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1   Introduction
In RAN#86, a new SID to support reduced capability NR devices is approved [1]. One of the objectives of the study is to:

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 

As a baseline, the requirements of three use cases for reduced capability NR devices are:

Generic requirements:

· Device complexity: Main motivation for the new device type is to lower the device cost and complexity as compared to high-end eMBB and URLLC devices of Rel-15/Rel-16. This is especially the case for industrial sensors. 

· Device size: Requirement for most use cases is that the standard enables a device design with compact form factor. 

· Deployment scenarios: System should support all FR1/FR2 bands for FDD and TDD.

Use case specific requirements: 

· Industrial wireless sensors: Reference use cases and requirements are described in TR 22.832 and TS 22.104: Communication service availability is 99.99% and end-to-end latency less than 100 ms. The reference bit rate is less than 2 Mbps (potentially asymmetric e.g. UL heavy traffic) for all use cases and the device is stationary. The battery should last at least few years. For safety related sensors, latency requirement is lower, 5-10 ms (TR 22.804)

· Video Surveillance: As described in TS 22.804, reference economic video bitrate would be 2-4 Mbps, latency < 500 ms, reliability 99%-99.9%. High-end video e.g. for farming would require 7.5-25 Mbps. It is noted that traffic pattern is dominated by UL transmissions.

· Wearables: Reference bitrate for smart wearable application can be 10-50 Mbps in DL and minimum 5 Mbps in UL and peak bit rate of the device higher, 150 Mbps for downlink and 50 Mbps for uplink.  Battery of the device should last multiple days (up to 1-2 weeks).

In this contribution, we share our views on these aspects.
2   Discussions 
2.1   Reduced number of UE RX/TX antennas

2.1.1 Description of feature

RF component cost is a major part of UE cost and can range from 40% to 60% of the total cost, depending on various RF component used and the number of RF chains supported. Reducing the number of UE RX/TX antennas will be one potential area of cost reduction. If the category of these reduced capability UEs do not need to support more than one layer transmission then single RX/TX antennas can be considered. Single transmitter branch should be supported since advanced transmission schemes such as UL-MIMO is not required for RedCap UE. The support of 1 RX antenna is important, especially for wearables with form factor limitation. However, single RX could have some impact on the DL coverage, but it has been shown that in LTE-MTC that it is doable. Single TX will also simplify the RF circuit design. Any loss in UL coverage could be compensated with repetition, in the same way as UEs with reduced maximum transmit power. 

In FR1, for the bands that are mandatory for legacy UEs to support at least 4 Rx antennas, if the number of Rx antennas reduce from 4 to 2 or 1, the complexity and cost of UEs can be reduced significantly. But for the bands that are mandatory for legacy UEs to support at least 2 Rx antennas, the existing specifications contain 2 Rx UEs. So, in these bands, single Rx antenna should be introduced to reduce UE cost. In FR2, a minimum of two receive RF chains are mandatory for legacy UEs and every receive RF chain usually contains multiple antenna elements. Thus, single receive RF chain should be introduced in FR2. Due to the reduction in number of Rx antennas, RAN4 needs to evaluate which bands can relax the requirement of number of Rx antennas and allow RedCap UE to access. 
Since 2Rx antennas can provide better receiving performance and 1Rx antenna has lower cost and UE size, 2Rx and 1Rx antennas should be involved in RedCap UEs. The 2Rx UE is mainly applicable for large traffic or high reliability and the 1-Rx UE is mainly applicable for lower complexity or smaller UE size. Therefore, both 2Rx and 1Rx antenna should be supported in FR1 and FR2. It is feasible to define the capability parameter which indicates the number of Rx antennas for RedCap UEs. 
2.1.2 Analysis of UE complexity reduction

RF
In RF aspects, when the number of receive RF chains is reduced, the costs of receive RF chains, receive filtering and overall duplexing can be reduced.

Baseband

In baseband aspects, if the number of receive RF chains is reduced to half, i.e. from 4Rx antennas to 2Rx antennas or from 2Rx antennas to 1Rx antenna，the complexity and/or cost of the following processing modules can be reduced up to 50%:

· ADC
· FFT
· Post-FFT data buffering size

· channel estimator

· MIMO detection processing

· Synchronisation and cell search

In addition, receive RF chain reduction also reduce the following baseband processing complexity: 
· CSI calculation: Reduced PMI calculation complexity; no RI and LI calculation for single Rx antenna.
· Demodulation: Lowered demodulation complexity as result of reduced layers in some cases which are mandatory for UE to support 4 layers or 2 layers.

· Decode: Decoding complexity reduction as result of smaller TBS and lower transmission layer
· HARQ buffer: Smaller HARQ buffer as result of less TBS size and transmission layers.

Observation 1: The reduction in number of UE Rx antennas can simplify the structure of receive RF chain and baseband module and reduce UE processing complexity.
2.1.3
Analysis of performance impacts

· Coverage
Reduction in the number of receive branches will affect the demodulation performance and result in DL coverage loss. It is expected from 4RX to 2RX there will be 3 dB for AWGN channel conditions, and another 2.5dB~3dB loss from 2RX to 1RX for AWGN channel.  Performance loss in fading channel may be larger. The relevant coverage recovery technology is studied to guarantee that the reduced Rx antenna UE decodes data successfully.
· Power consumption
The reduced number of UE Rx antennas can simplify receive RF and baseband module and reduce UE processing complexity. Thus, the UE power consumption is reduced. However, since 1 Rx antenna has lower data transmission efficiency than 2 Rx antennas, 1 Rx antenna may require larger time and frequency resource to receive the same number of transport bits. Thus, the UE power consumption is increased. For example, two receive RF chains can utilize less slots or PRBs for the PDSCH to deliver the same amount of data. 

