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Introduction
In 3GPP RAN#86, a new SI on the support of reduced capability (RedCap) NR devices was approved [1]. The goal of this SI is to serve new use cases of NR including wearables, industrial wireless sensors and video surveillance, with lower end UE capabilities relative to NR Release 15/16 eMBB and URLLC devices.
In this contribution, we discuss the scope of complexity reduction for RedCap devices. The design principle for complexity reduction is to optimize the tradeoff in cost saving, performance and standardization impact. The main enablers for UE’s complexity reduction are investigated in Sections 2 of this paper, which includes reduced BW, restricted MCS, decreased number of transmit/receive antennas, relaxed timeline and relaxed processing capabilities. Details regarding reduced PDCCH monitoring are discussed in the companion paper [4]. To compensate for the loss resulted from UE capability reduction, coverage recovery techniques and evaluation methodology are investigated in another companion paper [5]. Finally, additional considerations for FR2 deployment are given in Section 3 of this paper.
Discussion of UE Complexity Reduction in FR1
Reduction of Maximum UE BW
The major motivation to introduce RedCap device is to lower the device cost as compared to high-end eMBB and URLLC devices of Rel-15/Rel-16. A key solution for cost saving is to reduce the maximum bandwidth that the UE can support, which simplifies the designs of baseband and RF components. 
It is worth noting that BW reduction degrades UE’s DL coverage and data rates. Therefore, the reduction of UE’s max BW needs to consider the tradeoff between cost saving and performance loss. In the rest of this section, our discussion will focus on the BW requirement for CORESET0, which is essential for initial access. In Section 2.2, we will discuss the UE BW required for supporting peak data rates of different RedCap use cases.
In Rel-15, NR introduced the notion of Bandwidth Part (BWP) for UE. The flexibility of BWP configuration and adaptation not only accommodates different UE capabilities, but also facilitates service diversification and power saving. Similar to legacy UE of NR Rel-15/16, RedCap devices need to perform initial access on the initial DL and UL BWP before establishing a RRC connection with the serving cell. Therefore, the BW reduction of RedCap devices needs to consider the co-existence with legacy UE. The co-existence issue can be simplified by re-using the SSB and CORESET0 design of NR Rel-15 [6].
To communicate with a serving cell, a RedCap UE needs to acquire the time/frequency synchronization, cell identification and system information. To minimize the impacts on 3GPP standardization, the bandwidth of NR Rel-15 SSB should be re-used [1], and a RedCap UE is able to obtain the controlResourceSetZero and searchSpaceZero configurations for the scheduling information of SIB1 by decoding MIB. 
To support flexible multiplexing of SSB and CORESET0, NR Rel-15 has specified multiple look-up tables for different numerology, UE BW and deployment frequency [2]. In FR1, only TDM pattern is supported for SSB and CORESET0, and the max CORESET0 BW is 96 PRB for 15 kHz SCS and 48 PRB for 30 kHz SCS. Table 1 summarizes the max aggregation level (AL) supported by CORESET0 in FR1, wherein different combinations of time/frequency resource allocation and SCS are considered. For a RedCap UE with reduced max BW, a large AL is desirable for the coverage and reliability of PDCCH decoding. As shown in Table 1:
· To support AL 16 for CORESET0 configurations specified in NR Rel-15,  the max UE BW should be at least 17.28 MHz in FR1 deployment.  
· To support AL 8  for CORESET0 configurations specified in NR Rel-15,  the max UE BW should be at least 8.64 MHz in FR1 deployment.  

Table 1: Max Aggregation Level for CORESET0 in FR1 
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There are various solutions for BW and cost reduction. Though each solution could lead to a new UE category with different BW and associated characteristics, it is anticipated that one new UE category for RedCap devices will be sufficient in NR Rel-17 to meet the demands for cost saving and BW reduction. Therefore, we have the following proposal:
Proposal 1: For NR RedCap devices, study the reduction of max UE BW to optimize the tradeoff in cost saving, performance and standardization impact. When deployed in FR1, the RedCap UE needs to satisfy the following requirements:
· support AL 16 for CORESET0
· support 20 MHz as the mandatory and max BW for initial DL BWP

