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Introduction
In RAN1#101, the following agreements have been made for the study on UE complexity reduction for NR RedCap devices [1]:
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 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.

Agreements:
· 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:
· Use the TR 36.888 methodology for UE cost/complexity evaluation as a starting point and determine what major updates are needed.
· Cost/complexity breakdowns can be separate for FR1 and FR2 if found beneficial.
· 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:
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.

In RAN#88, a revised SID was endorsed with the following clarifications for RedCap UE capability and coverage analysis:
· Reference bitrate for smart wearable application can be 5-50 Mbps in DL and 2-5 Mbps in UL, and peak bit rate of the device higher, up to 150 Mbps for downlink and up to 50 Mbps for uplink.  Battery of the device should last multiple days (up to 1-2 weeks).
· The lowest data rate and bandwidth capability considered for RedCap UE should be no less than an LTE Category 1bis modem.
· 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.

Based on the agreements in RAN1#101 and RAN#88, we further discussed the main enablers for UE complexity reduction. Section 2 focuses on the RedCap UE features in FR1, including: UE BW reduction, peak data rates reduction, TX/RX antenna number reduction, HD-FDD operation, relaxation of U processing capabilities and processing time. As a result of reduced UE BW and MIMO layer,  power saving can be achieved by RedCap device. A detailed discussion for PDCCH monitoring reduction and power saving can be found in our companion paper [6]. On the other hand, the reduction in UE BW and antenna number/size leads to coverage loss of RedCap device. Coverage recovery techniques and evaluation results are investigated in our companion paper [7]. In addition to cost reduction and power saving, an important design principle for UE complexity reduction is to ensure the co-existence with NR Rel-15/16 devices. The framework and procedures for RedCap device identification and access control is under discussion in RAN2. Some cross-layer design aspects are discussed in [8].
Considerations for RedCap device complexity reduction in FR2 is discussed in Section 3 of this contribution.

Discussion of UE Complexity Reduction in FR1
1.1 Analysis of UE Bandwidth Reduction 
A key solution to lower the cost/complexity of RedCap devices is to reduce the maximum bandwidth that UE can support on DL and UL, which can be used in conjunction with BWP switching of NR Rel-15/16.  
In FR1, the max SSB BW is 7.2 MHz and the max CORESET0 BW is 17.28 MHz. Based on the multiplexing pattern specified in NR Rel-15 for SSB and CORESET0 [3], a RedCap UE with max DL BW of 20 MHz is able to receive SSB and SIB transmitted on all FDD and TDD bands of FR1. As a result, the NR Rel-15/16 SSB, CORESET0 and SIB1 design can be re-used by NR Rel-17 RedCap devices. A RedCap UE is expected to decode SIB1, obtain the RACH configuration, and establish a RRC connection with the BS in a similar way as NR Rel-15/16 UE.
Depending on the system loading and coverage requirement, RedCap UEs can be configured with shared or dedicated PRACH resources. Except for the case of 30 kHz SCS used by short PRACH preambles (L=139) and msg1-FDM=8, UL BW of 20 MHz is sufficient to support all NR Rel-15 PRACH formats and FDM patterns.
In NR Rel-15/16, CA can be used in DL and/or UL to enhance the data rates of UE and improve the capacity/flexibility of network. Despite the benefits of CA, it increases the power consumption and complexity/cost of UE due to larger number of transceiver chains, more expensive power amplifiers/filters/switches, and additional processing for control/data channels. On the other hand, the data rate requirements of RedCap use cases are much lower than NR eMBB [2]. Therefore, single carrier operation without CA is sufficient to meet the data rate requirements of RedCap devices in NR Rel-17.
In NR Rel-15/16, UE can be configured with a SUL to improve the UL coverage. Nevertheless, SUL does not have an associated DL carrier for reliable pathloss estimation, which degrades the performance of power control and diminishes the gain from smaller pathloss exponent. As a result, it is not necessary to support SUL for RedCap UE.
In RAN1#88, it was agreed that the lowest data rate and BW capability of NR RedCap device should be no less than that of LTE Cat-1bis mode. As a result, the active BWP of RedCap device should support a max BW no less than 20 MHz.
Table 1: CORESET0 Configuration in FR1
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To optimize the trade-off in complexity reduction, performance and standardization impacts, we have the following proposals:
[bookmark: p1_1]Proposal 1: In FR1, NR Rel-17 RedCap device should:
· re-use NR Rel-15 PSS/SSS sequences and SSB bandwidth
· re-use NR Rel-15 PBCH/CORESET0/SIB1 design
· support 20 MHz as the max BW of initial DL/UL BWP
· support at least 20 MHz as the max BW of active DL/UL BWP

[bookmark: p1_2]Proposal 2: In FR1, NR RedCap device should not support DC/CA/SUL/SDL.

