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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: OLE_LINK1]In RAN #88-e meeting, an updated SID on support of reduced capability (RedCap) NR devices has been approved to implement UE cost reduction, power saving and compact device size for IWSN, Video Surveillance and Wearables scenarios [1]. 
	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.



In RAN1#101-e, some of the agreements related to UE complexity reduction have been reached and listed below. 
	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
· 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.
· 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.


According to the updated SID and the agreements, in this contribution, the complexity reduction features are further discussed. Due to the negative impact on coverage, the time limitation of RAN1 meeting and the large scope of RedCap SID, the discussion of FR2 is de-prioritized and we focus on FR1 in this contribution.
[bookmark: _Ref129681832]
On UE bandwidth reduction 
The updated SID [1] also includes that the lowest data rate and bandwidth capability considered should be no less than LTE Category 1bis modem, which means the bandwidth of RedCap UE is no less than 20MHz. 
There were proposals to consider other UE bandwidths smaller than 20MHz. From UE max capability point of view, e.g. chipset baseband capability, this is not needed given the following reasons:
· The data rate with bandwidth smaller than 20MHz will be reduced and unable to meet the requirements in general; 
· The additional cost reduction from 20MHz to further smaller bandwidth is marginal;
· RedCap UEs with 20MHz max UE bandwidth can work in networks with smaller carrier bandwidth, e.g. 5MHz or 10MHz, depending on frequency bands.
There may be also proposals to consider other bandwidth that are larger than 20MHz. In our view, this is less interesting given the following considerations:
· According to our previous contribution in [2], both the average data rate and peak data rate with 20MHz UE bandwidth are evaluated by system-level simulation. When cell bandwidth is assumed as 20MHz, the achieved 50% UE data rate is 5.15/4.3/2.53 Mbps/TRxP for Dense Urban/Indoor Hotspot/Rural, which can meet the data rate demand of quite a number of RedCap use cases (i.e. IWSN sensors, economic videos, wearables in dense urban). If the cell bandwidth is assumed as 100MHz, the 50% UE data rate for Dense Urban/Indoor Hotspot/Rural can meet all the average data rate demand of all RedCap use cases. In addition, the achieved uplink/downlink peak data rate is 87.57/163.72Mbps, which also meet the 50/150Mbps peak data rate demand;
· The cost would be obviously increased if the bandwidth increases from 20MHz to more than 40MHz, without additional benefits;
· One may consider to support CA operation based on a larger configured bandwidth after initial access. This would assume the UE cost is larger than UE with 20MHz max bandwidth, however, without really providing useful functions in practical deployments if limited to intra-band CA. If inter-band CA is assumed, even wider UE RF bandwidth is required, which can be viewed as a normal UE out of RedCap scope.  
Based on the above analysis and the updated SID, 
Proposal 1: 20MHz UE bandwidth capability for FR1 is the baseline assumption for Rel-17 RedCap 
· Additional support of carrier bandwidth smaller than 20MHz for some bands is possible;
· No other max. UE bandwidth is considered for Rel-17 RedCap.

On reduced number of UE RX/TX antennas
Reduced number of UE antennas brings several advantages, e.g. reduced device cost, reduced power consumption and reduced size of device. For the study of two antenna configurations for RedCap UEs as agreed, i.e. 1Rx/1Tx and 2Rx/1Tx, the TR 36.888 methodologies for UE cost/ complexity evaluation can be a starting point. The methodologies in TR 36.888 are towards the frequency bands corresponding to FR1 in NR [4].
The evaluations in [4] provide ~20% cost saving in RF and ~30% in baseband by reducing RF chains from two to one, including RF power amplifier, filter, transceiver, and baseband processor and buffer reduction. The power consumption is also saved by fewer RF chains and by less complexity of multi-antenna processing. For example, 2Rx is 0.7 * 4Rx power consumption in FR1 [5]. 
However, on the other hand, both UE data rate and spectral efficiency are sensitive to the number of UE antennas. The updated SID [1] also asks for study of the impact on coverage, network capacity and spectral efficiency: 
· From UE performance perspective, since reduced number of antennas leads to less UE data rate, the reduction of antennas should meet the rate demand of the some use cases in SID, e.g. up to 150 Mbps for Wearables, and 7.5-25 Mbps for Video Surveillance. 
· Also, the DL/UL coverage will be decreased due to fewer antennas. The coverage analysis of some channels is discussed in detail in the companion contribution [6], with some link-level evaluation results listed in Table 1. It is observed that 1Rx leads to DL coverage loss compared to 2Rx, and the coverage loss increases with larger target rate (from 3dB to 5dB). If 1Rx is employed, more resources are needed to compensate the coverage loss. 
· From system performance perspective, network capacity and spectrum efficiency (SE) would suffer from significant degradation. Also in our companion contribution [6], system-level evaluations show about 30% SE loss of 1Rx compared with 2Rx in the typical RedCap cases (Urban, 2.6GHz, TDD).
Table 1. Coverage and SE comparison between 2Rx and 1Rx (Urban, 2.6GHz, TDD)
	