· Data rate
The reduction in number of UE Rx antennas will lead to less MIMO layers, so the DL data rate will be reduced. The maximum number of MIMO layers received by UE is up to 2 for 2 Rx antennas and 1 for 1 Rx antenna. For the RedCap UEs that support high data rate, e.g. wearables and high-end video surveillance. For these RedCap UEs, 2 Rx antennas can be considered. And for the RedCap UEs with low and medium traffic, e.g. industrial wireless sensors and low-end video surveillance, 1 Rx antennas can be considered.

Observation 2: The reduction in number of UE Rx antennas will cause coverage loss and reduce DL data rate. 
2.1.4
Analysis of coexistence with legacy UEs

It is expected reduced number of UE RX/TX antenna will have no direct impact on the coexistence with legacy UE, since UEs with various link quality already exist in the legacy system. But if common physical channel is used for both legacy UEs and RedCap UEs, the coexistence needs to be considered. Also, reduced number of receiver branches will also be expected to impact several aspects of the RAN4 specifications including demodulation, RF and RRM.
2.1.5
Analysis of specification impacts

For the size-limited RedCap UEs, e.g. some wearables, the size of Tx/Rx antenna may be reduced when 1Tx/2Rx antennas are applied. Then, the corresponding impact on UL transmit antenna gain should be evaluated in RAN4. 
In FR1, one part of bands require UE to configure at least 2 Rx antennas and the other part of bands require UE to configure at least 2 Rx antennas. In FR2, at least 2 Rx antennas are mandatory. Thus, for reduced number of Rx antennas, RAN4 needs to evaluate which bands can relax the minimum number of Rx antennas and allow RedCap UE access. Then, the new minimum number of Rx antennas would be specified for these bands.

Moreover, the performance requirements for DL 1 Rx and 2 Rx antennas would be defined in RAN4 specifications.
The coverage recovery technology will be introduced to compensate the coverage loss caused by UE antenna reduction. Considering that RedCap UEs may involve 2Rx UE and 1Rx UE, the UE is expected to report the number of Rx antennas during random access. It is helpful to configure the appropriate coverage recovery level for the UE and ensure DL data can be successfully decoded. 

Observation 3: RF and performance requirements need to be evaluated by RAN4 for reduced number of UE antennas. Coverage recovery technology may need to be introduced in RAN1 to compensate the coverage loss.

Proposal 1:  For Redcap antenna number reduction

· Both 1TX/1RX and 1TX/2RX branch are supported

· Capability signalling shall be defined to indicate the number of Rx antennas
2.2   UE bandwidth reduction

2.2.1 Description of feature

UE bandwidth reduction is an important feature to reduce the UE complexity. In last meeting, the following bandwidths were agreed to be studied at least for initial access.

· For FR1, at least 20 MHz maximum UE bandwidth 

· For FR2, 50MHz and 100 MHz maximum UE bandwidth 
For reduced capability NR devices, UE bandwidth reduction is for both RF and baseband. Compared with reference NR device with 100 MHz bandwidth for DL and UL in FR1, the maximum UE channel bandwidth is 20 MHz for both RF and baseband for initial access while higher maximum UE channel bandwidth can be considered to achieve the peak data requirement in Connected Mode.
Observation 4: For reduced capability NR devices, UE bandwidth reduction is for both RF and baseband.
2.2.2
Analysis of UE complexity reduction

As evaluated in [2], reduction of maximum UE bandwidth provides significant UE complexity reduction on baseband processing, mainly in FFF/IFFT, post-FFT data buffering, receiver processing block, HARQ buffer etc. Reduction of maximum UE bandwidth also provides cost saving due to RF components such as RF transceiver and power amplifier. If the maximum UE bandwidth is reduced from 100 MHz to 20 MHz in FR1 and if the maximum UE bandwidth is reduced from 200 MHz to 100 MHz in FR2, significant UE complexity reduction can be expected. 

Observation 5: For reduced capability NR devices, UE bandwidth reduction provides significant UE complexity reduction.

2.2.3
Analysis of performance impacts

· Peak data rate

As illustrated in the SID [1], the data rate requirement of industrial wireless sensors and economic video is not larger than 4 Mbps while the data rate requirement of high-end video and wearables are much higher. The peak data rate requirement of wearables is 150 Mbps for downlink and 50 Mbps for uplink. 
According to [3], the approximate data rate for NR is computed as following:
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For reduced capability NR device, considering that carrier aggregation would not be supported, data rate impact caused by potential UE complexity reduction features can be evaluated by simply calculating the above formula based on the assumption of a given maximum number of supported layers, maximum supported modulation order, bandwidth and scaling factor. For downlink transmission in FR1, assuming [image: image2.wmf])
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 = 1, the approximate downlink peak data rate is summarized in Table 1. From the table, we can see if the maximum UE bandwidth is reduced from 100 MHz to 20 MHz, single layer transmission cannot meet 150 Mbps requirement. To meet the 150 Mbps data rate requirement, at least 30 MHz UE bandwidth is needed for single layer transmission. If maximum modulation order is limited to 64QAM, then 40 MHz UE bandwidth is needed for single layer transmission. If two-layer MIMO can be supported, then 20 MHz UE bandwidth is enough.  For uplink transmission in FR1, if [image: image3.wmf])
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 = 1 and maximum UE bandwidth is 20 MHz, then the uplink data rate is up to 60 Mbps for single layer transmission. 20 MHz maximum UE bandwidth is enough for uplink data rate requirement.
Table 1  Downlink peak data rate in FR1 ([image: image5.wmf])
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	Maximum UE bandwidth (MHz)
	Number of MIMO layers
	Maximum modulation order
	Peak data rate (Mbps)

	20
	1
	64QAM
	85

	
	1
	256QAM
	113

	
	2
	64QAM 
	169

	30
	1
	64QAM
	128

	
	1
	256QAM
	170

	40
	1
	64QAM
	172


Observation 6: In FR1,

· For single layer transmission, 

· 20 MHz maximum UE bandwidth cannot meet 150 Mbps peak data requirement for wearables. 

· At least 30 MHz maximum UE bandwidth is required to meet 150 Mbps peak data rate.

· 40 MHz maximum UE bandwidth is required if maximum modulation order is limited to 64QAM.

