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1. Introduction

RedCap is being standardized in Rel-17 [1] to target a set of use cases for 5G NR including industrial connections, surveillance cameras, and wearables. General requirements of these use cases in terms of data rate, power consumption, latency etc. are between LPWA and eMBB/URLLC. In other words, a Rel-15 eMBB UE is too powerful and expensive for these markets where the end device is no longer a smart phone. Thus, Rel-17 REDCAP focuses on defining a new UE with reduced capability compared to an eMBB UE, with the intention to reduce device complexity and size. The deployment scenarios for all FR1/FR2 bands for FDD and TDD will be supported. 
During 3GPP R18 workshop [2], there were productive discussions for RedCap evolution, with particularly the following 2 example areas:

· New use cases and new UE bandwidths (5MHz?)

· Power saving enhancements

Additionally, for preparation the up-coming RAN meeting, an email discussion for RedCap evolution tagged as “RAN93e-R18Prep-07” was organized [3]. In this paper, we share our follow-up views on latest email discussion summary from the moderator, and detail analysis on each area above of RedCap evolution in R18 can be found in the Annex.

2. Outcome of Rel-18 email discussion

The final moderator summary from the pre-RAN#93e email discussion is copied below:
	Main goal: further embrace new use cases, especially requiring low-cost devices and low energy consumption 

− Study low power wake-up receiver / wake-up signal (WUR/WUS) 

○ The study should target ultra-low power WUS/WUR required by RedCap use cases. The specified solutions shall not be limited to RedCap UEs only. 

○ As opposed to the work on UE power savings in previous releases, this study will not require existing signals to be used as WUS. Solutions should give justifiable gains compared to the existing Rel-16/17 UE power saving enhancements. 

○ Objectives: 

◾ Study use cases, evaluation methodology & KPIs, and compatibility with other UE power saving solutions

◾ Study and evaluate low-power wake-up receiver architectures 

◾ Study and evaluate wake-up signal designs to support wake-up receivers 

◾ Study and evaluate protocol changes needed to support wake-up receivers 

◾ Study potential system impact, such as network and other UE’s power consumption, coexistence with R17 RedCap and non-RedCap UEs, network coverage 

− Power saving/energy efficiency enhancements 

○ Enhanced DRX in RRC_INACTIVE (>10.24s) (if not completed in R17) 

○ Identify use cases and study corresponding protocol enhancements to support operation on intermittently available energy harvested from the environment 

◾ Note that how the devices harvest and store energy is outside the scope of 3GPP 

− Complexity/cost reduction 

○ Study further reduced UE bandwidth of 5MHz, especially considering 

◾ expected UE complexity/cost reduction based on Rel-17 evaluation methodology 

◾ network impact, compatibility with Rel-17, coexistence of RedCap and non-RedCap UEs, UE impact, specification impact 

◾ other solutions for reducing the UE peak data rates 

○ Support for lower UE power class Considering NW impact, e.g. coverage aspects 

Moderator’s notes: 
− TBD whether the WUR/WUS study is part of RedCap or of a separate SI 
− TBD in which email thread the WUR/WUS discussions should continue


In our view, it is indeed clear that further low-cost devices and low energy consumption offer the most promising value for RedCap evolution in Rel-18, whether those features are defined as part of RedCap WID objectives or as RedCap UE features inherited from other topics. Our further views for each aspect of the above moderator’s way forward proposals are as follows:
For study low power wake-up receiver/wake–up signal (WUR/WUS), the current summary and way forward proposal seem a good starting point together with the moderator’s notes.
For power saving/energy efficiency enhancements, we have different understanding here. 
· Regarding eDRX enhancement, although many companies show interest on this aspect, there are companies pointing out the fact that it is under ongoing Rel-17 discussion. Some companies think potential Rel-17 leftovers should be revisited before Rel-18 WID setup. Thus we believe this should be taken together with a general point of potential Rel-17 leftovers, at least during the RAN#93e discussions. 