1.2 Analysis of Peak Data Rates Reduction
In general, peak data rate reduction of UE 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, Table 2 shows the DL and UL peak data rates for 16QAM and 64QAM, respectively.  Specifically,
· For 64QAM modulation, DL peak data rate of 75 Mbps and UL peak data rate of 50 Mbps can be supported by 20 MHz;
· For 16QAM modulation, DL peak data rate of 39 Mbps or UL peak data rate of 40 Mbps cannot be supported by 20 MHz;
· To meet DL peak data rate requirement of 150 Mbps, UE needs to support two spatial layers or  larger than 20 MHz BW.

Therefore, we have the following observation and proposal:
[bookmark: o1_1]Observation 1: For NR Rel-17 RedCap devices,
· the UL peak data rate requirements of industry wireless sensors and video surveillance can be met by 20 MHz BW, single layer and 16QAM modulation;
· the DL reference data rates of wearables can be met by 20 MHz BW, single layer and 64QAM modulation;
· to meet DL peak data rate requirement of 150 Mbps, wearable devices need to support two spatial layers or larger than 20 MHz BW, regardless the max modulation order is 64QAM or 256QAM;
· single spatial layer, active BWP of 20 MHz, and 64QAM can meet the peak rate requirements of most use cases.

[bookmark: p1_3]Proposal 3: NR Rel-15 qam64 MCS table can be reused by RedCap devices. Specifically,
· 16QAM can be supported as the max modulation order of video surveillance and industry wireless sensors;
· 64QAM can be supported as the max modulation order of wearables;
· 256QAM is not supported.

Table 2: Peak Data Rates for Single Layer Transmission in FR1
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1.3 [bookmark: _Hlk47572621]Analysis of Reduced Number of TX/RX Antennas
In FR1, Rel-15/16 UE is required to be equipped with at least two RX antenna ports in all operating bands, except for the TDD bands n7, n38, n41, n77, n78, n79, where UE is required to be equipped with a minimum of four RX antenna ports.
In RAN1#88, it was agreed that the lowest data rate and BW capability of NR RedCap device should be no less than that of LTE Cat-1bis modem. As a result, the max BW of RedCap UE’s active BWP should be at least 20 MHz, and the peak data rates for DL and UL are 10 Mbps and 5 Mbps, respectively.
[bookmark: o1_2]Observation 2: Single layer transmission based on one TX antenna and one RX antenna is able to meet the peak rate requirements of video surveillance and industry wireless sensors, as well as the reference rate requirements of wearables.
Assuming the NR reference UE is equipped with two RX antennas, and each RX antenna is connected to a receive RF chain. When RedCap UE is equipped with single RX antenna, the number of receive RF chains is reduced from two to one, which results into the cost reduction of the following RF components [9]:
· the receive filtering cost can be reduced by approximately 50% relative to that of the reference UE when the number of receive RF chains is reduced by a factor of 2;
· the cost of the receive RF chains can be reduced by up to 50% relative to that of the reference UE;
· the cost of the duplexer can be reduced, if it is replaced by a switch to support HD-FDD. 
In terms of baseband processing, the use of a single receive RF chain is able to reduce the cost of the following components relative to those of the reference UE:
· in the downlink, the number of FFT operations is reduced by a factor of 2;
· the channel estimator cost can be reduced by approximately 50% relative to that of the reference UE;
· the ADC cost is reduced by approximately 50%; 
· the size of the post-FFT data buffer memory can be reduced by 50% relative to that of the reference UE;
· the cost of synchronization and cell searcher blocks can be reduced by up to 50%.
On the other hand, it is necessary to study and evaluate the coverage recovery techniques to compensate for the reduced antenna number/efficiency.
[bookmark: p1_4]Proposal 4: Study coverage recovery techniques for RedCap devices, assuming one TX antenna and one RX antenna, and modelling 3 dB loss of antenna efficiency for devices subject to size limitation. Two RX antennas can be supported as an optional UE feature of RedCap devices in NR Rel-17.
[bookmark: p1_5]Based on the commonalities of performance requirements for RedCap devices, we have:
Proposal 5: The following UE features can be considered as the baseline for NR Rel-17 RedCap device type:
· max UE BW of 20 MHz for initial and active BWP
· single TX antenna and  single RX antenna
· support max modulation order of 64QAM and qam64 MCS table of NR Rel-15

