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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: OLE_LINK1]In RAN #86 meeting, a new SID on support of reduced capability (REDCAP) NR devices for IWSN, Video Surveillance and Wearables has been approved [1]. One of the goal is to identify and study the complexity reduction features, in order to implement cost reduction, power saving and compact device size of REDCAP UEs:
	Identify and study potential UE complexity reduction features, including [RAN1, RAN2]: 
· Reduced number of UE RX/TX antennas
· UE Bandwidth reduction 
Note: Rel-15 SSB bandwidth should be reused and L1 changes minimized 
· Half-Duplex-FDD 
· Relaxed UE processing time 
· Relaxed UE processing capability


In this contribution, these complexity reduction features are discussed in detail. 

[bookmark: _Ref129681832]Design target for REDCAP UEs
The main use cases and requirements identified for Rel-17 REDCAP [1] are provided below (with availability converting to reliability for PHY layer analysis). The REDCAP devices shall be able to meet those requirements when considering the technologies for reducing UE complexity. 
Table 1. Use cases and requirements for Rel-17 REDCAP
	Use cases
	Data rate
	E-to-E latency
	reliability
	cost
	Battery life

	Industrial wireless sensors
	less than 2 Mbps
	less than 100 ms, 5~10ms safety related
	99%~ 99.99%
	Low
	Few years (≥5 yr in TR 22.832)

	Video Surveillance
	Economic video: 2-4Mbps
High-end video: 7.5-25 Mbps
	less than 500ms
	99%~ 99.9%
	Medium or less limitation
	--

	Wearables
	Peak DL 150Mbps, peak UL 50Mbps,
minimum 5 Mbps in UL and 10 Mbps in DL
	Same as eMBB
	Same as eMBB
	Medium
	multiple days (up to 1-2 weeks)



Specifically, as data rate forms a main factor of device implementation as upper bound, the data rate especially the peak data rate requirement sets the main performance target that should not be (obviously) sacrificed by complexity reduction. Although the SID explicitly restricts the REDCAP should be not lower than LTE Cat-1bis, we observe from the requirements above that
Observation 1: Rel-17 REDCAP devices require performance targeting LTE Cat-4 as reference.
On the other hand, with potentially large number of REDCAP UEs with lower performance than eMBB UEs accessing the network, it is also not desirable from network perspective that the system performance is highly negatively impacted. Therefore, 
Proposal 1: Spectrum efficiency is also an important aspect to be considered when designing REDCAP UEs, in addition to the requirements identified in SID.
As number of UE antennas and UE bandwidth contributes much to the UE complexity reduction and also has direct impact on the key performance and requirements, we will provide analysis of these two respectively and look into the effect of combinations of them in Section 3 and Section 4. Analysis for other candidate techniques are provided followed.

On reduced number of UE RX/TX antennas
In this section, we discuss the benefits and impacts of reduced number of UE RX/TX antennas. In Release 15/16 for eMBB and URLLC, it is mandatory for all UEs to be equipped with a minimum of 2 Rx antennas for most of FR1 frequency bands and 4 RX antennas for the rest of FR1 frequency bands while 2 or more TX antennas are not required [2]. 
Reduced number of UE antennas brings several advantages, e.g. reduced device cost, reduced power consumption and reduced size of device. As reference, evaluations in LTE MTC [3] provide ~20% cost saving in RF and ~30% in baseband by reducing RF chains from two to one, including RF power amplifier, filter, transceiver, and baseband processor and buffer reduction. The power consumption is also saved by less RF chains and by less complexity of multi-antenna processing. For example, 2RX is 0.7 * 4RX power consumption in FR1 [4]. It is straightforward that reducing the RF chains from four to two provide more cost reduction, compared to reduction of RF chains from two to one. 
On the other hand, both UE experience and system performance is sensitive to the number of UE antennas. From UE perspective, since reduced number of antennas leads to less UE data rate, the reduction of antennas should meet the rate demand of the use cases in SID, i.e. 10-50 Mbps for Wearables, 7.5-25 Mbps for Video Surveillance, and 2 Mbps for IWSN. Considering some higher applications such as high definition fluent video chat and surveillance, the uplink peak data rate requirement of Wearable and Video Surveillance may increase to 80 Mbps. The effects of reduced antennas are jointly evaluated with bandwidth reduction in Section 4. 
Also, the DL/UL coverage will be decreased due to less number of antennas. The coverage analysis of each channel will be discussed in detail in a companion contribution [5]. In order to achieve less DL coverage loss, the number of RX antennas should not decrease too much, i.e. to 1RX, so as to meet the rate and coverage demand of downlink dominant cases like Wearables. 
Moreover, from system performance perspective, network spectrum efficiency would suffer from significant degradation if there is dramatic reduction on number of antennas for a large portion of users in the serving cell. 
Observation 2: Considering data rate, coverage and spectrum efficient requirements, 2RX antennas seems to be a best tradeoff for REDCAP UEs.