· For two-layer transmission, 20 MHz maximum UE bandwidth is enough to meet 150 Mbps peak data rate.

For FR2, assuming the maximum UE bandwidth is reduced to 50 MHz ([image: image6.wmf]m
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Observation 7: In FR2, both maximum UE bandwidth 50 MHz and 100 MHz can meet the peak data rate requirement.

· Power consumption

Reducing the maximum UE bandwidth of RedCap UEs provides a reduction in power consumption due to the lower baseband processing requirements mainly in FFT/IFFT, post-FFT data buffering, receiver processing block HARQ buffer. 

The power consumption on downlink reception may become larger if the performance degradation on PDCCH/PDSCH results in a longer reception time. In uplink, the UE transmit power may become higher due to potential longer transmission time. But the data rate requirement of reduced capability use cases is not high, reception/transmission time impact caused by bandwidth reduction is very trivial

Observation 8: Reduction of maximum bandwidth is beneficial for UE power consumption for reduced capability NR devices.
2.2.4
Analysis of coexistence with legacy UEs

· Initial access

A SS/PBCH block for cell search consists of 240 contiguous subcarriers. In FR1, the SSB supports 15 kHz and 30 kHz subcarrier spacing, which corresponds to 3.6 MHz and 7.2 MHz bandwidth, respectively. In FR2, the SSB supports 120 kHz and 240 kHz subcarrier spacing, which corresponds to 28.8 MHz and 57.6 MHz bandwidth, respectively.

For system information acquisition, the configuration of CORESET 0 in type0-common search space is carried in PBCH channel. SIB1 is scheduled is CORESET 0 by DCI format 1_0. Other SIs are scheduled in SIB1 by DCI format 1_0. Even though the search space for other SIs is separately configured in PDCCH-ConfigCommon, considering that “The network configures the commonControlResourceSet in SIB1 so that it is confined in the bandwidth of CORESET#0”, the CORESET for other SIs scheduling is also within the bandwidth of CORESET 0. As described in [4], for DCI format 1_0 with CRC scrambled by SI-RNTI, the bandwidth for frequency domain resource assignment is the size of CORESET 0. Both SIB1 and other SIs are scheduled within the bandwidth of CORESET 0.

As shown in Table 2, in frequency domain, CORESET for Type0-PDCCH can be configured as large as 17.28 MHz (96 RB for 15 kHz SCS, 48 RB for 30 kHz SCS) in FR1 while can be configured as large as 69.12 MHz (96 RB for 60 kHz SCS, 48 RB for 120 kHz SCS) in FR2.

Table 2 Size of CORESET 0 

	
	SSB and CORESET multiplexing pattern
	SCS

{SSB，CORESET0}
	CORESET0

RB number

	FR1
	Pattern1
	{15, 15}
	{24, 48, 96}

	
	
	{15, 30}
	{24, 48}

	
	
	{30, 15}
	{48, 96}

	
	
	{30, 30}
	{24, 48}

	FR2
	Pattern1
	{120, 60}
	{48, 96}

	
	
	{120, 120}
	{24, 48}

	
	
	{240, 60}
	96

	
	
	{240, 120}
	48

	
	Pattern2
	{120, 60}
	{48, 96}

	
	
	{240, 120}
	{24, 48}

	
	Pattern3
	{120, 120}
	{24, 48}


For FR1, considering that the maximum UE bandwidth of the RedCap UEs in FR1 is at least 20 MHz, the UE bandwidth is larger than the bandwidth of SS/PBCH block and CORESET 0, the RedCap UEs can share same SS/PBCH blocks, SIB1 and other SIs for normal NR UEs.

Observation 9: In FR1, the RedCap UEs can share SS/PBCH blocks, SIB1 and other SIs configured for normal NR UEs for cell search and system information acquisition.
For FR2, if the maximum UE bandwidth of the RedCap UEs in FR2 is 100 MHz, the UE bandwidth is also larger than the bandwidth of SS/PBCH block and CORESET 0, the RedCap UEs can share same SS/PBCH blocks, SIB1 and other SIs for normal NR UEs. However, if the maximum UE bandwidth of the RedCap UEs in FR2 is 50 MHz, the UE bandwidth is less than the SS/PBCH block with 240 kHz subcarrier spacing and CORESET 0 if the bandwidth of CORESET 0 is configured to 69.12 MHz. To support the RedCap UEs with 50 MHz bandwidth, one way is to limit the configuration for normal NR UEs. For example, only 120 kHz subcarrier spacing SS/PBCH blocks and CORESET 0 with bandwidth less than 50 MHz can be configured. In this case, 50 MHz maximum UE bandwidth would cause configuration limitations to legacy NR system. Another way is to specify dedicated configuration for the RedCap UEs. Significant specification impacts would be expected if dedicated configurations are introduced.

Observation 10: In FR2, for cell search and system information acquisition

· The RedCap UEs with 100 MHz maximum UE bandwidth can share SS/PBCH blocks, SIB1 and other SIs configured for normal NR UEs.

· To support the RedCap UEs with 50 MHz maximum UE bandwidth, restriction on configurations for normal NR UEs or specifying dedicated configuration for the RedCap UEs may need be considered.
· Restriction on configuration for normal NR UEs may reduce configuration flexibility for legacy NR system.

· Specifying dedicated configuration for the RedCap UEs would cause significant specification impacts.
The Cell specific random-access parameters are configured in SIB1 in which the PRACH preamble format is carried in prach-ConfigurationIndex and the number of PRACH transmission occasions FDMed in one time instance is carried in msg1-FDM (1, 2, 4, 8).  PRACH preamble has two types: long preambles and short preambles. In FR1, the transmission bandwidths of PRACH preamble for different subcarrier spacing are shown in Table 3.

Table 3 PRACH preamble in FR1

	Type
	SCS (kHz)
	Number of RBs
	Bandwidth (MHz)

	long preamble
	1.25
	6
	1.08

	
	5
	24
	4.32

	short preamble
	15
	12
	2.16

	
	30
	12
	4.32


In FR2, the transmission bandwidths of PRACH preamble for different subcarrier spacing are shown in Table 4.