· For the second bullet on energy harvesting, we do not agree with the moderator’s suggestion that it is either suitable for a way forward, nor that that is uncontroversial. In excess of 20 participants either show negative views, or believe RedCap is not the right place to discuss energy harvesting.
For complexity/cost reduction:
· On further reduced UE bandwidth of 5 MHz, there are some comments on network impact for introduction of 5 MHz UE during the email discussion. These comments can be well reflected as applying a constraint to the design, and this would be a better way to reflect those points in a WID than to reduce 5 MHz bandwidth to a study phase. The additional effort will be manageable since the NR framework, including ongoing R17, can be readily applied for the new UE. NR has very flexible air interface with a forward-compatible design, and already supports a wide range of channel bandwidths down to 5 MHz which will also limit the RAN4 workload. This even lower channel bandwidth as maximum UE bandwidth can largely reuse the NR design with good compatibility, without needing changes to SSB and thus can continue the same design principle as Rel-17.
· On lower UE power class, it is evidently a controversial point at present. Points were raised by a number of companies about dramatic coverage loss, and further discussion would be needed to evaluate whether this could be taken into a Rel-18 WI.
Our observation of the email discussion is that the only two aspects of Rel-18 which have clear strong support for RedCap are low power WUR/WUS, and further reduced UE bandwidth of 5 MHz. For eDRX enhancement, which is already under Rel-17 discussion, this can be revisited once it is known if there are any Rel-17 leftovers to consider for Rel-18. 
3. Conclusions

Overall, we suggest the following proposal:

Proposal 1: Moderator’s latest way forward proposal for RedCap evolution should be modified as follows:
	Main goal: further embrace new use cases, especially requiring low-cost devices and low energy consumption 

− Study low power wake-up receiver / wake-up signal (WUR/WUS) 

○ The study should target ultra-low power WUS/WUR required by RedCap use cases. The specified solutions shall not be limited to RedCap UEs only. 

○ As opposed to the work on UE power savings in previous releases, this study will not require existing signals to be used as WUS. Solutions should give justifiable gains compared to the existing Rel-16/17 UE power saving enhancements. 

○ Objectives: 

◾ Study use cases, evaluation methodology & KPIs, and compatibility with other UE power saving solutions

◾ Study and evaluate low-power wake-up receiver architectures 

◾ Study and evaluate wake-up signal designs to support wake-up receivers 

◾ Study and evaluate protocol changes needed to support wake-up receivers 

◾ Study potential system impact, such as network and other UE’s power consumption, coexistence with R17 RedCap and non-RedCap UEs, network coverage 

− Power saving/energy efficiency enhancements 

○ Enhanced DRX in RRC_INACTIVE (>10.24s) (if not completed in R17) 

○ Identify use cases and study corresponding protocol enhancements to support operation on intermittently available energy harvested from the environment 

◾ Note that how the devices harvest and store energy is outside the scope of 3GPP 

− Complexity/cost reduction 

○ Study fFurther reduced UE bandwidth of 5MHz, especially considering 
◾ Strive to minimize impact on the network

◾ expected UE complexity/cost reduction based on Rel-17 evaluation methodology 

◾ network impact, compatibility with Rel-17, coexistence of RedCap and non-RedCap UEs, UE impact, specification impact 

◾ other solutions for reducing the UE peak data rates 

○ Support for lower UE power class Considering NW impact, e.g. coverage aspects 

− Rel-17 leftovers, if any

Moderator’s notes: 
− TBD whether the WUR/WUS study is part of RedCap or of a separate SI 
− TBD in which email thread the WUR/WUS discussions should continue
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Annex A

1. New UE bandwidths

The IoT use cases can be broadly classified according to the peak data rate as summarized in Table 1 below, where use cases using low-tier IoT devices were mainly addressed by 2G GPRS and now are migrating to 5G using LPWA technologies, and the devices falling into the other two tiers are mainly 4G/LTE subdivision markets. More specifically, LTE Cat. 4 is a reasonable choice for high-tier IoT (~100Mbps) and LTE Cat. 1/1bis with lower UE cost is migrating into mid-tier IoT (data rates of 1 to less than 10 Mbps) with strong traction [4].