1.4 Analysis of Half-Duplex FDD Operation
In LTE, two different types of HD-FDD (Type-A and Type B) modes are specified for UE by 3GPP, which differ mainly in the guard period configuration for RX to 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. In addition, the noise figure and insertion loss of the switch are less than that of duplexer, and the transceiver chain can be put in a low-power state when the communication is going on in the opposite direction.
When RedCap UE operates in HD-FDD, no loss in coverage is expected, since the gNB operation is still full duplex and it can schedule RedCap UE with a desirable number of DL or UL slots to meet the target coverage.
Compared to a FD-FDD capable UE, performance loss such as latency and throughput are expected for HD-FDD devices, because they cannot transmit and receive simultaneously. However, with symbol-level guard period comparable to a LTE Type-A HD-FDD, the latency and throughput performance of a RedCap UE operating in HD-FDD should be comparable to its performance in TDD operation.
[bookmark: o1_3]Observation 3: HD-FDD operation does not incur coverage loss.
[bookmark: o1_4]Observation 4: Compared to FD-HDD operation, HD-FDD operation reduce UE’s power and complexity.
[bookmark: o1_5]Observation 5: To meet the peak rates requirements of different use cases, RedCap devices with or without duplexer should be supported by NR Rel-17. A FD-FDD capable RedCap UE can fall-back to HD-FDD operation for power saving.
[bookmark: p1_6]Proposal 6:  In HD-FDD operation of RedCap devices, study and support at least the following features:
· symbol-level guard time for RX to TX switching
· HARQ ACK/NACK bundling 
· RRC configuration of UL and DL slots/symbols similar to NR TDD

1.5 Analysis for Relaxed 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. 
The following aspects can be studied for the relaxation of UE processing capabilities:
· reduced number of HARQ processes and ACK/NACK bundling
· [bookmark: _Hlk47616182]reduced PDCCH monitoring [6]
· simplified TA validation procedure for stationary or low-mobility UE
· simplified CSF procedure and compact CSI report, which can be tailored for single spatial layer and constrained range of MCS;
· simplified beam management
· simplified RLM/RRM measurement 

For the scenario of industrial IoT, the majority of the data packets have small payload size. It is possible for us to further study the complexity reduction for HARQ. For example, limit the maximum TB size to reduce the circular buffer size, limit the maximum code rate and maximum code block size for complexity reduction. 
Therefore, we have the following proposals:
[bookmark: p1_7]Proposal 7: Study the relaxation of UE processing capabilities including:
· reduced number of HARQ processes and ACK/NACK bundling
· reduced PDCCH monitoring 
· simplified TA validation for stationary or low-mobility UE
· simplification of CSF
· TBS/MCS/CB size restriction for IIoT use case
· simplified beam management
· simplified RLM/RRM measurements

1.6 Relaxation of UE Processing Time
Compared with high-end eMBB and URLLC UEs, the latency requirements of RedCap devices are relaxed [1-2]. The relaxed UE processing time is helpful for power saving [6] and cost/memory/complexity reduction [9]. In addition, the reduction of BW and MIMO layer also makes it possible to relax the processing time for CSI report, which brings additional gain in UE power saving and complexity reduction. 
[bookmark: p1_8]Proposal 8: Study gNB’s signalling support and UE’s indication mechanism for timeline relaxation of RedCap devices.
[bookmark: p1_9]Proposal 9: Study new type of UE capabilities for N1, N2, Z and Z’.

Discussion of UE Complexity Reduction in FR2
Reduction of Maximum UE BW
In RAN1#101 meeting, it was agreed that:
· For FR2, study 50MHz and 100 MHz maximum UE bandwidth at least for initial access 
· Other bandwidths FFS
Evaluations of 50 vs 100 MHz
To down select the maximum UE BW, the following aspects may be considered:
· SSB and CORESET0 BW
· Aggregation level support
· PDCCH blocking probability
· Number of users supported
· Latency
· SINR
SSB and CORESET0 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, multiplexing patterns 2 and 3 have BW (SSB + CORESET0) larger than 50 MHz and for some cases larger than 100 MHz (SSB + CORESET0 BW has a minimum of 63.4 MHz and can be as large as 129.6 MHz (depending on the configuration)). For the cases where the SSB + CORESET0 BW is larger the supported UE BW, the UE would need to decode PBCH and CORESET0 in a TDM fashion over multiple opportunities, thus delaying the initial cell search time. If 100 MHz UE BW is supported, this delayed implementation is limited to SCS 240 kHz with multiplexing pattern 2 with configuration index 6 and 7. Therefore, to minimize the cell search time (for multiplexing patterns 2 and 3), it may be beneficial to support 100 MHz as the max UE BW.
[bookmark: o6]Observation 6: For FR2, to minimize the cell search time (for multiplexing patterns 2 and 3), it may be beneficial to support 100 MHz as the max UE BW.
Aggregation Level Support
In NR R15, PDCCH aggregation levels (AL) 1, 2, 4, 8, and 16 are supported. The maximum number of RBs that can be supported is . Assuming a 3 OFDM symbol CORESET, the number of CCE that can be supported in the CORESET  is:
· For UE BW = 50 MHz: 15 and 33 CCEs, for SCS = 120 kHz and 60 kHz, respectively
· For UE BW = 100 MHz: 33 and 69 CCEs, for SCS = 120 kHz and 60 kHz, respectively
As can be noted, the maximum number of CCEs for 50 MHz UE BW and 120 kHz SCS is 15 and thus AL = 16 cannot be supported for this configuration. This may possibly reduce the coverage of the cell in certain deployments. 
For some UEs, AL = 16 support may be needed to have enough PDCCH coverage, hence 100 MHz minimum UE BW may be beneficial.
[bookmark: o7]Observation 7: For FR2, due to not enough number of CCEs in the CORESET, AL 16 cannot be supported for 50 MHz UE BW and SCS = 120 kHz.
PDCCH Blocking Probability
Reduction of the UE’s BW may lead to a reduction of the number available PDCCH candidates that can be used in a CORESET (per AL) .
For SCS = 120 kHz, Rel-16 BD limit = 20 and CCE limit = 32. The number of PDCCH candidates that can be supported per AL is given in Table 3 (assuming no overbooking and “Number of DCI sizes per AL” is 3 for one UL non-fallback DCI, one DL non-fallback DCI and one fallback DCI (same size for UL and DL)).
[bookmark: _Ref47683923]Table 3: Number of PDCCH Candidates per AL
	AL
	Num of PDCCH candidates
(50 MHz = 30 RB = 15 CCE /
69.12 MHz = 48 RB = 24 CCE)