Table 4 PRACH preamble in FR2

	Type
	SCS (kHz)
	Number of RBs
	Bandwidth (MHz)

	short preamble
	60
	12
	8.64

	
	120
	12
	17.28


In FR1, if 8 ROs are FDMed with 30 kHz SCS short preamble or 5 kHz SCS long preamble, the total bandwidth for PRACH transmission occasions would be 34.56 MHz which is larger than 20 MHz. If the maximum UE bandwidth for the RedCap UEs is 20 MHz, the RedCap UE with flexible retuning capability can transmit PRACH preamble in the PRACH transmission occasion corresponding to the best SSB.

In FR2, if 8 ROs are FDMed with 120 kHz SCS short preamble, the total bandwidth for PRACH transmission occasions would be 138.24 MHz which is larger than 100 MHz UE bandwidth. For the RedCap UEs with 50 MHz and 100 MHz maximum UE bandwidth, the RedCap UE with flexible retuning capability can transmit PRACH preamble in the PRACH transmission occasion corresponding to the best SSB.

Observation 11: For the RedCap UEs with UE bandwidth less than the total bandwidth of FDMed PRACH transmission occasions configured in frequency domain, the RedCap UEs with flexible retuning capability can transmit PRACH preamble in the PRACH transmission occasion corresponding to the best SSB by implementation related solutions.
During initial random access procedure, the UE shall assume RAR scheduling is received with DCI format 1_0 within the bandwidth of CORESET 0. Msg3 is scheduled by RAR grant within the bandwidth of initial UL BWP. Msg4 scheduling information is transmitted by means of the DCI format 1_0 with CRC scrambled by TC-RNTI within the bandwidth of CORESET 0. 

In FR1, considering that the maximum UE bandwidth of the RedCap UEs in FR1 is at least 20 MHz, the UE bandwidth is larger than the bandwidth of CORESET 0, the RedCap UEs can share the same CORESET 0 configured for the normal NR UEs for RAR and Msg4 receiving. The RedCap UEs can share the initial UL BWP configured for the normal NR UEs for Msg3 receiving if the bandwidth of the initial UL BWP configured for normal NR UEs is not larger than the bandwidth of the RedCap UEs or the RedCap UE type can be identified by the gNB before Msg3 scheduling. If initial UL BWP configured for normal NR UEs is larger than the bandwidth of the RedCap UEs, Msg3 frequency hopping cannot be enabled.

Observation 12: For the RedCap UEs, Msg3 frequency hopping cannot be enabled if the bandwidth of initial UL BWP configured for normal NR UEs is larger than the bandwidth of the RedCap UEs and the initial UL BWP is used for the RedCap UEs.
In FR2, if the maximum UE bandwidth of the RedCap UEs is 50 MHz, the bandwidth of CORESET 0 configured for normal NR UEs may be larger than the UE bandwidth. In this case, the RedCap UEs can share the same CORESET 0 configured for normal NR UEs for RAR and Msg4 receiving only when the RedCap UE type can be identified by PRACH transmission. If the maximum UE bandwidth of the RedCap UEs is 100 MHz, the RedCap UEs can coexist with the normal NR UEs for RAR and Msg4 receiving. For both 50 MHz and 100 MHz maximum UE bandwidth, if the initial UL BWP configured for normal NR UEs is larger than the bandwidth of the RedCap UEs, the RedCap UEs can share the initial UL BWP configured for normal NR UEs after the RedCap UE type has been identified by the gNB. If the RedCap UE cannot be identified during initial access procedure, to guarantee RAR/Msg4 reception and Msg3 transmission is within the UE bandwidth, Scheduling limitation on RAR/Msg3/Msg4 for normal NR UEs would be expected.

Observation 13: For initial access, scheduling limitation on RAR/Msg3/Msg4 for normal NR UEs would be expected if the bandwidth of CORESET 0 or initial UL BWP is larger than the maximum UE bandwidth of the RedCap UEs.

From above analysis, in FR2, 50 MHz maximum UE bandwidth may cause configuration or scheduling limitations to normal NR UEs. To avoid the performance impact on normal NR UEs, it is proposed to consider at least 100 MHz maximum UE bandwidth for initial access.

· Connected Mode

In Connected mode, additional BWPs other than initial BWP are configured by UE-specific RRC signalling. For the RedCap UEs, if the bandwidth of a given BWP is not larger than the maximum UE bandwidth, the RedCap UEs can share the same BWP with normal NR UEs.

· Idle Mode
In Idle mode, if bandwidth of CORESET 0 is less than the maximum UE bandwidth of RedCap UEs, normal NR UEs and the RedCap UEs can use the same paging occasions without any scheduling limitation. Otherwise, configuration/scheduling limitation is required for normal NR UEs if normal NR UEs and the RedCap UEs share the same paging occasion. To reduce the limitation on normal NR UEs, dedicated paging occasion for the RedCap UEs can be considered for the case CORESET 0 configured for normal NR UEs is larger than the maximum UE bandwidth of RedCap UEs.

Observation 14: To reduce the limitation on normal NR UEs, dedicated paging occasion for the RedCap UEs can be considered when CORESET 0 configured for normal NR UEs is larger than the maximum UE bandwidth of RedCap UEs.
2.2.5
Analysis of specification impacts

· Initial access 
In FR1, the SSB bandwidth, CORESET #0 bandwidth and SIB1 bandwidth are less than the maximum UE bandwidth of the RedCap UEs (20 MHz), no spec impacts related to cell search and system information acquisition are expected.