Table 1 Summary of different IoT tiers

	IoT tier
	Use case
	Peak data rate 
	Typical data rate

	High
	Cloud surveillance (FHD etc.), Vehicle T-BOX, High-end wearable etc.
	~100 Mbps
	High-end video: 7.5-25 Mbps

High-end wearables: 5-50 Mbps

	Mid
	Elevator camera (480p etc.), Low-end wearable, Push-to-talk over Cell, IoT gateway/Data transfer unit, Smart POS/Self-service cashier, Smart speaker, Vending machines, Cloud tele-operation, Industry sensor etc.
	~10 Mbps
	Economic video: 2-4 Mbps

Low-end wearables: 1-2 Mbps

Industry sensor: 1-2 Mbps

	Low
	Tracking, Metering, 2G POS, Shared bicycle, White goods, Street light, Smoke alarm, Smart agriculture etc.
	~1 Mbps
	<100 kbps


Mid-tier IoT market is booming in the last 1 – 2 years, as can be seen from the increase of devices using LTE Cat. 1/1bis [4]. The device is much more cost-sensitive for that market with lower data rate than high-tier IoT, since many “to-business” type of verticals or operators normally purchase very large volume such kind of devices, e.g. millions of modules in a batch.

Observation 1: Mid-tier IoT (1~10Mbps) has rich use cases and the market grows quickly in recent years and the near future.
In Rel-17, 3GPP will define a new type of UE with reduced maximum bandwidth of 20 MHz for FR1 and 100 MHz for FR2 while both 2Rx and 1Rx are supported to enable NR based IoT. Taking FR1 as an example, the peak data rate of REDCAP is calculated according to TS 38.306 with the assumption of 64-QAM, as summarized in Table 2 below. The peak data rate of 20 MHz LTE UE is also shown for comparison. 

Table 2 Peak data rate of NR (FR1) vs. LTE IoT device

	RAT
	Device Type/Cat.
	DL (15 kHz SCS)
	UL(15 kHz SCS)
	IoT Tier

	NR
	2Rx RedCap UE
	170 Mbps
	91 Mbps
	High

	
	1Rx RedCap UE
	85 Mbps
	91 Mbps
	High

	LTE
	Cat. 4 UE
	150 Mbps
	50 Mbps
	High

	
	Cat. 1bis UE
	10 Mbps
	5 Mbps
	Mid


Obviously Rel-17 REDCAP UE has capabilities/cost close to high-tier IoT use cases. As mid-tier IoT market is growing quickly and faster than any economies of scale in higher-tier IoT chipsets might allow sufficient cost reduction, using Rel-17 RedCap to support some mid-tier IoT use cases would be quite challenge for industry promotion especially considering that adequate LTE UEs are already there. 
Observation 2: The Rel-17 REDCAP UE have capabilities/cost close to high-tier IoT use cases, and far higher than LTE Cat. 1/bis UE which is current main choice of mid-tier IoT use cases.

Thus a new NR UE with lower complexity/cost is necessary to enable 5G-NR mid-tier IoT market. Some worries might be on whether it possibly create market fragmentation for 5G, but in our view it is absolutely not since they are totally different markets. Experience shows that even though LTE have large economies of scale, there is not just one IoT UE for all uses. It is also benefit for the operator’s network transition from LTE to NR, and facilitate eventual migration of LTE-based cellular IoT solutions to NR (except LPWA).
Observation 3: A new UE with lower complexity is necessary to enable lower-end NR-IoT market and facilitate eventual migration of LTE-based cellular IoT solutions to NR (except LPWA).
According to section 7 of TR 38.875 [5], it is found that reducing bandwidth contributes the most significant gain to UE complexity reduction compared to other candidate techniques. Look into Table 7.8.2-1 and Table 7.8.2-2 of TR38.875, it clear shows that UE bandwidth reduction gives the most gain than other methods in section 7. Taking Table 7.8.2-1 as example, different methods are summarized in the following Table 3.