	1
	6 / 6

	2
	6 / 6

	4
	3 / 6

	8
	1 / 3

	16
	0 / 1



Figure 1 and Figure 2 show the PDCCH probability of blockage for low and high CCE limit distributions assuming 50 MHz and 69.12 MHz CORESET BWs. The CCE distributions are: {1,2,4,8,16} = {1/3,1/3,1/3,0,0} and {0,0,0.25,0.75,0}.
[bookmark: o8]Observation 8: For FR2, using 50 MHz instead of 100 MHz may cause considerable reduction in the PDCCH multiplexing capacity and PDCCH blocking probability.
	[image: ]
[bookmark: _Ref47684089]Figure 1: PDCCH Blocking (Low AL Distribution)
	[image: ]
[bookmark: _Ref47684094]Figure 2: PDCCH Blocking (High AL Distribution)


Number of Users Supported
Reducing the UE BW may have an impact on the overall number of UEs that can be supported. To characterize this, system level simulations (SLS) may be used to evaluate this number. SLS and traffic model assumptions are in appendix 1 (TDD system with no FDM capability was used).
Figure 3-Figure 5 show the number of users for indoor hotspot deployment with 1 Rx antenna at the UE. It is estimated by calculating the number of UEs with completion rate > 99.99% within the expiry time. For wearables it is estimated by the worst case latency (number of UEs at 99th percentile latency). 
In absolute terms, for a 12 gNB deployment:
· High end sensors: 200+ UEs (for 50 MHz) and 400+ UEs (for 100 MHz)
· Video surveillance: 100+ UEs (for 50 MHz) and 200+ UEs (for 100 MHz)
· Wearables, due to the larger payloads, show a clear impact of larger bandwidths
[bookmark: o9]Observation 9: For FR2, the number of users that can be supported is impacted by almost 50% if the max UE BW is reduced from 100 MHz to 50 MHz.
	[image: ]
[bookmark: _Ref47684177]Figure 3: Industrial wireless sensors: file size = 25kB, interval = 100ms, data rate = 2Mbps, expiry = 100ms
	[image: ]
[bookmark: _Ref47684561]Figure 4: Video surveillance cameras: 16.7kB@30fps, data rate = 4Mbps, expiry = 500ms

	[image: ]
[bookmark: _Ref47684179]Figure 5: Wearables: FTP3 model, file size = 0.5MB, 
mean interval = 200ms, data rate = 20Mbps


Latency
Reducing the UE BW may also have an impact on the UE latency. In the SID, the latency requirements for industrial wireless sensors and video surveillance cameras are: < 100 ms (safety related: 5-10 ms) and < 500 ms, respectively. To characterize this, system level simulations (SLS) may be used to evaluate this number for a certain system and UE BW (TDD system with no FDM capability was used). SLS and traffic model assumptions are in appendix 1.
Figure 6 and Figure 7 show the industrial wireless sensors latency for 20 MHz and 50 MHz system BW for 100 ms and 10 ms expiry, respectively (i.e., packet is dropped if it does not complete within the expiry). It can be seen that both 20 MHz and 50 MHz bandwidths can achieve a latency less than 100 ms and 10 ms, respectively.
Figure 8-Figure 10 show video surveillance camera latency for 500 ms expiry for:
· 20 MHz small (8.3kB = 2Mbps = 480p) file size
· 20 MHz large (31.25kB = 7.5Mbps = 1080p) file size
· 100 MHz large (31.25kB = 7.5Mbps = 1080p) file size
[bookmark: o10]Observation 10: For FR2, the latency requirements for industrial wireless sensors may be satisfied with UE BW as small as 20 MHz. For video surveillance cameras, the latency requirements can be satisfied using 20 MHz BW for small file sizes. For larger file sizes, BW needs to be increased to ~100MHz to get more UE multiplexing capacity. 20 MHz active BWP may be sufficient for most cases.
	[image: ]
[bookmark: _Ref47684249]Figure 6: Industrial wireless sensors
20MHz, 1Rx, file size = 25kB, expiry = 100ms
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[bookmark: _Ref47684250]Figure 7: Industrial wireless sensors
50MHz, 1Rx, file size = 25kB, expiry = 10ms
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[bookmark: _Ref47684254]Figure 8: Video surveillance cameras
20MHz, 1Rx, file size = 8.3kB, expiry = 500ms
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Figure 9: Video surveillance cameras
20MHz, 1Rx, file size = 31.25kB, expiry = 500ms
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[bookmark: _Ref47684255]Figure 10: Video surveillance cameras
100MHz, 1Rx, file size = 31.25kB, expiry = 500ms