In FR2, if the RedCap UE bandwidth is 50 MHz, the RedCap UEs would not expect SS/PBCH blocks with 240 kHz subcarrier spacing. Dedicated CORESET 0 can be configured for the RedCap UEs if bandwidth of CORESET 0 configured for normal NR UEs is larger than 50 MHz. To realize dedicated CORESET 0, the gNB should identify the type of RedCap UEs before transmitting RAR message. In this case, the RedCap UE type needs to be identified by PRACH transmission.  RAR or Msg4 transmission can be scheduled within the maximum UE bandwidth of RedCap UEs if gNB can identify the UE type before scheduling. The UE type can be identified by Msg1 or Msg3 transmission. If the RedCap UE bandwidth is 100 MHz, no spec impacts related to cell search and system information acquisition are expected.

During initial random access procedure, Msg3 transmission should be scheduled within the maximum UE bandwidth of the RedCap UEs. Dedicated initial UL BWP can be configured for the RedCap UEs if the size of initial UL BWP configured for normal NR UEs is larger than the bandwidth of the RedCap UEs. If ‘frequency hopping flag’ is not enabled in RAR Grant and the bandwidth of allocated frequency resources is not larger than the maximum UE bandwidth, the RedCap UE can retune to the corresponding frequency resources for Msg3 transmission. The premise is that the gNB knows the UE is a RedCap UE. There is a need to identify the RedCap UE by PRACH transmission (Msg1). To identify the RedCap UEs by Msg1, dedicated PRACH transmission occasions can be configured for the RedCap UEs.
Observation 15: The RedCap UE type identification is needed to support dedicated configurations or implementation related solutions if the bandwidth of configurations for normal NR UEs is larger than RedCap maximum UE bandwidth.
· Connected Mode

In connected mode, control channels and traffic channels can be scheduled within the bandwidth of the RedCap UEs by implementation related methods. Further study can be considered on potential overhead reduction on DCI signalling due to bandwidth reduction. 

Observation 16: For the RedCap UEs in Connected Mode, further study can be considered on potential overhead reduction on DCI signalling due to bandwidth reduction. 
· Idle Mode
Dedicated paging occasion for the RedCap UEs can be considered for the case CORESET 0 configured for normal NR UEs is larger than the maximum UE bandwidth of RedCap UEs. Additional configuration dedicated for the RedCap UEs may be needed.

Observation 17: For the RedCap UEs in Idle Mode, additional configuration for paging occasion dedicated for the RedCap UEs may be needed.

Proposal 2: For reduced capability NR devices, 

· For FR1, 
· only 20 MHz maximum UE bandwidth is considered during initial access

· Besides 20 MHz, anther bandwidth larger than 20 MHz maximum UE bandwidth can be considered for Connected Mode.

· For FR2, only 100 MHz maximum UE bandwidth is considered.
2.3   HD-FDD

2.3.1 Description of feature

In last meeting, there are one agreement of HD-FDD: 
· Study HD-FDD operation Type A and Type B (as defined in LTE) in RAN1, where study of Type A is prioritized.

With HD-FDD operation, the UE does not need to simultaneously transmit and receive at the same time because the duplexer is replaced by a switch. There are two types of HD-FDD defined in LTE:
For type A half-duplex FDD operation, a guard period is created by the UE by 

-
not receiving the last part of a downlink subframe immediately preceding an uplink subframe from the same UE. 

For type B half-duplex FDD operation, guard periods, each referred to as a half-duplex guard subframe, are created by the UE by

-
not receiving a downlink subframe immediately preceding an uplink subframe from the same UE, and

-
not receiving a downlink subframe immediately following an uplink subframe from the same UE.

2.3.2 Analysis of UE complexity reduction

HD-FDD is a technique that can lower the cost of UE by simplifying the RF implementation because a duplexer is replaced by a switch. Based on the analysis shown in [2]. Given that the duplexer cost is in the range of 15-25% of the RF module (which is 40% of the total LTE reference modem cost), HD-FDD mode provides an overall cost saving based on the reference LTE modem of 4-8%. The complexity of UE is also reduced because HD-FDD UE cannot transmit and receive simultaneously. The cost of HD-FDD type B is lower than HD-FDD type A because there is a single oscillator for Tx and Rx frequency generation. But the influence on the total cost is relatively small. 

Observation 18:  HD-FDD can reduce the cost and complexity of UE. 
2.3.3 Analysis of performance impacts

· Peak data rate

Compared with FD-HDD UE, the HD-FDD UE cannot transmit and receive simultaneously and have guard period. Therefore the data rate is reduced. In addition to HD-FDD operation, there are many factors that affect the data rate, e.g., bandwidth, transmission layer etc. Based on above analysis, assuming the maximum UE bandwidth is 20 MHz, if [image: image11.wmf])
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 = 1, then the downlink data rate is at about 230 Mbps for single layer transmission. The highest peak data rate requirement of RedCap UEs is 150 Mbps for downlink and there are flexible HARQ process related configuration in NR. Therefore there may be enough margin to account for the data rate lost by HD-FDD.

Observation 19:  There may be enough margin to account for the data rate lost by HD-FDD.

· Latency
Without simultaneous transmission and reception in HD-FDD, the latency is increased. The lowest latency requirement is 5-10 ms for safety related sensors. If the NR dynamic TDD is reused for HD-FDD, the latency requirement of 5~10ms can be met because the largest user plane latency is 4 ms in NR.

Observation 20:  The latency requirement can be met if NR dynamic TDD is reused for HD-FDD.

· Power consumption
The insertion loss of the switch in the HD-FDD UE is less than in the duplexer of an FD-FDD UE: reducing the electrical power required to produce a certain amount of radiated RF power. Half duplex operation means some components can be put in a reduced power state until required. It is recognized that RF and baseband power consumption is often dictated by implementation [2]. Considering the HD-FDD UE cannot transmit and receive simultaneously, the power consumption of HD-FDD UE may be higher than FD-FDD because of the longer ON state. But the degree of impact on power consumption is affected by data rate requirement, HARQ process number, scheduling flexibility etc. 

Observation 21: The impact on power consumption of HD-FDD depends on implementation.
2.3.4 Analysis of coexistence with legacy UEs

 The support of HD-FDD for RedCap UE is not expected to cause impact on legacy NR UEs.
2.3.5 Analysis of specification impacts

In NR, the FDD bands are all in FR1 and all FR2 bands use TDD, therefore HD-FDD is only applied to FR1.  