Table 3 Summary of gain for different methods in TR38.875

	Cost reduction gain
	2Rx UE
	1Rx UE

	bandwidth reduction
	31.9%
	20.7%

	HD-FDD
	6.8%
	5.9%

	double N1 and N2
	5.7%
	1.8%

	Lower modulation
	8%
	2.3%


Observation 4: For both 2Rx and 1Rx UE, bandwidth reduction contributes the most gain according to TR38.875.
NR’s flexible framework can support various lower data-rate use cases and different bandwidth from the scratch. It is a chance for NR to reshape mid-tier IoT by creating a lower cost and lower power consumption UE with further reduced UE bandwidth. The additional effort will be small since NR framework, including on-going R17, could be applied for new UE. NR has very flexible air interface with a forward-compatible design, and already supports a wide range of channel bandwidths down to 5MHz. This even lower channel bandwidth as maximum UE bandwidth can largely reuse the NR design with good compatibility, without needing changes to SSB for sure which remains same design principle as Rel-17..
Observation 5: NR already support minimum channel bandwidth of 5MHz from the scratch and as maximum UE bandwidth can largely reuse the NR design with good compatibility, without needing changes to SSB.
A look to further complexity/cost reduction by bandwidth reduction to 5MHz is summarized in following Table 4. Note that the percentage is expressed as % of Rel-15 eMBB UE and Rel-17 RedCap UE respectively. It is a promising gain for such a cost-sensitive lower-end market and competitive to LTE UE. More details can be find in Annex B.
Table 4 Summary of complexity/cost further reduction for 5MHz bandwidth

	complexity/cost

further reduction
	FDD 2Rx
	FDD 1Rx
	TDD 2Rx
	TDD 1Rx

	5MHz saving additional to 20MHz, expressed as % of Rel-15
	15.2%
	9.3%
	8.9%
	6.5%

	5MHz saving additional to 20MHz, expressed as % of Rel-17
	22.3%
	21.9%
	20.5%
	20.7%


Observation 6: Bandwidth reduction down to 5MHz would get further reduction of ~10% on average compared to Rel-15 and ~20% on average compared to Rel-17.
During Rel-18 workshop many companies expressed estimation on the percentage of additional gain, here we summarize in Table 5 from their contribution or reply to Q&A. It seems these values fall into similar range to our estimation. Some other companies claim 20% and above gain (e.g. OPPO etc.) if the baseline change from Rel-15 eMBB to Rel-17 RedCap. Whether reported as 10% vs Rel-15 or 20% vs Rel-17, it is a valuable enough saving to justify this further work in our view. 
Table 5 Summary of complexity/cost further reduction from other companies during Rel-18 workshop

	Source
	Percentage of 5 MHz additional gain

	RWS-210574
	9~10%

	RWS-210594
	10%

	RWS-210578
	10%

	RWS-210586
	10%

	RWS-210605
	5.5%

	RWS-210584
	12%

	RWS-210409
	7.5-8.1%


Proposal 2: NR should support new UE bandwidth of maximum 5 MHz in R18 to further reduce cost/complexity.

2. Power saving enhancements
UE power saving is also meaningful for REDCAP enhancements, since many of the use cases in Table 1 are equipped with battery-powered devices. We think this is also important to compare with LTE. Looking back to the history of discussion on UE power saving, in addition to the introduction of LPWA UE including NB-IoT and eMTC in Rel-13, two useful features specified in LTE Rel-15 are the wake-up signal (WUS) and early data transmission (EDT) for idle mode UE power saving. These were further improved with group WUS and pre-configured uplink transmission in Rel-16. Similar concepts now are also supported for NR UE which specified as SDT and PEI. NR specification also improves the power consumption for RRC connected mode in Rel-16. In short, by the end of Rel-17, NR already supports many of features which good for UE power saving for both RRC connected mode, inactive mode and idle mode. Assuming RedCap will support all of those features, we estimate the power consumption and battery life for RedCap support wearables as an example. The following is the summary that shows stand-by deep sleep and Rx are still the most two power consumption dominate which limit the battery life. The assumption of the estimation is assuming RedCap support SDT and PEI and eDRX configure to 10.24s. The traffic distribution is 24% of heart beat, 25% of instant message, 1% VoIP and vacant in other 50%.
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Observation 6: Stand-by deep sleep and Rx are the most two power consuming aspects of RedCap assuming Rel-17 and previous release features which good for UE power saving are supported. 
The signal reception procedure overhead would be well improved by the end of Rel-17, so there should be very limited room for RedCap IoT devices to further reduce the reception times under same traffic. But for idle/inactive mode, since existing WUS/PEI are based on preamble or DCI, there is more room to further reduce the current of paging monitoring by enabling new waveform e.g. low-power wake-up receiver (lp-WUR) as some companies mentioned during R18 workshop. Based on our investigation above, if standby current can go further down a level by lp-WUR then battery life could be significantly improved than other methods under same traffic mode. In our view, RedCap power saving enhancements should focus on those features which not only have meaningful gain for single channel receiving and transmission, but also can significantly improve the whole battery life under typical traffic models. Thus those aspects of idle standby and Rx power consumption reduction, which occupy the most percentage of UE power consumption, should be a good technique direction for RedCap evolution.