SINR
Smaller BW may lead to longer packet transfer times. The SINR experienced by a single UE may be different in cases where smaller BW is used due lengthier interference. Table 4 shows the “mean” SINR for different BWs for the 3 use cases in the SID.
[bookmark: o11]Observation 11: For FR2, for some use cases, increasing the max UE BW from 50 to 100 MHz may lead to an increase in mean SINR by 2.5 – 3 dB.
[bookmark: _Ref47684467]Table 4: Mean SINR (dB) for 1Rx and 2Rx for 20 UEs per cell
	Use case
	Mean SINR (1Rx)
	Mean SINR (2Rx)

	
	50 MHz
	100 MHz
	50 MHz
	100 MHz

	Industrial wireless sensors
	28.2
	28
	29
	28.2

	Video surveillance cameras
	24.6
	27.1
	28.3
	28.8

	Wearables
	25.1
	28
	26.4
	27.4



Given the analysis above, it may be concluded that 100 MHz may be a good compromise between latency (e.g., packet latency and/or PDCCH blockage), capacity, SINR, coverage (e.g., PDCCH AL), initial access delays (e.g., for SSB+CORESET0 multiplexing patterns 2 and 3), and performance (e.g., PBCH). Hence, the following can be proposed:
[bookmark: _Hlk47542588][bookmark: p2_1]Proposal 10: For RedCap FR2, consider using 100 MHz as the maximum UE bandwidth at least for initial access.
Reduced BW Considerations
After initial cell search, to reduce the UE BW and thus save power, the UE may switch into a narrower BW active BWP (NBWP). There are however certain aspects that need to be considered due to the BW reduction of the active BWP.
· Reduce NB interference effects
· Get frequency diversity gains
· Optimize operation due to reduced BW
For a narrow BW UE, to achieve frequency diversity gains, frequency 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). For example, in case the network supports CA, the UE may hop in frequency over multiple CCs (using 1 CC at a time).
Hopping within a limited system BW, however, may still be beneficial to mitigate persistent interference because narrow BW operation may be more prone to such interference (affecting a large portion of 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. It is may be beneficial to have some sort of NBWP hopping mechanism, where we consider a “virtual” NBWP that is hopping in the frequency domain where the procedures (HARQ, timers, grants, etc.) are transparent to frequency hopping.
This NB interference may be different across different sub-bands. Thus, beam management L1 reports may be different if measured across these different sub-bands. Hence, it may be beneficial to consider optimizations for the L1 measurement report to have some granularity in the frequency domain.
UE hopping across frequency however (e.g., using NBWP hopping) may lead to utilization issues in time due to the switching gaps defined in TS 38.133 (based on UE capability). Thus, it may be desirable to study techniques 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. In addition, if additional SSBs (e.g., off-raster) are to be defined, the need may not be there for the PBCH and both PSS and SSS to be present. Hence, a more resource efficient SSB (for off sync-raster usage) may be studied.
The same issue can be seen for paging where the narrow active BWP hops may not enclose a single pagingSearchSpace, hence there may be a need to optimize the current available designs: 
· Configure pagingSearchSpace for each BWP hop  very resource inefficient
· UE hops into BWP containing pagingSearchSpace every cycle  restrictive to the gNB scheduler and UE power inefficient