Observation 22: HD-FDD is only applied to FR1.
The capability of HD-FDD should be reported to eNB. Although the value of DL-to-UL switching time and UL-to-DL switching time are determined by RAN4, the impact of the new switching time needs to be studied in RAN1. There are two alternatives for HD-FDD design, one is LTE HD-FDD, and the other is NR dynamic TDD. If the LTE HD-FDD is reused for HD-FDD, the behaviors of UE during the switching time should be specified. If the NR dynamic TDD is reused for HD-FDD, HD-FDD UE can be configured with specific slot format combinations to indicate when to transmit and when to receive. It is necessary to consider whether the existing NR dynamic TDD can be reused directly. 
Observation 23: The potential impacts on specification of HD-FDD are: UE capability report, new switching time impact and HD-FDD design.
Proposal 3: HD-FDD can be considered for UE complexity reduction.

2.4   Relaxed UE processing time

2.4.1 Description of feature

In last meeting, there are one agreement of relaxed UE processing time: 
· 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.

In NR, in addition to PDSCH processing procedure time and PUSCH preparation procedure time which influenced by N1/N2, the RACH process is influenced by N1/N2. For example, the processing time between RAR PDSCH and Msg3 PUSCH is
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. Therefore, the relaxed UE processing time can be applied to both RRC_IDLE state and RRC_CONNECTED state. 
Observation 24: Relaxed UE processing time can be applied to both   RRC_IDLE state and   RRC_CONNECTED state.

2.4.2 Analysis of UE complexity reduction 

The relaxed UE processing time may reduce the number of parallel processing hardware units and even reuse one set of hardware units for serial processing. Therefore, the complexity and cost of UE can be reduced. But the degree of reduction on complexity and cost depends on the implementation.
Observation 25: The degree of reduction on cost and complexity of relaxed UE processing time depends on the implementation.  
2.4.3 Analysis of performance impacts 

· Latency
The lowest latency requirement is 5-10ms for safety related sensors. Based on analysis of the user plane latency in TR 37.910, the use plane latency which the relaxed UE processing time is twice as much as N1/N2 of UE capability 1 is shown in Table 5.

Table 5 The use plane latency (ms)
	DL user plane latency- FDD(15KHz)
	UE capability 1
	RedCap UE

	Resource mapping Type A
	M=4
	p=0
	1.37
	2.04

	
	
	p=0.1
	1.58
	2.38

	
	M=7
	p=0
	1.49
	2.16

	
	
	p=0.1
	1.7
	2.49

	
	M=14
	p=0
	2.13
	2.79

	
	
	p=0.1
	2.43
	3.23

	Resource mapping Type B
	M=2
	p=0
	0.98
	1.65

	
	
	p=0.1
	1.16
	1.96

	
	M=4
	p=0
	1.11
	1.78

	
	
	p=0.1
	1.3
	2.10

	
	M=7
	p=0
	1.3
	1.97

	
	
	p=0.1
	1.49
	2.29


Form Table 5, it is concluded that relaxed UE processing time can increase the latency and the latency requirement can be met when the relaxed UE processing time is twice as much as N1/N2 of UE capability 1.

Observation 26:  The latency requirement can be met when the relaxed UE processing time is twice as much as N1/N2 of UE capability 1.

· Power consumption

Based on the study on UE power saving in Rel-16, it is concluded that a UE with a relaxed timeline would be able to work with lower clock frequency and lower voltage which has exponential contribution on the UE power. Therefore relaxed UE processing time may reduce the power consumption of UE. Considering different products have different clock frequency and voltage when the processing time is relaxed, the degree of reduction on power consumption depends on the implementation.
Observation 27:  The impact on power consumption of relaxed UE processing time depends on implementation.
2.4.4 Analysis of coexistence with legacy UEs 

When relaxed UE processing time is applied to the UE in RRC_IDLE state, there may be some issues of coexistence with legacy UEs if eNB cannot distinguish the legacy UEs and RedCap UEs. For example, if the UE type can not be identified by Msg1, gNB cannot relax the corresponding window for the RedCap UE, thus the initial access may be failed. 
Observation 28: There may be some issues of coexistence with legacy UEs if relaxing UE processing time is applied to the UE in RRC_IDLE state. 
2.4.5 Analysis of specification impacts 

If the UE processing time is relaxed, there may be some impacts on scheduling unit, overhead of scheduling related signaling and so on. In addition to scheduling, these parameters which related with processing time such as N1/N2/N3/Z/Z’ should also be reconsidered. 
Observation 29: The potential impacts on specification from relaxed UE processing time include at least scheduling related signaling.

2.5   Relaxed UE processing capacities

2.5.1 Description of feature

Based on the discussion in RAN1#101-e, relaxed UE processing capabilities could consider peak data rate relaxation and CSI processing capability relaxation.

2.5.2 Peak data rate relaxation

Peak data rate relaxation has been proposed to focus at least on:

· Maximum modulation order restriction

· Reducing the maximum number of MIMO layers

Then, for FR1, Table 6 and 7 respectively show the UL and DL peak rate of different modulation orders and MIMO layers under 20MHz bandwidth. Wherein, the maximum code rate uses the existing maximum value of 948/1024.
Table 6 UL peak data rate, FR1, 15 kHz SCS
	Bandwidth
	Modulation
	Number of layer
	Peak data rate (Mbps)

	20MHz
	16QAM
	1
	60.7

	
	16QAM
	2
	121.3

	
	64QAM
	1
	91

	
	64QAM
	2
	182


Table 7 DL peak data rate, FR1, 15 kHz SCS
	Bandwidth
	Modulation
	Number of layer
	Peak data rate (Mbps)

	20MHz
	16QAM
	1
	56.7

	
	16QAM
	2
	113.4

	
	64QAM
	1
	85.1

	
	64QAM
	2
	170.1

	
	256QAM
	1
	113.4

	
	256QAM
	2
	226.8


From Table 6, it can be observed that UL transmission configured with 16QAM and one layer can reach the peak data rate of 50Mbps based on 20MHz bandwidth for FR1. Thus, for UL transmission, the maximum modulation can be restricted to 16QAM and the maximum number of MIMO layers is reduced to one layer.