Proposal 3: RedCap should support UE power saving enhancements which can significantly reduce idle standby and Rx power consumption in R18, whether these features are in RedCap WID or another.
Annex B
Table 7.8.2-1 and Table 7.8.2-2 in TR38.875 are copied as follows:

Table 7.8.2-1: Estimated relative device cost and estimated relative device cost reduction for UE complexity reduction technique(s) for FR1 FDD
	FR1 FDD UE complexity reduction technique(s)
	RF cost metric
	BB cost metric
	Total cost metric
	RF reduction
	BB reduction
	Total reduction

	20 MHz (instead of 100 MHz)
	97.7%
	48.4%
	68.1%
	2.3%
	51.6%
	31.9%

	1 layer (instead of 2 layers)
	100.0%
	79.3%
	87.6%
	0.0%
	20.7%
	12.4%

	1 layer, 1 Rx (instead of 2 layers, 2 Rx)
	74.2%
	55.9%
	63.2%
	25.8%
	44.1%
	36.8%

	HD-FDD type A (instead of FD-FDD)
	83.9%
	99.4%
	93.2%
	16.1%
	0.6%
	6.8%

	HD-FDD type B (instead of FD-FDD)
	77.3%
	99.2%
	90.4%
	22.7%
	0.8%
	9.6%

	Double N1 and N2
	100.0%
	90.5%
	94.3%
	0.0%
	9.5%
	5.7%

	DL 64QAM (instead of DL 256QAM)
	97.8%
	91.8%
	94.2%
	2.2%
	8.2%
	5.8%

	UL 16QAM (instead of UL 64QAM)
	97.1%
	98.3%
	97.8%
	2.9%
	1.7%
	2.2%

	20 MHz, 1 layer, 1 Rx
	67.5%
	25.8%
	42.5%
	32.5%
	74.2%
	57.5%

	20 MHz, 1 layer, 1 Rx, HD-FDD type A
	53.2%
	25.6%
	36.6%
	46.8%
	74.4%
	63.4%

	20 MHz, 1 layer, 1 Rx, DL 64QAM, UL 16QAM
	64.2%
	24.3%
	40.2%
	35.8%
	75.7%
	59.8%

	20 MHz, 1 layer, 1 Rx, double N1 and N2
	67.5%
	22.9%
	40.7%
	32.5%
	77.1%
	59.3%

	20 MHz, 1 layer, 1 Rx, DL 64QAM, UL 16QAM, double N1 and N2
	64.6%
	21.7%
	38.9%
	35.4%
	78.3%
	61.1%

	20 MHz, 1 layer, 1 Rx, DL 64QAM, UL 16QAM, HD-FDD type A, double N1 and N2
	50.2%
	21.4%
	32.9%
	49.8%
	78.6%
	67.1%

	20 MHz, 2 layers, 2 Rx, HD-FDD type A
	81.3%
	46.0%
	60.1%
	18.8%
	54.0%
	39.9%

	20 MHz, 2 layers, 2 Rx, double N1 and N2
	97.6%
	42.6%
	64.6%
	2.4%
	57.4%
	35.4%


Table 7.8.2-2: Estimated relative device cost and estimated relative device cost reduction for UE complexity reduction technique(s) for FR1 TDD
	FR1 TDD UE complexity reduction technique(s)
	RF cost metric
	BB cost metric
	Total cost metric
	RF reduction
	BB reduction
	Total reduction