In addition, 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 (e.g., time tracking). One option is to design a denser CSI-RS configuration. Other options may also be studied.
One more aspect to consider due to the BW reduction is the reduction of 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
[bookmark: _Hlk47542599][bookmark: p2_2]Proposal 11: For FR2, to save UE power and complexity, consider switching the UE to a narrow active BWP (NBWP) after initial access is complete, and study the impact of the narrower BWP on the overall system operation, especially:
· Reducing the NB interference effects
· Achieving frequency diversity gains
· Optimizing measurements and procedures (e.g., paging, RLM/RRM/BM/BFD/BFR) and reducing the need for additional resource overhead or increased UE BW switching
· Defining a leaner system and reusing resources between eMBB and RedCap
· Recovering the tracking quality loss due to smaller BW operation
· L1 measurement report optimizations
Reduction of TX/RX Antenna Number
In RAN1#101 meeting, it was agreed that:
· For FR2, study two antenna configurations for RedCap UEs, namely 1Rx/1Tx and 2Rx/1Tx.
Evaluations of 1Rx vs 2Rx
Evaluations of 1Rx vs 2Rx are discussed in this section, they are mainly focused on:
· Number of users supported
· Latency
· Performance
Number of Users Supported
To characterize this, system level simulations (SLS) may be used to evaluate this number. SLS and traffic model assumptions are in appendix 1.
Figure 11 and Figure 12 show the number of users for indoor hotspot deployment with 2 Rx antenna at the UE. It is estimated by calculating the number of UEs with completion rate > 99.99% within the expiry time. Figure 3 and Figure 4 show the 1 Rx results. 
In absolute terms, using 12 gNB deployment:
· High end sensors (50 MHz): ~ 480 UEs (2-layer MIMO) and 200+ UEs (1Rx)
· High end sensors (100 MHz): ~ 480 UEs (2-layer MIMO) and 400+ UEs (1Rx)
· High end video surveillance (50 MHz): ~ 300 UEs (2-layer MIMO) and 100+ UEs (1Rx)
· High end video surveillance (100 MHz): ~ 480 UEs (2-layer MIMO) and 200+ UEs (1Rx)
[bookmark: _Hlk47542612][bookmark: o12]Observation 12: For FR2, the number of users that can be supported is impacted by almost 50% if the number of UE Rx antennas is reduced from 2 to 1. However, 1Rx antenna at the UE may be able to support a large number of users.
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[bookmark: _Ref47684505]Figure 11: Industrial wireless sensors (2-layer MIMO): file size = 25kB, interval = 100ms, data rate = 2Mbps, expiry = 100ms
	[image: ]
[bookmark: _Ref47684506]Figure 12: Video surveillance cameras (2-layer MIMO): 16.7kB@30fps, data rate = 4Mbps, expiry = 500ms


Latency
It was shown in a previous section of this document (Figure 6 and Figure 7) that 1Rx can achieve the latency requirements for the industrial wireless sensors using both 20 MHz and 50 MHz bandwidths.
Also, it was shown (Figure 8-Figure 10) that 1Rx using 20 MHz BW can make latency less than 500ms for small file sizes for video surveillance cameras. For larger file sizes however, BW needs to be increased to ~100MHz (still 1Rx) to get more UE multiplexing capacity. 
[bookmark: o13]Observation 13: For FR2, support 1Rx antenna at the UE can satisfy the latency requirements for industrial wireless sensors. For video surveillance cameras, 1Rx antenna at the UE can satisfy the latency requirements for many users with larger UE BW (~100 MHz).
Performance
Link level performance and analysis for 1Rx vs 2Rx is provided in our companion paper [7].
Reduced UE Antennas Considerations
For FR2, there are limited digital ports, e.g., each port can be connected with multiple antenna elements. We can have for example 8 antenna elements for 2 ports (mapped to H and V accordingly). Optimizations for UE power and/or performance may be needed, where:
· RedCap UEs can be designed to have antenna modules with single or dual polarizations
· A single polarized module may be used to reduce complexity and power
· Need to optimize antenna selection for more Tx than Rx (for uplink heavy traffic)
To optimize the performance and/or power, RedCap UEs may have a wide range of antenna capabilities in terms of polarization, number of panels, and number of elements in panels. Also, the UE may dynamically choose to switch the antenna configuration to have 1 or 2 polarizations, 1 or more panels, or a combination. 
[image: ]
Figure 13: UE antenna configuration examples
In addition, depending on the power, complexity, and form factor of the RedCap UE, 1 or 2 antenna ports may be selected, e.g., certain RedCap UEs may have the form factor and the use case that can have multiple panels (high end video surveillance cameras or eHealth monitors as examples). Thus, such UEs may make use of the better capacity and performance of having more than 1 antenna port.
[bookmark: p2_3]Proposal 12: For RedCap device in FR2, , consider two antenna configurations for UE capability, namely 1Rx/1Tx and 2Rx/1Tx.
Reduced Peak Data Rates
The SID 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
Table 5 shows the data rates that can be achieved for different modulation orders and BWs.  
[bookmark: _Ref47684711]Table 5: Peak Data Rates (Mbps) for SCS 120 kHz
	Peak DL Data Rate (Mbps), SCS = 120 kHz
Based on TDD DL:UL = 3:1

