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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
Reduced capability (RedCap) UEs in NR will target use cases higher than NB-IoT/eMTC but lower than URLLC/eMBB. Such use cases include industrial wireless sensors, video surveillance, and wearables. The main motivation for RedCap UEs is cost reduction compared to a URLLC/eMBB UE, but some use cases will also benefit from battery life improvement and device size reduction. The intention is to study a UE feature and parameter list with lower end capabilities, supporting FR1/FR2 bands for FDD and TDD.
The companion paper [1] discussed the principles of the RedCap study, and then analyzed antenna reduction bandwidth reduction, half-duplex, and relaxed UE processing time/capability. This paper, in accordance with the SID [2], studies functionality that will enable the performance degradation of such complexity reduction to be mitigated or limited, including coverage recovery to compensate for potential coverage reduction due to the device complexity reduction.
Where appropriate, the NR feature list [3] and the study of low-cost MTC UEs [4] are referenced. The use case specific requirements from the SID are provided in the Appendix.

Principles for RedCap Coverage Recovery
The companion paper [1] discussed general principles of RedCap and proposed to focus on a small number of techniques with biggest cost/complexity savings, while in other aspects keeping as much commonality with “normal” NR as possible. Once the study on the complexity reduction techniques has progressed further it will be possible to discuss coverage recovery in more detail. In this section, we provide general principles for coverage recovery.
· The “baseline” coverage for NR should be for a “typical” case. NR is extremely flexible and already designed to be able to handle some coverage limited scenarios. RedCap should be designed to function when deployed in a “typical” network. It is reasonable to expect that operators may deploy additional base sites when the support of RedCap in an atypical environment.
· Coverage enhancements already available in NR should be used before new techniques developed. NR already has many features [3] that can improve coverage, and therefore can be used for coverage recovery. Similarly, Rel-16 URLLC has features that provide additional reliability and therefore can be used for coverage recovery. These features should be used for coverage recovery before new features for Redcap are developed.
· Coverage compensations may only be needed for the limiting channels. The analysis in [5] show that the coverage of DL and UL is unbalanced, and the coverage of control and data channel is unbalanced either. Compensation may be needed for some channels and not all channels. More details on this is provided in Section 3.
· “Keep trying” is a valid coverage recovery technique. As seen for LTE in [4], “keep trying” is a valid technique for coverage recovery as long as multiple attempts are possible within a delay budget. This is typically the case for RedCap applications.
· Do not duplicate work. Close coordination should obviously be kept with the other Rel-17 item focused on coverage enhancement. Customizations that perform similarly to general techniques should be avoided or incorporated directly into the general proposals.
Observation 1:
There are many features that can be used for coverage recovery in Rel-15 NR and Rel-16 URLLC.
In order to progress the work on coverage recovery, we propose the following approach:
1. Define a few scenarios and simulation parameters for evaluation covering the typical cases
2. Check if techniques of Rel-15 and 16 provide sufficient enhancements
3. Only if coverage enhancements needs on top of Rel-15 and Rel-16 are identified, study additional techniques for coverage enhancements
Proposal 1:
· RAN1 to define evaluation scenarios and simulation assumptions for coverage evaluation
· RAN1 to use these scenarios to assess if coverage enhancements of Rel-15 and Rel-16 are enough for RedCap before considering any additional coverage enhancements techniques
Link Budget Analysis
The study item “Study on Self-Evaluation towards IMT-2020 submission” [5] has been completed and the self-evaluation results [6] from 3GPP have been submitted to ITU-R. Extensive link budget performance were evaluated, with many scenarios of interest for the RedCap study. Results show that the coverage of DL and UL is unbalanced, and the coverage of control and data channel is unbalanced either. The test environments considered are summarized in the table below.

Table 1: Test Environments considered in [6]
	Usage Scenarios
	eMBB
	mMTC
	URLLC 

	Test Environments
	Indoor Hotspot
Dense Urban
Rural
	Urban Macro
	Urban Macro




The use cases for redcap mentioned in the SID (and presented here in the Appendix) include the: industrial wireless sensor networks IWSN, wearables and video surveillance. In principle since the link budget analysis was based on NR, one can potentially use those results to envision how baseline performance for redcap use cases may be. In other words, the most relevant uses cases from the self-evaluation results from 3GPP may be used as they deem relevant to the redcap devices. For example, the IWSN use case may resemble that of Urban Macro URLLC for delay sensitive use cases such as safety related use cases or Urban Macro mMTC with less strict delay requirement. The link budget for Urban Macros-URLLC as presented in xls [7] is mentioned in Table 2. It is worthy to note that the number of transmit/receive antennas considered were 1/2 at the UE. The numbers in red are highlighted here for the purpose of differentiation i.e. to show the limiting channel. It can be seen that the uplink channels are the limiting factor by a wide margin: for instance, for the NLOS case (columns 2-5), it can be seen that the uplink is more limited than the downlink by 17dB.


