher clock rate, which will result in more power consumption. Similarly, if the baseline reference UE for the cost break down assuming the same capability for PDCCH and PDSCH decoding and PUSCH preparing, Table 7 provides some cost analysis compared with the reference UE, by assuming 44BDs in 0.5ms of blind decoding of PDCCH and 2ms HARQ-ACK feedback and 2ms for  PUSCH preparing with 15kHz subcarrier spacing.  The total cost increase is about 12 % of the reference UE. LDPC decoding, DL control processing, UL processing block will be doubled (increased 100%) by shorten the processing time for PDCCH, PDSCH decoding and PUSCH preparing, and result in 1.5%, 6% 4.5% of total cost increase respectively. Relaxing CSI computation time will also provide some cost reduction on MIMO specific processing blocks. The 20% increase is roughly calculated on the CSI computation time by shorten to half of LTE, e.g., 2ms. And additional 1.2% of total cost of a reference UE will be increased. 
Relaxing UE processing time is not expected to impact on coverage. RAN 1 need to introduce PUSCH/PDSCH processing time as well as CSI computing time for a new capability #0. A separation of every two consecutive PDCCH monitoring spans can be introduced to relax PDCCH decoding time. 
Proposal #7: Further study on the specification impact and cost reduction on relaxed UE processing time, including increasing PDSCH decoding time  N1, PUSCH preparation time  N2, CSI computation delay Z  and restrict PDCCH blind decodes within a given time unit. 
Table 6 Cost analysis for UE processing time (FR 1, FDD)
	Functional block
	Cost break down 
	Cost increase

	ADC / DAC
	10%
	

	FFT/IFFT
	5%
	

	Post-FFT data buffering
	10%-15%
	

	Receiver processing block
	20%-35%
	

	LDPC decoding
	5%-15%
	+100%

	HARQ  buffer
	10%-15%
	

	DL control processing & decoder
	5%
	+100%

	Synchronization / cell search block
	10%-15%
	

	UL processing block
	5%-10%
	+100%

	MIMO specific processing blocks
	5%-15%
	+20%

	Other
	0%
	

	Total of BB
	
	+22%

	Total
	90%-110%
	+13.2%


4.5 Relaxed UE processing capability 

As analyzed in section 2, 16QAM is enough to provide the required reference bit rate. And for Type A target, 16QAM might also be enough for the expected peak data rate. Restrict modulation order may provide cost saving on power amplifier and RF transceiver with relaxed EVM. TBS might be additionally restrict especially for FR 2. The cost saving will come from LDPC decoding, HARQ buffer, and UL processing block. In NR, multiple type of CSI feedback is supported. Some simplification of CSI feedback can also be considered. The additional cost saving on topic of other techniques such as bandwidth reduction, and RF antenna ports reduction needs to be carefully calculated as discussed in low cost MTC SI phase. 
With restricted modulation order and TBS restriction, a new CQI table by removing unused entries can be considered for RAN 1 specification work. 
Proposal #8: Further study on relaxed UE processing capability at least including restrict modulation scheme, max TBS restriction and CSI feedback simplification on top of the BW reduction and Rx reduction. 
5 Conclusion
The paper provided some discussion on UE complexity reduction. The following observations and proposals were provided:
Proposal #1: Consider two design targets of reference bit rate: Target A: 2~4Mbps and Target B: 10~50MBps in DL and 5~25Mbps in UL. 
Proposal #2: Besides cost analysis and specification impact analysis, performance analysis of power consumption, coverage, latency and minimum data rate (when applicable) can be considered. 
Proposal #3: In order to provide cost analysis, define a reference UE modem and provide cost breakdown relative to RF and baseband functions of it.
Proposal #4: For both FR 1 and FR2, further study on Rx antenna reduction to one or two receive antenna(s) considering the potential cost reduction, performance impact and specification impact. . 
Proposal #5: Further study on 5-20MHz bandwidth for FR 1 and 40MHz for FR2 considering the target bit rate, cost reduction and potential specification impact.
Proposal #6: Further study on the potential specification impact to support HD-FDD.
Proposal #7: Further study on the specification impact and cost reduction on relaxed UE processing time, including increasing PDSCH decoding time  N1, PUSCH preparation time  N2, CSI computation delay Z  and restrict PDCCH blind decodes within a given time unit. 
Proposal #8: Further study on relaxed UE processing capability at least including restrict modulation scheme, max TBS restriction and CSI feedback simplification on top of the BW reduction and Rx reduction. 
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