Observation 30: For FR1, 16QAM with single MIMO layer can be used to satisfy UL peak data rate of 50Mbps.

Proposal 4: For UL transmission, the highest modulation mode can be restricted to 16QAM and the maximum number of UL MIMO layers can be one layer.
From Table 7, for DL transmission, even if 256QAM modulation is used, single MIMO layer still cannot reach the peak data rate of 150Mbps based on 20MHz bandwidth for FR1. And since the demodulation complexity of 256QAM is much higher than that of 64QAM, 256QAM should not be supported for RedCap UE. Then, 64QAM with 2 layers can achieve the DL peak data rate for 20MHz bandwidth and 64QAM with 1 layer or 16QAM with 2 layers can achieve the DL peak data rate for 40MHz bandwidth.
Observation 31: For FR1, 64QAM with 2 layers can achieve   DL peak data rate for 20MHz bandwidth, and 64QAM with 1 layer or 16QAM with 2 layers can achieve   DL peak data rate for 40MHz bandwidth.
Then, regarding the DL maximum modulation, 64QAM could be supported for the RedCap UE with high traffic requirement. But for the RedCap UE with low and medium traffic, e.g. industrial wireless sensors, video Surveillance, 64QAM may not be necessary. Instead, 16QAM can satisfy the DL data rate requirement and ensure higher decoding reliability. Also, lower modulation order reduces UE complexity. Thus, whether to support 64QAM can be considered as an optional capability for redcap UE.

Observation 32: For the RedCap UE with low and medium traffic requirement, 64QAM may not be necessary. 
Proposal 5: For RedCap UE, DL highest modulation can be restricted to 16QAM or 64QAM according to UE capability.

· Capability signalling can be defined to indicate the maximum modulation order supported by UE.
In aspect of number of MIMO layers, for FR1, it is mandatory capability to support at least 4 MIMO layers in the bands where 4Rx is specified as mandatory for the given UE. In these bands, the UE processing capability is relaxed when the maximum number of MIMO layers supported by UE is reduced from 4 to 2 or 1. For the FR1 bands where 2Rx is specified as mandatory for the given UE, the current specifications allow the UE with single MIMO layer capability. 

In FR2, it is mandatory UE capability to support at least 2 MIMO layers. Since larger bandwidth is supported in FR2, single MIMO layer can meet the DL peak data rate. For complexity-limited UE, the maximum number of MIMO layers could be reduced to 1 to relax processing capability. 
Therefore, for 2Rx RedCap UE, whether to support 2 MIMO layers could be introduced as an optional capability. It can be considered to reduce the number of MIMO layers to reduce UE complexity in the prerequisite of ensuring data rate requirement. 
Proposal 6: The maximum number of DL MIMO layers is reduced to 1 layer or 2 layer according to UE capability.
· Capability signalling can be defined to indicate if 2 MIMO layers for 2Rx RedCap UE are supported.
Analysis of complexity
Maximum modulation order restriction can greatly reduce the complexity of modulation and demodulation and save hardware costs. For a given transport block, lower order modulation and demodulation have lower power UE consumption.
Reducing the maximum number of MIMO layers can reduce the following complexity: 
· DMRS channel estimation

· Demodulation with less MIMO layers

· Decoding

· PMI, RI, LI measurement and report 

· No layer de-mapping
Observation 33: Restricting maximum modulation order   and maximum number of MIMO layers can effectively reduce UE complexity.
Impact on performance
Restricting maximum modulation order and the maximum number of MIMO layers affects data rate. The maximum modulation and the maximum number of MIMO layers should be specified based on the requirements of peak data rate.
Impact on specification
The appropriate UL and DL MCS tables are defined for restricted maximum modulation order. It is possible to reuse the existing MCS table. The higher layer parameter and/or DCI related to MCS indication may be specified according to UE capability and the corresponding MCS table.

The appropriate CQI table is defined for restricted maximum modulation order. It is possible to reuse the existing CQI table. The CQI is reported according to UE capability and the corresponding CQI table. If only single MIMO layer is supported for RedCap UEs, no RI and LI report are required. Then, it can be considered to define new CSI report quantity for RedCap UEs or add the descriptions with respect to no RI and LI in specifications.

Proposal 7: The appropriate CQI table and UL/DL MCS tables shall be defined for restricted maximum modulation order.

2.5.3 CSI processing capability relaxation.

NR defines flexible UE capabilities that involving many capability parameters with respect to CSI measurement and report, e.g. the number of CSI report settings, the number of TCI states, the number of CSI-RS resources, etc. These capability parameters are defined as comprehensive range of values. And these parameter values are reported based on the corresponding UE capabilities. Thus, Redcap UEs could reuse these capability parameters to achieve CSI processing capability relaxation. Or these capability parameters with respect to CSI measurement and report are restricted to smaller value range. This can save the overhead of capability signalling when RedCap UE report CSI processing capability. 

Proposal 8: Redcap UEs could reuse the existing UE capability parameters to achieve CSI processing capability relaxation.
3   Conclusion
Base on the analysis in the previous sections, we have the following observations and proposals:

Observation 1: The reduction in number of UE Rx antennas can simplify the structure of receive RF chain and baseband module and reduce UE processing complexity.
Observation 2: The reduction in number of UE Rx antennas will cause coverage loss and reduce DL data rate. 
Observation 3: RF and performance requirements need to be evaluated by RAN4 for reduced number of UE antennas. Coverage recovery technology may need to be introduced in RAN1 to compensate the coverage loss.

Observation 4: For reduced capability NR devices, UE bandwidth reduction is for both RF and baseband.
Observation 5: For reduced capability NR devices, UE bandwidth reduction provides significant UE complexity reduction.