On UE bandwidth reduction 
The reduced bandwidth can bring several advantages such as decreasing device cost and power consumption. Only the conditions for FR1 are discussed in this section.
In cost saving aspect, 30%~35% cost reduction can be achieved by reducing UE bandwidth from 100MHz to 20MHz inferred from the cost saving estimation of LTE MTC [3]. Even if the bandwidth is further reduced to 10MHz or 5MHz, no obvious extra gain (less than 5% or 7% respectively) can be achieved.
In power saving aspect, 60% power saving gain can be achieved by reducing UE bandwidth from 100MHz to 20MHz, according to the power scaling associated with BWP bandwidth (DL) for FR1 [4], i.e. scaling of X MHz = 0.4 + 0.6 * (X - 20) / 80. Even if the bandwidth is further reduced to 10MHz or 5MHz, the extra gain is also limited, i.e. there is only 7.5 or 11.2% more gain achieved, respectively.
Observation 3: 30%~35% cost saving and 60% power saving gain can be achieved by reducing the UE bandwidth from 100MHz to 20MHz, respectively. But there is neither remarkable cost saving gain nor power saving gain via further reducing the bandwidth from 20MHz to 10MHz or 5MHz.
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]In data rate aspect, the UE UL average data rate in Dense Urban, Indoor Hotspot and Rural scenarios was simulated when CF = 4GHz, wherein 1TX antenna is assumed for REDCAP UEs as proposed in section 3. Additionally, 10 UEs per cell and the UE bandwidth of 10/20MHz are assumed. Other detailed simulation assumptions referring to ITU self-evaluation [7] can be found in Appendix 2.
Based on the evaluation results presented in Figure 1, if the cell bandwidth and UE bandwidth are both assumed as 20MHz which means all the UEs in a cell reside in a narrow band of 20MHz, the achieved 50% UE data rate is about 5.15/4.3/2.53 Mbps/TRxP, which is sufficient for the data rate requirement of quite a number of cases, such as the IWSN sensors, economic videos and wearables (only for dense urban) as discussed in SID. When UE bandwidth is assumed as 10MHz, the achieved 50% UE data rate is decreased to 3.99/3.60/2.11 Mbps/TRxP. It is only sufficient for the IWSN sensors and economic videos. On the other side, if the cell bandwidth is assumed to be 100MHz and 50MHz is assumed to be available for NR REDCAP UEs for simulation, considering NR legacy UEs deployed in the Network. In this case, if UE bandwidth is assumed as 20MHz, the 50% UE data rate is about 10.1/10.9/5.3 Mbps/TRxP, which is sufficient for the requirement of all REDCAP use cases. But if UE bandwidth is assumed as 10MHz, the 50% UE data rate is about 5.6/5.7/3.8 Mbps/TRxP which is still not sufficient to some cases like high-end videos. According to the above evaluations, if the UE bandwidth is reduced to 5MHz, it can be inferred that the 50% data rate will be decreased much compared with 20MHz, which will be far below the data rate requirement for all use cases.
Observation 4: When cell bandwidth is assumed as 20MHz, 20MHz UE bandwidth can meet the data rate demand of quite a number of REDCAP use cases (i.e. IWSN sensors, economic videos, wearables in dense urban). If the cell bandwidth is assumed as 100MHz, the data rate demand of all REDCAP use cases can be met by 20MHz UE bandwidth, while 10MHz/5MHz are not sufficient for some cases like high-end videos.
Besides the UE average date rate, UE uplink and downlink peak data rate are also evaluated [8], wherein 1TX/2RX antennas, the UE bandwidth of 20/10MHz and 64QAM modulation are assumed. Based on these assumptions, the achieved peak data rate is 17.5/8.76 Mbps (with 20/10MHz bandwidth) for uplink and 121.2/60.58 Mbps (with 20/10MHz bandwidth) for downlink as shown in Figure 2, when TDD frame structure of DDDSU is assumed. Obviously this cannot meet the peak data requirement of some use cases like the wearables as proposed in SID. Some potential enhancements could be considered for REDCAP UEs in TDD bands since some TDD bands like C-band may be the typical deployment scenario for REDCAP use cases. The achieved peak data rates of FDD with 20/10MHz bandwidth are also shown in Figure 2. When 20MHz bandwidth is assumed, the achieved peak data rate is 87.57 Mbps for uplink and 163.72Mbps for downlink, which is sufficient to satisfy peak data requirement of wearables. If the UE bandwidth is reduced to 10MHz, the achieved peak data rate is decreased by 50%, not reaching the peak data rate requirement of Wearables. 
Observation 5: For TDD frame structure of DDDSU, 20MHz UE bandwidth cannot meet the peak data rate demand of some use cases like the wearables. Some potential enhancements could be considered to increase UE peak data rate. While FDD with 20MHz bandwidth can meet the peak data rate demand of all the REDCAP use cases. However, FDD with 10MHz bandwidth cannot meet the peak data rate requirement of wearables. 
As mentioned in SID [1], Rel-15 SSB bandwidth should be reused for REDCAP NR devices when considering bandwidth reduction. Based on this, the bandwidth of CORESET#0 defined in NR specification should also be guaranteed, which is 96 RBs for 15kHz subcarrier spacing (SCS) or 48 RBs for 30kHz SCS [6]. Both of the two cases require ~20MHz bandwidth capability. Therefore the 20MHz bandwidth can be considered for REDCAP UEs from the aspects of maximizing reduction of device cost and power consumption while being compatible with Rel-15 design of SSB and CORESET#0.
Observation 6: 20MHz UE bandwidth seems to be a best choice for Rel-17 REDCAP UEs, from the aspects of satisfying the key data rate requirement with maximized reduction of device cost and power consumption, meanwhile being compatible with Rel-15 design of SSB and CORESET#0.