	MCL
	Spectrum Efficiency

	
	PDCCH (AL-16)
	PDSCH (5 Mbps)
	PDSCH (10 Mbps)
	

	2Rx
	131.29 dB
	126.82 dB
	123.86 dB
	10 bps/Hz

	1Rx
	128.21 dB
	122.48 dB
	118.79 dB
	7.1 bps/Hz

	1Rx Loss
	3.08 dB
	4.34 dB
	5.07 dB
	~30%



Observation 1: Considering the impact on data rate, coverage and spectrum efficiency, 2Rx antennas seem to be a good tradeoff for RedCap UEs.
Proposal 2: 1Tx2Rx or two layers for DL and one layer for UL for FR1 is the baseline assumption for Rel-17 RedCap.

On Half-Duplex-FDD 
[bookmark: OLE_LINK72]It is agreed in RAN1#101-e to:
· Study HD-FDD operation Type A and Type B (as defined in LTE) in RAN1, where study of Type A is prioritized.

For Type A HD-FDD operation, UE creates a guard period by not receiving the last part of a downlink subframe immediately preceding an uplink subframe. In data rate and coverage aspect, it is obvious that HD-FDD causes lower data rate and higher latency compared to full-duplex FDD (FD-FDD). The UE cannot use the downlink symbol and guard period for uplink transmission, and vice versa, thereby increasing the PUSCH/PDSCH SINR requirements. In other words, to achieve the data rate requirement in SID, HD-FDD causes coverage loss compared with FD-HDD [6]. In order to maintain the similar latency and throughput performance with FD-FDD, larger number of HARQ processes may be required for HD-FDD, which increases the UE buffer occupation and processing complexity. 
On the other hand, according to the previous evaluation of HD-FDD in LTE MTC [4], HD-FDD only brings less than 10% cost saving compared to FD-FDD. 
Overall, the practical use of HD-FDD is not popular even in LTE Cat.1/Cat.4, given marginal cost reduction it can provide and significant impact on network it leads to. From RedCap ecosystem point of view, HD-FDD for RedCap may also mean a separate UE chipset design, which will segment the market. Therefore, for NR we have 
Proposal 3: HD-FDD is not further pursued for Rel-17 RedCap.
On relaxed UE processing time 
The processing time specifies the minimum scheduling time for PDSCH and PUSCH. In NR Rel-15, two kinds of UE processing time capability are supported: Capability 1 and Capability 2. Between the two capabilities, Capability 2 is stricter than Capability 1.
For the use case of industrial safety related sensors, latency requirement is 5-10 ms and reliability requirement is 99%~ 99.99%. The latency (RTT) requirements may include the UE processing time, the gNB scheduling time, transmission time and alignment time, etc. Applying the UE processing time Capability 1 will be helpful to meet the latency requirement of the scenario of IWSN. From the network side, the Rel-15 defined capability could provide more scheduling flexibility than the relaxed capability; a new UE processing time may further complicate network scheduling. And the data rate may also decrease when the RTT is so long that all the HARQ process number are used up, such that gNB could not schedule the UE until one of its HARQ process is released. So when considering data rate, the maximum HARQ process number should also be considered.
On the other hand, for other use cases such as Wearable and Video Surveillance in the SID, the latency requirements are more than 100 ms. For these cases, relaxed processing time can save cost and complexity, which will have lower demand for hardware, such as modules for FFT, demodulation, decoding, etc. So relaxed processing time can be studied in those latency insensitive cases. Moreover, the relaxed processing time may also decrease the power consumption as evaluated in [7]. 
In addition, the UE CSI computation time should also be studied. Reduction of CSI computation time may also be beneficial for cost saving and power saving. But it may have some negative effect on the accuracy of the scheduling MCS decided by the gNB.
To summarize, the pros and cons of relaxed processing time are listed in Table 2.
Table 2. Pros and Cons for relaxed processing time
	UE view
	scenarios
	Network view
	Standardization effort

	complexity
	Energy saving
	Data rate
	IWSN
	Scheduling flexibility
	define new processing time

	
	
	FFS
	
	
	



Proposal 4:  Further study whether there are clear benefits to introduce relaxed UE processing time in terms of N1/N2/CSI computation time, taking scheduling impact into account.