Reduced Peak Data Rates and Restricted MCS 
In general, peak rate reduction for RedCap devices can be achieved by : 
· restricting the support for CA
· reducing the number of PRBs allocated for PDSCH/PUSCH 
· reducing the max number of MIMO layer for PDSCH/PUSCH transmission
· restricting the max modulation order
· restricting the max code rate
· restricting the max TBS
Assuming single-layer transmission, max code rate supported by NR Rel-15 MCS tables [3], DMRS overhead of 0.14 for DL and 0.08 for UL, and scalingFactor=1 [6], Table 2 shows the DL and UL peak data rates for 16QAM, 64QAM and 256QAM, respectively.  As shown by Table 2, 
· For 64QAM modulation, DL peak data rate of 75 Mbps and UL peak data rate of 50 Mbps can be supported by 20 MHz BW;
· For 16QAM modulation, DL peak data rate of 20 Mbps or UL peak data rate of 25 Mbps cannot be supported by 10 MHz BW;
· For 20 MHz BW, DL peak data rate of 150 Mbps cannot be supported with 256QAM modulation.

Table 2: Peak Data Rates for Single Layer Transmission in FR1
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Therefore, we have the following proposal for data rate and MCS restriction:
[bookmark: _Hlk23927392]Proposal 2: For NR RedCap devices with reduced BW, study the peak data rate supported by single carrier, single layer and MCS range restriction. Specifically,
· different MCS and BW can be allocated for DL and UL to adapt to asymmetric traffic patterns
· in addition to supporting 20 MHz as the mandatory and max BW for initial DL BWP, smaller BW can be configured for the active DL/UL BWP of RedCap UE to support peak data rates in the range of 5~10 Mbps
· 256QAM modulation is not supported for RedCap UE
· FFS whether or not to support 150 Mbps peak data rate on DL with active BWP wider than 20 MHz
· FFS whether 64QAM needs to be supported on UL

Reduction of TX/RX Antenna Number
Reducing the number of RX and TX antennas contributes to cost saving and form factor reduction of RedCap UE. As shown in Table 2, single layer transmission is able to provide peak data rate up to 75 Mbps for both DL and UL [6], which is sufficient for the typical use cases identified for RedCap devices [1]. However, the limitation of single RX antenna will degrade the coverage of DL data/control channels, and increase the latency for SSB/SIB acquisition. 
Therefore, it is necessary to study and evaluate the coverage recovery techniques to compensate for the reduced UE capabilities [5].
[bookmark: _Hlk40453861]Proposal 3: Study complexity reduction and coverage recovery techniques for NR RedCap devices, with 1 TX antenna and 1 RX antenna as the baseline.

Relaxation of UE Processing Capabilities
As a result of reduced UE capabilities, the processing capabilities of RedCap devices can be relaxed to facilitate complexity/cost reduction and power saving. 
For LTE UE, two different types of HD-FDD (Type-A and Type B) modes are specified by 3GPP, which differ mainly in the guard period configuration for RX-TX switch. Compared to FD-FDD operation, making RedCap UEs operate in HD-FDD mode facilitates the use of a RX-TX antenna switch instead of a more expensive duplexer. On the other hand, performance loss such as latency and throughput are expected for HD-FDD devices, because they cannot transmit and receive simultaneously as a FD-FDD UE. However, with symbol-level guard period configuration similar to that of Type-A HD-FDD, the latency and throughput performance of RedCap HD-FDD UE should be comparable to that of RedCap TDD UE. 
In addition to HD-FDD, the relaxation of UE processing capabilities can be studied for the following procedures:
· reduced PDCCH monitoring for RedCap UE, wherein complexity reduction and power saving can be achieved by less frequent blind decoding and channel estimation [4];
· simplified CSF procedure and compact CSI report, which can be tailored for single spatial layer and constrained range of MCS;
· the max number of HARQ processes can be reduced and ACK/NACK bundling can be supported for PDSCH slot aggregation;
· beam management and RLM/RRM measurement can be simplified by reducing the granularity of TCI states and RSRP/RSRQ reports mapping.
Therefore, we have the following proposals:
Proposal 4: Study the relaxation of UE processing capabilities including reduced PDCCH monitoring, simplification of UE procedures for CSF, HD-FDD, HARQ, beam management and RLM/RRM measurements.
Proposal 5: Study the signalling support for HD-FDD UE and the co-existence of HD-FDD and FD-FDD devices on paired spectrum in FR1. Type-A HD-FDD mode of LTE and NR Rel-15 TDD slot format can be used as baseline for studying the HD-FDD design applicable to NR RedCap UE.

Relaxation of UE Processing Time
Compared with high-end UE, the latency requirements of RedCap devices are relaxed [1].  The reduced UE capabilities can be indicated to gNB before or after RRC connection [6]. Upon receiving UE’s indication for reduced capabilities, gNB is able to coordinate the DL/UL scheduling of high-end and RedCap UEs to accommodate the differences in latency requirements. 
Proposal 6: Study gNB’s signalling support and UE’s indication mechanism for timeline relaxation of RedCap devices.
Proposal 7: Study new type of UE processing capabilities inherent to RedCap devices.