	BW (MHz)
	16QAM
	64QAM

	25
	52
	78

	50
	104
	156

	100
	211
	317



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 can also be adopted for FR2 with the exception of the BW.
Relaxation of UE Processing Capabilities/Time
The same discussions and proposals for the corresponding FR1 section can be adopted for 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. 
Number of TCI states and TRS tracking
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 reduction. 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. 
[image: ]
In summary, we need to study ways to optimize the operation of activating TCI states and TRS tracking to reduce the UE complexity. This can be done with taking into consideration (and utilizing as much as possible) the RedCap use cases (e.g., stationary UEs). For example, a pre-defined pattern of TCI state updates may be extremely useful to reduce the UE complexity. Also, in case of a known pattern for TCI states for example, UE can maintain those TCI states continuously (if there is activation and deactivation, continuous filtering may not be assumed). This also reduced the signaling overhead.
Reducing the UL BM dependency on DL RS
From the SID, some use cases for RedCap UEs include UL heavy traffic. This can be utilized along with the stationarity of the UEs and full beam correspondence to optimize the general complexity for BM by reducing the UL BM dependency on DL RS. For example, in case the UE is stationary (channel conditions are mostly static), then there is less need for frequent beam switching and DL RS configurations and measurements, therefore UE can switch beams only if UL fails.
Relying more on UL RS for BM, RedCap UE will get more resources available for UL (because of the TDD system and the reduced DL RS), reduced DL monitoring, and the NW may reduce the DL BM resources, especially useful with reduced BW operation.
BFD/BFR Optimizations
Due to the stationarity of the UE, some optimizations and simplifications may need to be studied for the BFD and BFR procedures. For example, in case of blockages in some directions, or in the case that certain beams are not in the view of the UE, certain BFD/BFR RS list optimizations may need to be studied in order to reduce unwanted complexity as well as unwanted power consumption. 
Also due to possible BWP hopping and narrow-band operation, BFD/BFR resources may need to be duplicated across the multiple BWPs. These may cause severe overhead issue. Hence, we need to study ways to limit the duplication of the BFR/BFD resources across these multiple BWPs to conserve resources.
[image: ]
[bookmark: p2_4]Proposal 13: For FR2, to reduce UE complexity, study DL and UL beam management simplification techniques for RedCap, specifically related to:
· Optimizing the number of TCI states and TRS tracking
· Relying more on UL RS for BM
· BFD/BFR procedure optimizations due to mobility and BW limitation 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 observations and proposals for UE complexity reduction in FR1:
Observation 1: For NR Rel-17 RedCap devices:
· The UL peak data rate requirements of industry wireless sensors and video surveillance can be met by 20 MHz BW, single layer and 16QAM modulation;
· The DL reference data rates of wearables can be met by 20 MHz BW, single layer and 64QAM modulation;
· To meet DL peak data rate requirement of 150 Mbps, wearable devices need to support two spatial layers or  larger than 20 MHz BW, regardless the max modulation order is 64QAM or 256QAM.
· Single spatial layer, active BWP of 20 MHz, and 64QAM can meet the peak rate requirements of most use cases.

Observation 2: Single layer transmission based on one TX antenna and one RX antenna is able to meet the peak rate requirements of video surveillance and industry wireless sensors, as well as the reference rate requirements of wearables.
Observation 3: HD-FDD operation does not incur coverage loss.
Observation 4: HD-FDD operation improves power efficiency and reduces UE complexity.
Observation 5: To meet the peak rates requirements of different use cases, both HD-FDD only UE and FD-FDD capable UE should be supported for RedCap devices. FD-FDD capable UE can fall-back to HD-FDD operation for power saving.

Proposal 1: In FR1, NR Rel-17 RedCap device should:
· re-use NR Rel-15 PSS/SSS sequences and SSB bandwidth
· re-use NR Rel-15 PBCH/CORESET0/SIB1 design
· support 20 MHz as the max BW of initial DL/UL BWP
· support at least 20 MHz as the max BW of active DL/UL BWP

Proposal 2: In FR1, NR RedCap device should not support DC/CA/SUL/SDL.
Proposal 3: NR Rel-15 qam64 MCS table can be reused by RedCap devices. Specifically,
· 16QAM can be supported as the max modulation order of video surveillance and industry wireless sensors
· 64QAM can be supported as the max modulation order of wearables
· 256QAM is not supported   

Proposal 4: Study coverage recovery techniques for RedCap devices, assuming one TX antenna and one RX antenna on UE side. Moreover,
· Modelling 3 dB loss of antenna efficiency for devices subject to size limitation.
· Two RX antennas can be supported as an optional UE feature of RedCap devices in NR Rel-17
 
Proposal 5: Based on the commonalities of performance requirements, as well as the lower bounds on data rate and BW capabilities, the following UE features can be treated as the baseline for NR Rel-17 RedCap devices:
· max UE BW of 20 MHz for initial access and active BWP
· single TX antenna, single RX antenna
· support NR Rel-15 MCS table of qam64
Proposal 6:  In HD-FDD operation of RedCap devices, study and support at least the following features:
· symbol-level guard time for RX to TX switching
· HARQ ACK/NACK bundling 
· RRC configuration of UL and DL slots/symbols similar to NR TDD

Proposal 7: Study the relaxation of UE processing capabilities including:
· reduced number of HARQ processes and ACK/NACK bundling
· reduced PDCCH monitoring 
· simplified TA validation for stationary or low-mobility UE
· simplification of CSF
· TBS/MCS/CB size restriction for IIoT use case
· simplified beam management
· simplified RLM/RRM measurements
 
Proposal 8: Study gNB’s signalling support and UE’s indication mechanism for timeline relaxation of RedCap devices.
 Proposal 9: Study new type of UE capabilities for N1, N2, Z and Z’.