On relaxed UE processing capability 
To relax UE processing capability, several techniques for limiting the peak data rate were discussed in LTE MTC in order to provide complexity reduction [4]. According to our analysis above, at least from baseband perspective, Rel-17 RedCap UE may assume a mandatory support of 2 MIMO layers and 20 MHz bandwidth, corresponding to 2Rx and 20MHz bandwidth UE capability. Limiting the maximum required modulation scheme may also be helpful for reducing power consumption and the complexity of UEs’ implementation, e.g. support 64QAM as mandatory capability, 256QAM as optional capability. 
On the maximum transport block size (TBS), NR uses calculation based approach for the determination of max TBS. The maximum TBS support for RedCap thus can be obtained based on e.g. 20MHz bandwidth, 0.925 code rate (948/1024), 64QAM, and 2 layers for DL and 1 layer for UL. Besides, restricting the number of PRBs in scheduling or restricting the maximum modulation order may also be beneficial to complexity reduction.
Reduction of maximum HARQ process number is not needed, considering that NR has been designated to decouple the RV from soft buffer size, thus HARQ process partition can be up to UE implementation. 
Proposal 5: On relaxing UE processing capability, potential techniques including reducing the maximum TBS and limiting the maximum modulation scheme to 64QAM can be further discussed. No change to the max. supported HARQ process number for RedCap UEs.

On band considerations 
In RAN1#101-e meeting, NR reference device is defined considering multi-band support, aiming to provide a more realistic cost reduction analysis.
In Section 2, the bandwidth reduction of RedCap UEs is discussed to achieve lower cost and lower power consumption. In this case carrier aggregation is not suitable to be supported in RedCap since CA increases the total available bandwidth for UEs and requires more RF chains, which is opposite to RedCap design target. 
For a device capable of multi-band support, several aspects can be considered on high-level, including e.g. PA, filter, duplexer, switch, LNA and antenna parts. The cost/complexity may firstly depend on whether the specific items are shared between bands or not. For example, the same PA may be shared within sub1G, and LNA may be shared per band combinations. It would also be easier to have a comprehensive analysis after the analysis of each component for one band reach a consensus, then the overall analysis for multi-band can be calculated based on the above, and captured in the TR later. The analysis for multi-band does not mandate a RedCap UE to support multi-band.
For a specific band, some considerations can be discussed. For example, the reduction of bandwidth and/or Rx for the FDD bands with lower carrier bandwidth (than 20MHz) and/or mandating support of 2Rx: 
· As explained in section 2, a UE with maximum bandwidth of 20MHz can work in FDD bands requiring smaller carrier bandwidth;
· For Rx considerations, our view is that 2Rx is performance-wise better than 1Rx. Also from UE type point of view, a single RedCap UE type can be beneficial from economies of scale, which is about the chipset baseband capability. In this sense, no matter the deployed band w.r.t. currently mandatory number of Rx, one UE with 2-layer in baseband is preferred.
Furthermore, to achieve better uplink coverage, the SUL defined in Rel-15 and Rel-16 can be also considered for Rel-17 RedCap. Table 2 shows the coverage comparison between UL (2.6GHz) and SUL (700MHz) by link-level evaluation in [6], which is expressed by the achieved MCL minus target MCL. From the Table 2, the SUL can meet the MCL target and achieve 10~13 dB coverage gain with different uplink channels and target data rates, while UL cannot meet the MCL target with 1Mbps/2Mbps target data rate of PUSCH. So SUL can be utilized for Rel-17 RedCap to achieve better uplink coverage. Support SUL does not directly increase the UE baseband cost, as the UE only work on one band at a given time.
Table 2. Coverage comparison between UL (2.6GHz) and SUL (700MHz) (Urban, TDD, 1Tx2Rx)
	
	Target MCL for ISD_350m
	Achieved MCL minus Target MCL

	
	
	PUCCH (Format 1)
	PUSCH (1 Mbps)
	PUSCH (2 Mbps)

	UL (2.6GHz)
	114.4 dB
	9.02 dB
	-5.64 dB
	-9.66 dB

	SUL (700MHz)
	103.1 dB
	19.82 dB
	8.25 dB
	3.76 dB

	SUL Coverage Gain
	/
	10.8 dB
	13.89 dB
	13.42 dB



Proposal 6: SUL defined in Rel-15 and Rel-16 can be utilized for Rel-17 RedCap to achieve better uplink coverage, while UL CA is not proper for RedCap.