	20 MHz (instead of 100 MHz)
	96.4%
	46.7%
	66.6%
	3.6%
	53.3%
	33.4%

	2 layers (instead of 4 layers)
	100.0%
	81.1%
	88.7%
	0.0%
	18.9%
	11.3%

	1 layer (instead of 4 layers)
	100.0%
	71.9%
	83.2%
	0.0%
	28.1%
	16.8%

	2 layers, 2 Rx (instead of 4 layers, 4 Rx)
	68.0%
	55.4%
	60.4%
	32.0%
	44.6%
	39.6%

	1 layer, 1 Rx (instead of 4 layers, 4 Rx)
	51.3%
	33.0%
	40.3%
	48.7%
	67.0%
	59.7%

	Double N1 and N2
	100.0%
	90.1%
	94.1%
	0.0%
	9.9%
	5.9%

	DL 64QAM (instead of DL 256QAM)
	96.2%
	92.1%
	93.7%
	3.8%
	7.9%
	6.3%

	UL 16QAM (instead of UL 64QAM)
	96.9%
	98.4%
	97.8%
	3.1%
	1.6%
	2.2%

	20 MHz, 1 layer, 1 Rx
	50.6%
	18.6%
	31.4%
	49.4%
	81.4%
	68.6%

	20 MHz, 1 layer, 1 Rx, DL 64QAM, UL 16QAM
	47.1%
	17.5%
	29.3%
	52.9%
	82.5%
	70.7%

	20 MHz, 1 layer, 1 Rx, double N1 and N2
	50.6%
	16.2%
	30.0%
	49.4%
	83.8%
	70.0%

	20 MHz, 1 layer, 1 Rx, DL 64QAM, UL 16QAM, double N1 and N2
	47.1%
	15.3%
	28.1%
	52.9%
	84.7%
	71.9%

	20 MHz, 2 layers, 2 Rx
	66.8%
	27.8%
	43.4%
	33.3%
	72.2%
	56.6%

	20 MHz, 2 layers, 2 Rx, DL 64QAM, UL 16QAM
	61.8%
	26.1%
	40.4%
	38.2%
	73.9%
	59.6%

	20 MHz, 2 layers, 2 Rx, double N1 and N2
	66.8%
	24.9%
	41.7%
	33.3%
	75.1%
	58.3%

	20 MHz, 2 layers, 2 Rx, DL 64QAM, UL 16QAM, double N1 and N2
	61.8%
	23.7%
	38.9%
	38.2%
	76.3%
	61.1%


It is easy to read the gain from 100MHz to 20MHz according to Table 7.8.2-1 and Table 7.8.2-2, summarized as in the following tables.
	FDD
	2Rx 20MHz
	1Rx 20MHz

	RF cost metric
	97.7%
	67.5%

	BB cost metric
	48.4%
	25.8%

	Total cost metric 
	68.1%
	42.5%


	TDD
	2Rx 20MHz
	1Rx 20MHz

	RF cost metric
	66.8%
	50.6%

	BB cost metric
	27.8%
	18.6%

	Total cost metric 
	43.4%
	31.4%


If UE bandwidth is further reduction down to 5MHz, based on the methodology, our estimation is as follows:

	FDD
	2Rx 5MHz
	1Rx 5MHz

	RF cost metric
	95.5%
	66%

	BB cost metric
	24.6%
	11.4%

	Total cost metric 
	52.9%
	33.2%


	TDD
	2Rx 5MHz
	1Rx 5MHz

	RF cost metric
	64.4%
	49.4%

	BB cost metric
	14.5%
	8.9%

	Total cost metric 
	34.5%
	24.9%


Thus, the additional saving from 20MHz to 5MHz is, expressed at % of Rel-15, as follows:
For FDD 2Rx, 68.1%-52.9% = 15.2%

For FDD 1Rx, 42.5%-33.2% = 9.3%

For TDD 2Rx, 43.4%-34.5% = 8.9%

For TDD 1Rx, 31.4%-24.9% = 6.5%

Also, the additional saving from 20MHz to 5MHz is, expressed at % of Rel-17, as follows:

For FDD 2Rx, (68.1%-52.9%)/68.1% = 22.3%

For FDD 1Rx, (42.5%-33.2%)/42.5% = 21.9%

For TDD 2Rx, (43.4%-34.5%)/43.4% = 20.5%

For TDD 1Rx, (31.4%-24.9%)/31.4% = 20.7%