[bookmark: _Hlk39758337]Table 2: Available path loss from xls [7] for NR Urban Macro URLLC at 700 MHz
	Channel
	PUSCH
(NLOS)
	PDCCH
(NLOS)
	PDSCH
(NLOS)
	PUCCH
(NLOS)
	PUSCH
(NLOS O2I)
	PDCCH
(NLOS O2I)
	PDSCH
(NLOS O2I)
	PUCCH (NLOS O2I)
	PDCCH
(LOS)
	PDSCH
(LOS)
	PDCCH
(LOS O2I)
	PDSCH
(LOS O2I)

	Available Path Loss
	135.98
	153.09
	155.56
	135.68
	108.15
	124.91
	127.78
	107.45
	161.3
	161.34
	131.33
	132.43




The video surveillance use case may be comparable to a Dense Urban eMBB for a deployment of redcap devices on top of eMBB. The link budget analysis for Channel Model A with DDSU configuration where the number of transmit and receive antennas were 2 and 4 respectively are presented in Table 3 below. Similarly, the uplink channels are the limiting factor by a huge margin.

Table 3: Available path loss from xls [7] for NR Dense Urban eMBB at 4GHz 
	Channel
	PDSCH(NLOS)
	PDCCH(NLOS)
	PDSCH (O2I NLOS)
	PDCCH (O2I NLOS)
	PUSCH (NLOS)
	PUCCH
(NLOS)
	PUSCH
(O2I NLOS)
	PUCCH
(O2I, NLOS) 

	Available Path Loss
	146.24
	150.72
	130.26
	134.18
	126.17
	138.2
	111.59
	121.46



Observation 2: 
· Comparing the link budget between uplink and downlink channel show that the uplink channels are worse than the downlink channels with the limiting channel being both PUSCH and PUCCH.  The observation holds for O2I also.
· The difference in link budget for outdoor scenarios between UL and DL is more than 10 dB
The wearables use case in SID [2] may be comparable to the Indoor Hotspot eMBB. The link budget analysis for Channel Model A at 4 GHz with DDDSU configuration is shown in Table 4.

Table 4: Available path loss from xls [7] for NR Indoor Hotspot eMBB
	Channel
	PDSCH(NLOS)
	PDCCH(NLOS)
	PUSCH(NLOS)
	PUCCH(NLOS)

	Available Path Loss
	126.06
	136.27
	125.25
	151.29



Observation 3: 
· Comparing the link budget between uplink and downlink channel show that the channels are more balanced compared to outdoor scenarios with the limiting channel being PUSCH channel.


Coverage loss from UE complexity reduction features
Reduced number of UE Rx/Tx antennas
For NR, the minimum number of transmit TX antennas in uplink is 2, while the minimum number of receive antennas RX is 4 (in some bands) or 2. The number of Tx and Rx for RedCap is still being studied. It is possible that the number of Tx antennas may be reduced to 1, and the number of Rx may be reduced to 2 (in all bands) or even 1. 
Our companion paper [1] considered redcap devices with different assumptions on the number of transmit antennas. Three types of devices were considered: a device with 2 transmit antennas, a device with 2 transmit antennas with one PA allowing for antennas switching and a device with 1 transmit antenna. The table in [1] presented some coverage comparisons which may be summarized as the following:
· first option requires no coverage compensation
· second option would have similar coverage as a baseline Rel-15 device (two antennas noncoherent UE capability allowing at most one port/layer) 
· third option requires some compensation 
Using the xls in [7] and reevaluating the same scenario by changing the number of antennas from 2 transmit and 4 receive to 1 transmit and 2 receive antennas in the uplink and downlink at the UE for the Dense Urban eMBB (4GHz, NR DDSU) results in the following path loss presented in Table 5:

Table 5: Available path loss as calculated from xls [7] for NR Dense Urban eMBB at 4GHz with 1 Tx and 2 Rx at the UE instead of having 2 Tx and 4 Rx
	Channel
	PDSCH(NLOS)
	PDCCH(NLOS)
	PDSCH (O2I NLOS)
	PDCCH(O2I NLOS)
	PUSCH (NLOS)
	PUCCH
(NLOS)
	PUSCH
(O2I NLOS)
	PUCCH
(O2I NLOS)

	Available Path Loss
	143.24
	147.71
	127.25
	131.17
	123.16
	135.19
	108.58
	118.45



The highlighted column in the table remains to be the UL channel in this case the PUSCH channel. It can be seen that the 3 dB loss by going to 4 RX to 2 RX antennas does not affect coverage since uplink channels are still link-budget constrained. On the other hand, reducing the number of TX antennas from 2 to 1 might have a small impact because of the loss of transmit diversity. However, since gNBs typically have a large number of Rx antennas, thus get most of the transmit/receive diversity, the loss in diversity is probably insignificant.
Observation 4: 
3dB loss is expected with fewer number of antennas (4/2 to 2/1) transmit/receive antennas - with the limiting channel still being the uplink PUSCH channel. Some limited compensation may be needed in the downlink, but the main focus remains on the uplink channel.