Estimation of UE complexity reduction 
According to TR 36.888 methodologies, the estimated UE complexity reductions w.r.t. maximum bandwidth reduction and antenna reduction are listed in Table 3.
Table 3. Relative complexity reduction estimation with the reduction of maximum bandwidth and number or antennas
	Functional block
(Ratio of RF to baseband cost 40:60)
	Recommended cost breakdown
(for Evaluation)
	Complexity reduction radio with maximum bandwidth reduction
	Complexity reduction radio with antennas reduction

	Reduced capability
	/
	100MHz to 20MHz
	4Rx to 2Rx

	RF
	Power amplifier
	25%-30%
	NA
	NA

	
	Filters
	5%-10%
	NA
	50%

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

	
	Duplexer /Switch
	15%-25%
	NA
	25%

	
	Other
	0%-10%
	NA
	50%

	
	Total cost percentage of RF
	95%-110%
	/
	/

	Baseband
	ADC / DAC
	10%
	50%
	30%

	
	FFT/IFFT
	5%
	50%
	50%

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

	
	Receiver processing block
	20%-35%
	50%
	50%

	
	LDPC decoding
	5%-15%
	50%
	50%

	
	HARQ  buffer
	10%-15%
	65%
	50%

	
	DL control processing & decoder
	5%
	NA
	NA

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

	
	UL processing block
	5%-10%
	NA
	NA

	
	MIMO specific processing blocks
	5%-15%
	NA
	50%

	
	Other
	0%
	NA
	NA

	
	Total cost percentage of Baseband
	90%-110%
	/
	/



Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Observation 1: Considering the impact on data rate, coverage and spectrum efficiency, 2Rx antennas seem to be a good tradeoff for RedCap UEs.
Proposal 1: 20MHz UE bandwidth capability for FR1 is the baseline assumption for Rel-17 RedCap 
· Additional support of carrier bandwidth smaller than 20MHz for some bands is possible;
· No other max. UE bandwidth is considered for Rel-17 RedCap.
Proposal 2: 1Tx2Rx or two layers for DL and one layer for UL for FR1 is the baseline assumption for Rel-17 RedCap.
Proposal 3: HD-FDD is not further pursued for Rel-17 RedCap.
Proposal 4:  Further study whether there are clear benefits to introduce relaxed UE processing time in terms of N1/N2/CSI computation time, taking scheduling impact into account.
Proposal 5: On relaxing UE processing capability, potential techniques including reducing the maximum TBS and limiting the maximum modulation scheme to 64QAM can be further discussed. No change to the max. supported HARQ process number for RedCap UEs.
Proposal 6: SUL defined in Rel-15 and Rel-16 can be utilized for Rel-17 RedCap to achieve better uplink coverage, while UL CA is not proper for RedCap.
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Appendix 1 – Updated Objectives in SID
	The study item includes the following objectives:
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
Study standardization framework and principles for how to define and constrain such reduced capabilities – considering definition of a limited set of one or more device types and considering how to ensure those device types are only used for the intended use cases [RAN2, RAN1].
Study functionality that will allow devices with reduced capabilities to be explicitly identifiable to networks and network operators, and allow operators to restrict their access, if desired [RAN2, RAN1].
Note2: Potential overlap with coverage enhancements study is discussed and resolved in RAN#87 or later.
[bookmark: _Hlk26857702]Note3: Coexistence with Rel-15 and Rel-16 UE should be ensured
Note4: This SI should focus on SA mode and single connectivity



Appendix 2 – Agreements related to UE complexity reduction in RAN1#101-e
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
Agreements:
· For safety related sensors, latency requirements apply to traffic initiated from RRC_CONNECTED.
· Use the TR 36.888 methodology for UE cost/complexity evaluation as a starting point and determine what major updates are needed.
· Include antenna parts at least in the cost/complexity breakdown for FR2.
· Potential benefits in terms of reduced device size can be mentioned where applicable in the TR (e.g. in the section on reduced number of antennas), but the SI will not aim to quantify such benefits.
Agreements:
· Cost/complexity breakdowns can be separate for FR1 and FR2 if found beneficial.
· 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.
· Study HD-FDD operation Type A and Type B (as defined in LTE) in RAN1, where study of Type A is prioritized.
Agreements:
· 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.
Agreements: 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
Note: The study will consider impacts on the cost/complexity reduction from support of multiple RF bands within FR1 or FR2.