Reduction of HARQ Complexity for IIoT
For the scenario of industrial IoT, majority of the packets have small payload. It is possible for us to do further complexity reduction for HARQ. For example, we can limit the maximum TB size to reduce the circular buffer size. We can also limit the maximum code rate and maximum code block size for complexity reduction. Besides, the maximum number of HARQ process supported can be limited to suitable value as well.      
[bookmark: _Hlk40454062]Proposal 8: Study the reduction of HARQ complexity for RedCap devices of IIoT.
Discussion of UE Complexity Reduction in FR2
Reduction of Maximum UE BW
During the initial cell search, the UE’s BW needs to be at least as wide as CORESET0 (which is wider than the SSB). Rel-15 NR defines 3 multiplexing patterns for SSB and CORESET0, where in multiplexing patterns 2 and 3 (defined for FR2), CORESET0 is FDM’ed with the SSB increasing the BW required from the UE. For FR2, the SSB + CORESET0 BW for multiplexing patterns 2 and 3 has a minimum of 63.4 MHz and can be as large as 129.6 MHz (depending on the configuration). When deployed in FR2, the RedCap UE needs to support in the order of 100 MHz as the mandatory and max BW for initial DL BWP.
After initial cell search, to reduce the UE BW and thus save power, the UE may switch into a narrow BW active BWP (NBWP). There are however certain aspects that need to be considered due to the BW reduction of the active BWP.
For a narrow UE supported BW, to achieve frequency diversity gains, frequency domain hopping is one of the methods that can be used. However, in FR2, due to beamforming at both gNB and UE in addition to smaller cells, the delay spread is smaller compared to FR1. This leads to a larger coherence BW and hence less gain using frequency hopping (if the hopping was within a limited frequency range). For FR2, to get the frequency diversity hopping gains, the UE may need to hop across a larger system frequency range (across larger system BW).
Hopping within a limited system BW however, may still be beneficial to mitigate persistent interference since narrow BW operation may be more prone to persistent interference (affecting a large portion on the active BWP). This is even more exemplified for stationary devices where the interference is not randomized by the UE movements and may be persisting.
UE hopping across frequency however (e.g., using NBWP hopping) may lead to utilization issues in time due to the switching gap defined (based on UE capability). Need to study ways to reduce the effect of the hopping switching gaps on messages within the gap.
Another aspect to consider is the use for SSB for different procedures: RLM/RRM/BM/BFD/BFR. SSB is the default RS to be used for these procedures while CSI-RS may be optionally configured. However, in the case of narrow active BWP operation, the SSB may not be fully included in the active BWP. Thus, in cases where CSI-RS is not configured, the network either needs to configure additional off-raster SSB in these active BWPs or the UE needs to periodically switch the BWP containing the SSB to do the measurements. The first increases the overhead, and the latter is not very efficient. 
Another aspect to consider when the active BW is reduced is time tracking. Due to the smaller BW, the number of CSI-RS REs in the FD may not be dense enough to achieve the processing gain to get good tracking quality. One option is to design a denser CSI-RS configuration. Other options may also be studied. 
One more aspect to consider due to BW reduction is the reduction in the available resources (time x frequency). This leads to the need to study leaner and more efficient designs where we can consider:
· Reducing signaling overhead by:
· Bundling message
· Pre-configurations for certain message types
· Piggy-backing control messages on already used messages 
· Reusing RS’s for different purposes
· Reducing control as much as possible
· Rely more on on-demand or event-based operation, rather than periodic operation
· Minimizing unnecessary wasted resources that are reserved but may not be used
Proposal 9: To save UE power and complexity in FR2, consider switching the UE to a narrow active BWP (NBWP) after initial cell search is complete, and study the impact of the narrower BWP on the overall system operation.
Reduced Peak Data Rates
The SID [1] defines the following data rates:
· Industrial Wireless Sensors: < 2 Mbps (UL heavy)
· Video Surveillance: UL dominated (Economic: 2 – 4 Mbps, High End: 7.5 - 25 Mbps)
· Wearables: Reference DL/UL = 10 - 50/5 Mbps, peak DL/UL = 150/50 Mbps
It can be calculated that to achieve a 150 Mbps throughput on DL (assuming TDD: DDDU), the BW needed is ~ 60 MHz for 64QAM and ~ 50 MHz for 256QAM if 1 layer only is supported. Other assumptions include Type A PDSCH mapping, number of PDSCH symbols in slot = 12, 4 single DMRS symbols (type 1), Max .
Generally, the same principles used for FR1 should be followed for FR2 in terms of:
· restricting the support for CA
· reducing the number of PRBs allocated for PDSCH/PUSCH 
· reducing the max number of MIMO layer for PDSCH/PUSCH transmission
· restricting the max modulation order
· restricting the max code rate
· restricting the max TBS
Similar proposals as in FR1 (section 2.2) can also be adopted for FR2 with the exception of the BW and data rates which can be FFS for FR2.
Relaxation of UE Processing Capabilities/Time
Same discussion and proposal for the corresponding FR1 sections (sections 2.4 and 2.5 in this document) can be adopted for FR2 with the exception of HD-FDD operation where it is not supported in FR2.
Simplification of Beam Management Procedures
FR2 has analog beam constraints compared to FR1, requiring more beam and resources (CSI-RS, CORESETs, etc…). Given the narrow BWP operation and complexity reduction goal, this may become an issue.
To reduce the effect of the narrow active BWP operation with multiple analog beams, ways need to be considered to reduce the per beam resources overhead.
Generally, beam management is a complex and involved procedure and some simplifications may be required for RedCap UEs. An Example is the number of TCI states that can be activated to the RedCap UE. 
In Rel-16 NR, the UE tracks a number of activated TCI states (which may be up to 3 for PDCCH and up to 8 for PDSCH), depending on UE capability.
Tracking multiple TCI states by the UE consumes power and adds to the complexity of the UE. Since one of the main objectives of RedCap is to reduce the UE power consumption and reduce complexity, the number of the active TCI states may need to be studied.
However, other factors also need to be studied when considering this number. For example, RedCap use cases for FR2 may include stationary devices (such as surveillance cameras and industrial sensors). Stationary UEs may experience some blockage from one direction requiring the UE to use other beams. This may require the UE to be tracking more than 1 TCI state. Another aspect is beam switching where there may be an overlap between the beams and the UE is required to track more than 1 TCI state. 
Proposal 10: To reduce UE complexity in FR2, study DL and UL beam management simplification techniques for RedCap.