UE Bandwidth reduction
In [1], it is suggested to go to bandwidth as low as 20 MHz for FR1. This might create a little bit of loss in frequency diversity. The worst-case scenario would be an indoor environment (e.g., office), where the channel delay spread is small. Measurement results for such an environment are available (e.g., [9]). It can be seen that for this worst-case environment, the channel coherence bandwidth is less than 20MHz. 
Given that the considered bandwidth for RedCap are quite small, these devices may benefit from frequency hopping. Frequency hopping is defined within a BWP for NR. One aspect to consider would be if frequency hopping should be enabled on a bandwidth larger than the RedCap bandwidth: for instance, a RedCap UE could monitor a 20MHz bandwidth on a given slot, but could hop to another 20MHz subband in another slot so that overall, 100 MHz would be covered. Frequency hopping can be further studied.

Observation 5:
There may be no significant loss in diversity when going from a 100MHz bandwidth to 20MHz. 

Techniques available in NR for Coverage recovery
RAN1 has spent a lot of effort on coverage for NR. UE features related to URLLC, eURLLC, MIMO (multi-TRP), Power Saving, coverage enhancements, whether part of Rel-15 NR, Rel-16 or potential future Rel-17 should be considered for redcap devices. It may be sufficient that supporting such features compensates for coverage from UE complexity reduction features. These may include:
[bookmark: _Hlk40359407]In NR rel-15 [3]:
· Longer PUCCH formats (format 1,3, 4)
· Intra slot hopping PUCCH repetition (feature 4-23, K=2,4,8 slots)
· Type 1 Type 2 configured PUSCH repetitions (5-14 and 5-16)
· PUSCH and PDSCH repetition 2,4,8 factor (5-17 and 5-17a)
· 5-9 intra slot FH, 5-7 inter VRB-PRB PDSCH, 5-10 inter slot
· PDCP repetition 1-6 for higher layer, suitable for delay tolerant traffic
· [bookmark: _Hlk40443853]High reliability MCS table
In NR Rel-16 [8]
· Compact DCI 
· Multiple TRP (for PDSCH in Rel-16, others in Rel-17)
· More than one PUCCH for HARQ-ACK transmission within a slot
· PUSCH repetition (type A, B) (11-6 and 11-7)
· Multiple Active Configured grant configurations for a BWP of a serving cell (11-9)
Future Rel-17 coverage enhancements should also be considered for coverage compensation in the UL and DL for redcap devices.
Observation 6: 
A large number of available features can provide the necessary coverage compensation for limiting channels. Existing features from Rel-16, Rel-15 and future Rel-17 should be considered for redcap devices.
[bookmark: _Ref129681832]
Conclusions
This paper discussed UE complexity reduction features and link budget analysis. It is recommended that enhancements from Rel 15, 16 and potential Rel 17 considered to be adopted by redcap devices. 
Observation 1: There are many features that can be used for coverage recovery in Rel-15 NR and Rel-16 URLLC.
Observation 2: 
· Comparing the link budget between uplink and downlink channel show that the uplink channels are worse than the downlink channels with the limiting channel being both PUSCH and PUCCH.  The observation holds for O2I also.
· The difference in link budget for outdoor scenarios between UL and DL is more than 10 dB
Observation 3: 
· Comparing the link budget between uplink and downlink channel show that the channels are more balanced compared to outdoor scenarios with the limiting channel being PUSCH channel.
Observation 4: 
3dB loss is expected with fewer number of antennas (4/2 to 2/1) transmit/receive antennas - with the limiting channel still being the uplink PUSCH channel. Some limited compensation may be needed in the downlink, but the main focus remains on the uplink channel.
Observation 5:
 There is no significant loss in diversity when going from a 100MHz bandwidth to 20MHz
Observation 6: 
A large number of available features can provide the necessary coverage compensation for limiting channels. Existing features from Rel-16, Rel-15 and future Rel-17 should be considered for redcap devices.

Proposal 1:
· RAN1 to define evaluation scenarios and simulation assumptions for coverage evaluation
· RAN1 to use these scenarios to assess if coverage enhancements of Rel-15 and Rel-16 are enough for RedCap before considering any additional coverage enhancements techniques
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Appendix
Use case specific requirements from the SID [2]:
· 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).