[image: ]
Figure 1． UL average data rate for REDCAP UEs in Dense Urban/Indoor Hotspot/Rural – 
(10UEs/cell, CF=4 GHz, TDD: DDDSU)
[image: ]
Figure 2．UL and DL Peak data rate for REDCAP UEs with different bandwidth and duplex mode 
Since the UE bandwidth and number of antennas discussed in Section 3 and Section 4 are the key parameters with impact on the cost, power consumption and data rate of REDCAP UEs, combinations of 20MHz/10MHz bandwidth and 1R/2R are compared as shown in Table 2. The UE capability defined for eMBB/uRLLC in Rel-15 and Rel-16 is considered as baseline, with 100MHz bandwidth and 1T4R antennas. The cost reduction is jointly inferred from both UE bandwidth reduction and antennas reduction [3]. Observed from Table 2, there are no obvious cost and power difference between the three options, but the peak data rate and spectrum efficiency of Option 1 are double to Option 2 and Option 3. And the 20MHz with 1Rx or 10MHz with 2Rx are not sufficient for REDCAP UEs according to the simulation above and our companion contribution [5].
Table 2. Comparison between different options of UE bandwidth and antennas capabilities
	UE Options
	UE bandwidth
	Antennas
	Cost
	Power consumption
	Spectrum efficiency
	Coverage Performance
	Peak rate Satisfaction
	For REDCAP

	Baseline
	100MHz
	1T4R
	1
	1
	1
	High
	/
	/

	Option 1
	20MHz
	1T2R
	0.5
	0.4
	0.5
	Medium
	√
	√

	Option 2
	20MHz
	1T1R
	0.35
	0.4
	0.25
	Low
	×
	Rate & Efficiency limited

	Option 3
	10MHz
	1T2R
	0.45
	0.325
	0.5
	Medium
	×
	Rate limited



Proposal 2: 20MHz UE bandwidth with 1Tx2Rx is the baseline assumption for Rel-17 REDCAP 
· [bookmark: _GoBack]Additional support of carrier bandwidth smaller than 20MHz for some bands, e.g. 10MHz, 15MHz can be considered. 
In this section, we discuss the bandwidth reduction of REDCAP UEs to achieve lower cost and lower power consumption, so carrier aggregation is not suitable to be supported in REDCAP since CA increases the total available bandwidth for UEs and requires more RF chains, which is opposite to REDCAP design target. To achieve better uplink coverage, the supplement uplink (SUL) defined in Rel-15 and Rel-16 can be considered for Rel-17 REDCAP.
Observation 7: SUL defined in Rel-15 and Rel-16 can be utilized for Rel-17 REDCAP to achieve better uplink coverage, while UL CA is not proper for REDCAP.