Observation 6: In FR1,

· For single layer transmission, 

· 20 MHz maximum UE bandwidth cannot meet 150 Mbps peak data requirement for wearables. 

· At least 30 MHz maximum UE bandwidth is required to meet 150 Mbps peak data rate.

· 40 MHz maximum UE bandwidth is required if maximum modulation order is limited to 64QAM.

· For two-layer transmission, 20 MHz maximum UE bandwidth is enough to meet 150 Mbps peak data rate.

Observation 7: In FR2, both maximum UE bandwidth 50 MHz and 100 MHz can meet the peak data rate requirement.

Observation 8: Reduction of maximum bandwidth is beneficial for UE power consumption for reduced capability NR devices.
Observation 9: In FR1, the RedCap UEs can share SS/PBCH blocks, SIB1 and other SIs configured for normal NR UEs for cell search and system information acquisition.
Observation 10: In FR2, for cell search and system information acquisition

· The RedCap UEs with 100 MHz maximum UE bandwidth can share SS/PBCH blocks, SIB1 and other SIs configured for normal NR UEs.

· To support the RedCap UEs with 50 MHz maximum UE bandwidth, restriction on configurations for normal NR UEs or specifying dedicated configuration for the RedCap UEs may need be considered.
· Restriction on configuration for normal NR UEs may reduce configuration flexibility for legacy NR system.

· Specifying dedicated configuration for the RedCap UEs would cause significant specification impacts.
Observation 11: For the RedCap UEs with UE bandwidth less than the total bandwidth of FDMed PRACH transmission occasions configured in frequency domain, the RedCap UEs with flexible retuning capability can transmit PRACH preamble in the PRACH transmission occasion corresponding to the best SSB by implementation related solutions.
Observation 12: For the RedCap UEs, Msg3 frequency hopping cannot be enabled if the bandwidth of initial UL BWP configured for normal NR UEs is larger than the bandwidth of the RedCap UEs and the initial UL BWP is used for the RedCap UEs.
Observation 13: For initial access, scheduling limitation on RAR/Msg3/Msg4 for normal NR UEs would be expected if the bandwidth of CORESET 0 or initial UL BWP is larger than the maximum UE bandwidth of the RedCap UEs.

Observation 14: To reduce the limitation on normal NR UEs, dedicated paging occasion for the RedCap UEs can be considered when CORESET 0 configured for normal NR UEs is larger than the maximum UE bandwidth of RedCap UEs.
Observation 15: The RedCap UE type identification is needed to support dedicated configurations or implementation related solutions if the bandwidth of configurations for normal NR UEs is larger than RedCap maximum UE bandwidth.
Observation 16: For the RedCap UEs in Connected Mode, further study can be considered on potential overhead reduction on DCI signalling due to bandwidth reduction. 
Observation 17: For the RedCap UEs in Idle Mode, additional configuration for paging occasion dedicated for the RedCap UEs may be needed.

Observation 18:  HD-FDD can reduce the cost and complexity of UE.
Observation 19:  There may be enough margin to account for the data rate lost by HD-FDD.
Observation 20:  The latency requirement can be met if NR dynamic TDD is reused for HD-FDD.
Observation 21: The impact on power consumption of HD-FDD depends on implementation.
Observation 22: HD-FDD is only applied to FR1.
Observation 23: The potential impacts on specification of HD-FDD are: UE capability report, new switching time impact and HD-FDD design.
Observation 24: Relaxed UE processing time can be applied to both RRC_IDLE state and RRC_CONNECTED state.

Observation 25: The degree of reduction on cost and complexity of relaxed UE processing time depends on the implementation.  
Observation 26:  The latency requirement can be met when the relaxed UE processing time is twice as much as N1/N2 of UE capability 1.

Observation 27:  The impact on power consumption of relaxed UE processing time depends on implementation.
Observation 28: There may be some issues of coexistence with legacy UEs if relaxing UE processing time is applied to the UE in RRC_IDLE state. 
Observation 29: The potential impacts on specification from relaxed UE processing time include at least scheduling related signaling.

Observation 30: For FR1, 16QAM with single MIMO layer can be used to satisfy UL peak data rate of 50Mbps.

Observation 31: For FR1, 64QAM with 2 layers can achieve   DL peak data rate for 20MHz bandwidth, and 64QAM with 1 layer or 16QAM with 2 layers can achieve DL peak data rate for 40MHz bandwidth.
Observation 32: For the RedCap UE with low and medium traffic requirement, 64QAM may not be necessary.
Observation 33: Restricting maximum modulation order and maximum number of MIMO layers can effectively reduce UE complexity.
Proposal 1:  For Redcap antenna number reduction

· Both 1TX/1RX and 1TX/2RX branch are supported

· Capability signalling shall be defined to indicate the number of Rx antennas
Proposal 2: For reduced capability NR devices, 

· For FR1, 
· only 20 MHz maximum UE bandwidth is considered during initial access

· Besides 20 MHz, anther bandwidth larger than 20 MHz maximum UE bandwidth can be considered for Connected Mode.

· For FR2, only 100 MHz maximum UE bandwidth is considered.
Proposal 3: HD-FDD can be considered for UE complexity reduction.

Proposal 4: For UL transmission, the highest modulation mode can be restricted to 16QAM and the maximum number of UL MIMO layers can be one layer.
Proposal 5: For RedCap UE, DL highest modulation can be restricted to 16QAM or 64QAM according to UE capability.

· Capability signalling can be defined to indicate the maximum modulation order supported by UE.
Proposal 6: The maximum number of DL MIMO layers is reduced to 1 layer or 2 layer according to UE capability.
· Capability signalling can be defined to indicate if   2 MIMO layers for 2Rx RedCap UE are supported.
Proposal 7: The appropriate CQI table and UL/DL MCS tables shall be defined for restricted maximum modulation order.

Proposal 8: Redcap UEs could reuse the existing UE capability parameters to achieve CSI processing capability relaxation.
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