Conclusions
In this contribution, we have shared our views on the scope of UE complexity reduction study for RedCap devices. To summarize, we have the following proposals:
Proposal 1: For NR RedCap devices, study the reduction of max UE BW to optimize the tradeoff in cost saving, performance and standardization impact. When deployed in FR1, the RedCap UE needs to satisfy the following requirements:
· support AL 16 for CORESET0
· support 20 MHz as the mandatory and max BW for initial DL BWP
Proposal 2: For NR RedCap devices with reduced BW, study the peak data rate supported by single carrier, single layer and MCS range restriction. Specifically,
· different MCS and BW can be allocated for DL and UL to adapt to asymmetric traffic patterns
· in addition to supporting 20 MHz as the mandatory and max BW for initial DL BWP, smaller BW can be configured for the active DL/UL BWP of RedCap UE to support peak data rates in the range of 5~10 Mbps
· 256QAM modulation is not supported for RedCap UE
· FFS whether or not to support 150 Mbps peak data rate on DL with active BWP wider than 20 MHz
· FFS whether 64QAM needs to be supported on UL
Proposal 3: Study complexity reduction and coverage recovery techniques for NR RedCap devices, with 1 TX antenna and 1 RX antenna as the baseline.
Proposal 4: Study the relaxation of UE processing capabilities including reduced PDCCH monitoring, simplification of UE procedures for CSF, HD-FDD, HARQ, beam management and RLM/RRM measurements.
Proposal 5: Study the signalling support for HD-FDD UE and the co-existence of HD-FDD and FD-FDD devices on paired spectrum in FR1. Type-A HD-FDD mode of LTE and NR Rel-15 TDD slot format can be used as baseline for studying the HD-FDD design applicable to NR RedCap UE.
Proposal 6: Study gNB’s signalling support and UE’s indication mechanism for timeline relaxation of RedCap devices.
Proposal 7: Study new type of UE processing capabilities inherent to RedCap devices.
Proposal 8: Study the reduction of HARQ complexity for RedCap devices of IIoT.
Proposal 9: To save UE power and complexity in FR2, consider switching the UE to a narrow active BWP (NBWP) after initial cell search is complete, and study the impact of the narrower BWP on the overall system operation.
Proposal 10: To reduce UE complexity in FR2, study DL and UL beam management simplification techniques for RedCap.
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