On Half-Duplex-FDD 
[bookmark: OLE_LINK72]Half duplex FDD (HD-FDD) is a technique that the duplexer is replaced with a switch in RF implementation. It is obvious that HD-FDD causes low data rate and high latency since the UEs with HD-FDD cannot simultaneously transmit and receive signal in FDD band, and require switching time for DL-to-UL or UL-to-DL transition. In order to maintain the similar latency and throughput performance, it may be required with larger number of HARQ processes for HD-FDD compared with that for full-duplex FDD, which will increase the buffer occupation and processing complexity. In addition, RF noise figure of HD-FDD UEs worsens, since a switch instead of a duplexer is used. 
On the other hand, according to the previous evaluation of HD-FDD in LTE MTC [3], HD-FDD only bring less than 10% cost saving compared to full duplex-FDD.
Proposal 3: HD-FDD should not be supported for REDCAP UEs, since it reduces peak data rate and increases latency compared with full-duplex FDD, without obvious cost reduction.

On relaxed UE processing time 
The processing time specifies the minimum scheduling time for PDSCH and PUSCH. In NR Rel-15, two kinds of UE processing time capability are supported: Capability 1 and Capability 2. Between the two capabilities, Capability 2 is stricter than Capability 1.
Most of the use cases defined in the SID require more than 100 ms latency, but for the use case of industrial safety related sensors, latency requirement is 5-10 ms. These requirements are not stricter than the two UE processing time capabilities defined in NR Rel-15, so the existing defined capabilities can support the demand of REDCAP UEs. The RTT may include the UE processing time, the gNB scheduling time, transmission time and alignment time, etc. If the UE processing time is relaxed than existing defined capabilities, the latency requirement of 5-10 ms may not be met, so as to impose limitation on the application of low latency use cases.
Observation 8: If the UE processing time is relaxed than the two capabilities defined in Rel-15, some latency requirements of REDCAP UEs may not be met.
Moreover, the necessity to relax processing time is not clear, and the advantage on the cost saving arising from relaxed processing time seems trivial compared to other capability reductions. Therefore, the UE processing time is not preferred to be relaxed than Capability 1 defined in NR Rel-15.
Proposal 4: Reuse UE processing time Capability 1 defined in NR Rel-15 for REDCAP UEs.

On relaxed UE processing capability 
To relax UE processing capability, several techniques for limiting the peak data rate were discussed in LTE MTC in order to provide complexity reduction. For example, the maximum transport block size (TBS) reduced to 1000 bits for both DL and UL may save 10.5%-21% of overall relative cost compared to LTE Cat.1 UE [3]. Besides, restricting the number of PRBs in scheduling or restricting the maximum modulation order may also be beneficial to complexity reduction.
To further reduce UE complexity on baseband processing, the MIMO layer can be limited, and the number of HARQ process can also be reduced if no obvious impact on meeting the data rate requirement for the intended use cases. In addition, reducing the maximum transmit power may also be beneficial for integrating power amplification. However, the impact on UL coverage and data rate should be carefully considered in that case. 
As the hardware implementation of NR UE and LTE UE may be different, how much cost will be saved by applying the above techniques in NR will need further discussion.
Proposal 5: On relaxing UE processing capability, potential techniques including reducing the maximum TBS, limiting the maximum MIMO layers, limiting the maximum modulation scheme to 64QAM and reducing the number of HARQ process can be further discussed. 

Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Observation 1: Rel-17 REDCAP devices require performance targeting LTE Cat-4 as reference.
Observation 2: Considering data rate, coverage and spectrum efficient requirements, 2RX antennas seems to be a best tradeoff for REDCAP UEs.
Observation 3: 30%~35% cost saving and 60% power saving gain can be achieved by reducing the UE bandwidth from 100MHz to 20MHz, respectively. But there is neither remarkable cost saving gain nor power saving gain via further reducing the bandwidth from 20MHz to 10MHz or 5MHz.
Observation 4: When cell bandwidth is assumed as 20MHz, 20MHz UE bandwidth can meet the data rate demand of quite a number of REDCAP use cases (i.e. IWSN sensors, economic videos, wearables in dense urban). If the cell bandwidth is assumed as 100MHz, the data rate demand of all REDCAP use cases can be met by 20MHz UE bandwidth, while 10MHz/5MHz are not sufficient for some cases like high-end videos.
Observation 5: For TDD frame structure of DDDSU, 20MHz UE bandwidth cannot meet the peak data rate demand of some use cases like the wearables. Some potential enhancements could be considered to increase UE peak data rate. While FDD with 20MHz bandwidth can meet the peak data rate demand of all the REDCAP use cases. However, FDD with 10MHz bandwidth cannot meet the peak data rate requirement of wearables. 
Observation 6: 20MHz UE bandwidth seems to be a best choice for Rel-17 REDCAP UEs, from the aspects of satisfying the key data rate requirement with maximized reduction of device cost and power consumption, meanwhile being compatible with Rel-15 design of SSB and CORESET#0.
Observation 7: SUL defined in Rel-15 and Rel-16 can be utilized for Rel-17 REDCAP to achieve better uplink coverage, while UL CA is not proper for REDCAP.
Observation 8: If the UE processing time is relaxed than the two capabilities defined in Rel-15, some latency requirements of REDCAP UEs may not be met.