In addition, the observations and proposals for UE complexity reduction in FR2 can be summarized as follows:
Observation 6: For FR2, to minimize the cell search time (for multiplexing patterns 2 and 3), it may be beneficial to support 100 MHz as the max UE BW.
Observation 7: For FR2, due to not enough number of CCEs in the CORESET, AL 16 cannot be supported for 50 MHz UE BW and SCS = 120 kHz.
Observation 8: For FR2, using 50 MHz instead of 100 MHz may cause considerable reduction in the PDCCH multiplexing capacity and PDCCH blocking probability.
Observation 9: For FR2, the number of users that can be supported is impacted by almost 50% if the max UE BW is reduced from 100 MHz to 50 MHz.
[bookmark: _GoBack]Observation 10: For FR2, the latency requirements for industrial wireless sensors may be satisfied with UE BW as small as 20 MHz. For video surveillance cameras, the latency requirements can be satisfied using 20 MHz BW for small file sizes. For larger file sizes, BW needs to be increased to ~100MHz to get more UE multiplexing capacity. 20 MHz active BWP may be sufficient for most cases.
Observation 11: For FR2, for some use cases, increasing the max UE BW from 50 to 100 MHz may lead to an increase in mean SINR by 2.5 – 3 dB.
Observation 12: For FR2, the number of users that can be supported is impacted by almost 50% if the number of UE Rx antennas is reduced from 2 to 1. However, 1Rx antenna at the UE may be able to support a large number of users.
Observation 13: For FR2, support 1Rx antenna at the UE can satisfy the latency requirements for industrial wireless sensors. For video surveillance cameras, 1Rx antenna at the UE can satisfy the latency requirements for many users with larger UE BW (~100 MHz).
Based on these observations and other considerations, we have the following proposals:
Proposal 10: For RedCap FR2, consider using 100 MHz as the maximum UE bandwidth at least for initial access.
Proposal 11: For FR2, to save UE power and complexity, consider switching the UE to a narrow active BWP (NBWP) after initial access is complete, and study the impact of the narrower BWP on the overall system operation, especially:
Reducing the NB interference effects
· Achieving frequency diversity gains
· Optimizing measurements and procedures (e.g., paging, RLM/RRM/BM/BFD/BFR) and reducing the need for additional resource overhead or increased UE BW switching
· Defining a leaner system and reusing resources between eMBB and RedCap
· Recovering the tracking quality loss due to smaller BW operation
· L1 measurement report optimizations
Proposal 12: For RedCap device in FR2, , consider two antenna configurations for UE capability, namely 1Rx/1Tx and 2Rx/1Tx.

Proposal 13: For FR2, to reduce UE complexity, study DL and UL beam management simplification techniques for RedCap, specifically related to:
· Optimizing the number of TCI states and TRS tracking
· Relying more on UL RS for BM
· BFD/BFR procedure optimizations due to mobility and BW limitation for RedCap

Appendix 1 (FR2 SLS Assumptions)
Table 6 show the SLS parameters used for FR2.
Assuming TDD system with no FDM capability.
[bookmark: _Ref47684802]Table 6: SLS FR2 Parameters
	Parameter
	Value

	Deployment
	Indoor hotspot /UMi

	Number of sectors
	12

	Number of UEs per cell
	Variable

	Number of UE panels / antennas
	2 panels / 4 elem per pol

	Number of gNB panels
	1 panel / 128 elem per pol

	Beam management
	Disabled

	Carrier frequency
	28 GHz

	UE decoding delay (k1)
	2

	UE grant to UL delay (k2)
	3

	Nb processing delay (k3)
	5

	Max number of HARQs
	4

	UL Tx EIRP
	25 dBm

	Panel placement
	Front and back

	Traffic 
	All uplink

	TDD frame format
	All uplink



Table 7 and Table 8 show the traffic models used for the FR2 SLS.
[bookmark: _Ref47684815]Table 7: Wearables Traffic Model
	Wearables
	FTP traffic
	Instant messaging
	VoIP

	Model
	FTP model 3
	FTP model 3
	As defined in R1-070674.
Assume max two packets bundled.

	Packet size
	0.5 Mbytes
	0.1 Mbytes
	

	Mean inter-arrival time
	200 ms
	2 sec
	



[bookmark: _Ref47684817]Table 8: Industrial Wireless Sensors and Video Surveillance Cameras Traffic Models
	Parameters
	Industrial Wireless
Sensors
	Video Surveillance Cameras

	Traffic type
	Periodic
	Periodic

	Frame interval 
	100, 500, 1000 ms
	33.333 ms

	Frame size
	20, 64, 25000, 250000 bytes
	8333, 16666, 31250, 104166 bytes
(2, 4, 7.5, 25 Mbps)

	Latency 
	100 ms  (Packet dropped if latency exceeded)
	500 ms (Packet dropped if latency exceeded)

	Reliability
	99.99%
	99%, 99.9%
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