Proposal 1: Spectrum efficiency is also an important aspect to be considered when designing REDCAP UEs, in addition to the requirements identified in SID.
Proposal 2: 20MHz UE bandwidth with 1Tx2Rx is the baseline assumption for Rel-17 REDCAP 
· Additional support of carrier bandwidth smaller than 20MHz for some bands, e.g. 10MHz, 15MHz can be considered.
Proposal 3: HD-FDD should not be supported for REDCAP UEs, since it reduces peak data rate and increases latency compared with full-duplex FDD, without obvious cost reduction.
Proposal 4: Reuse UE processing time Capability 1 defined in NR Rel-15 for REDCAP UEs.
Proposal 5: On relaxing UE processing capability, potential techniques including reducing the maximum TBS, limiting the maximum MIMO layers, limiting the maximum modulation scheme to 64QAM and reducing the number of HARQ process can be further discussed.
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Appendix 1 - Objectives in SID
	Identify and study potential UE complexity reduction features, including [RAN1, RAN2]: 
· Reduced number of UE RX/TX antennas
· UE Bandwidth reduction 
Note: Rel-15 SSB bandwidth should be reused and L1 changes minimized 
· Half-Duplex-FDD 
· Relaxed UE processing time 
· Relaxed UE processing capability 
Note1: The work defined above should not overlap with LPWA use cases. The lowest capability considered should be no less than an LTE Category 1bis modem.
Study UE power saving and battery lifetime enhancement for reduced capability UEs in applicable use cases (e.g. delay tolerant) [RAN2, RAN1]: 
· Reduced PDCCH monitoring by smaller numbers of blind decodes and CCE limits [RAN1].
· Extended DRX for RRC Inactive and/or Idle [RAN2]
· RRM relaxation for stationary devices [RAN2]
Study functionality that will enable the performance degradation of such complexity reduction to be mitigated or limited, including [RAN1]:
· Coverage recovery to compensate for potential coverage reduction due to the device complexity reduction. 
Study standardization framework and principles for how to define and constrain such reduced capabilities – considering definition of a limited set of one or more device types and considering how to ensure those device types are only used for the intended use cases [RAN2, RAN1].
Study functionality that will allow devices with reduced capabilities to be explicitly identifiable to networks and network operators, and allow operators to restrict their access, if desired [RAN2, RAN1].
Note2: Potential overlap with coverage enhancements study is discussed and resolved in RAN#87.
[bookmark: _Hlk26857702]Note3: Coexistence with Rel-15 and Rel-16 UE should be ensured
Note4: This SI should focus on SA mode and single connectivity



Appendix 2 – System-level simulation assumptions for PUSCH
The simulation assumption of system level simulation for PUSCH is provided in Table A2-1.
Table A2-1. The simulation assumption of system level simulation for PUSCH
	Parameters
	Value

	Inter-BS distance
	200m(Dense Urban), 1732m(rural), 12TRxP(Indoor hotspot)

	Carrier frequency
	4GHz

	Cell bandwidth
	20MHz, 100MHz

	UE bandwidth
	20MHz, 10MHz

	SCS 
	30kHz

	Channel model 
	3Duma(UMA), 3DInh(Indoor-office), 3DRma(Rural)

	Traffic model
	Full buffer

	UE Transmit power
	23dBm 

	BS antenna configuration
	(8,8,2,1,1:2,8) for Dense Urban & Rural,
(4,4,2,1,1:4,4) for Indoor hotspot

	UE antenna configuration
	1TX

	Number of UEs per cell
	10

	Waveform
	CP-OFDM

	SU/MU-MIMO
	MU-MIMO

	Codebook/Non-codebook
	Codebook

	Frame structure
	DDDSU, S slot = 10:2:2

	Highest Modulation order
	64QAM

	DMRS configuration
	Type2, 1 symbol additional DMRS

	Channel estimation
	Real

	Receiver type
	MMSE

	PUCCH
	2 PRB and 14 symbol in every UL slot 

	SRS
	2 symbol with periodicity of 5ms 
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