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Introduction
In 3GPP RAN#86, a new SI on the support of reduced capability (RedCap) devices was approved for NR Rel-17 [1]. In 3GPP RAN#88,  the SID was revised to clarify the data rates and bandwidth capabilities of RedCap devices [2]. Based on the justifications and objectives of the SID [1-2], the goal of this SI is to study a list of UE features and parameters with reduced capabilities relative to NR release 16 eMBB and URLLC devices, to serve new use cases of NR including wearables, industry wireless sensors and video surveillance. On the other hand, the lowest data rates and bandwidth capability considered for NR Rel-17 RedCap UE should be no less than those of LTE Category 1bis modem, namely:
· UE BW of NR Rel-17 RedCap devices should be no less than 20 MHz
· DL and UL peak data rates of NR Rel-17 RedCap devices should be no less than 10 Mbps and 5 Mbps, respectively.
In this contribution, we share our views on the standardization framework and design principles for NR Rel-17 RedCap devices, including:
· Deployment scenarios and requirements 
· Consideration for the device types
· Co-existence considerations
· Cross-layer design consideration for access control/restriction/barring
· Indication of reduced capabilities during RACH procedure
· Relation to other R17 SI/WI
· FR2 specific coexistence considerations
The analysis for UE complexity reduction, power saving and coverage recovery can be found in our companion papers [3-5].
Deployment Scenarios and Use-Case Specific Requirements
Three main use cases, connected industries, smart city innovations, and wearables are considered for the RedCap NR devices SI [1-2].  Generic device requirements of the use cases are:
· Device complexity: Main motivation for the new device type is to lower the device cost and complexity as compared to high-end eMBB and URLLC devices of Rel-15/Rel-16. This is especially the case for industrial sensors. 
· Device size: Requirement for most use cases is that the standard enables a device design with compact form factor. 
Use case specific requirements in terms of form factor, throughput, realizability, latency, and battery life are summarized in Table 1. 
Table 1. Use cases and requirements of reduced capability UEs
	Use cases
	Examples
	Requirements

	Connected industries
	pressure sensors, humidity sensors, thermometers, motion sensors, accelerometers, actuators
	Lower the device cost and complexity compared to eMBB/URLLC of Rel-15/16
Compact form factor
System should support all FR1/FR2 bands for FDD and TDD
< 2 Mbps throughput
reliability 99.99% 
end-to-end latency less than 100 ms, but 5-10ms for safety sensor

	Smart city innovations
	surveillance cameras
	2-4 Mbps, but 7.5-25Mbps for high end video (e.g., for farming)
latency < 500 ms
reliability 99%-99.9%.

	Wearables
	smart watches, rings, eHealth related devices, and medical monitoring devices
	Reference data rates of 5-50 Mbps in DL and 2-5 Mbps in UL. 
DL peak data rates up to 150 Mbps.
UL peak data rates up to 50 Mbps.  
Battery of the device should last multiple days (up to 1-2 weeks).



To support the diverse use cases and requirements, both indoor and outdoor deployment scenarios should be considered, which include dense-urban, UMA, rural and indoor hotspot, FDD and TDD in all FR1/FR2 bands and unlicensed bands, with emphasis on NR Standalone (SA) mode and single connectivity [1-2].

Consideration for Device Types 
Main motivation for the new device type is to lower the device cost and complexity as compared to high-end eMBB and URLLC devices of Rel-15/Rel-16.  Most use cases for RedCap devices require a compact form factor, which limits the number of TX/RX antennas as well as the size of antennas.
The SI objectives include [1]:
· 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. 
· 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].
[bookmark: _Hlk26857702]
Possible ways to define RedCap UE types are discussed below. 
· Implicit definition of RedCap UE types by UE capability signaling
· This may imply a number of UE types.
· A challenge is how to meet the objective of making RedCap devices explicitly identifiable to networks and networks operators. 

· Explicit definition of RedCap UE type(s)  
· In this approach, each UE type may be defined by a set of UE features, e.g., #Tx/Rx antennas, maximum supportable BW, etc. 
· The question is how many RedCap UE types are to be defined. 
· One RedCap UE type
· Alt-1: UE feature set is defined targeting a high-end use case, e.g., smart watch that requires relatively high data rates compared to other use cases.  
· Alt-2: UE feature set is defined targeting a low-end use case, e.g., sensors that require relatively low data rates. A RedCap UE may support more optional features, e.g., to support higher data rates. 
· More than one UE types
· Multiple UE feature sets are defined, each targeting a group of use cases. 

The explicit approach may be preferred as it can facilitate the above two SI objectives as well as definition of target markets.  It is generally desirable not to have too many RedCap UE types, e.g., to avoid a market fragmentation issue. When it comes to FR1, introducing one or two types may be a good option, at least in Rel-17.  In case only a single RedCap device type is defined, Alt-1 above may be preferred to support wide range of use cases.  On the other hand, in case two UE types are defined, we may have one for high-end RedCap UE type (e.g., smart watch) and the other for low-end (e.g., sensors). 

[bookmark: p1]Proposal 1: It is beneficial to support 1 RX UE and 2 RX UE for R17 RedCap devices. 1 RX UE should be supported as the baseline, and 2 RX should be supported as an optional UE feature. 
· If a single RedCap device type is defined, the device type should cover a wide range of use cases and requirements. 
· If two RedCap device types are defined, consider one type for low-end RedCap devices and the other for high-end RedCap devices.
· MIMO layer reduction beyond the number of RX antennas is not supported.
Co-existence Considerations
[bookmark: _Hlk23927392]With the introduction of RedCap UEs, it is important to consider their coexistence with high-end eMBB and URLLC devices.  To this end, it would be desirable for RedCap UE to reuse the waveform, numerologies, channel coding, physical signals and control/data channel structure of NR Rel-15/16.
It is expected that a new and distinctive set of UE features will be specified for NR Rel-17 RedCap devices. In our companion papers [3-5], we share our considerations about complexity reduction, power saving and coverage recovery.
By re-using the UE capability transfer mechanism of NR Rel-15, a RedCap device can submit the UECapabilityInformation to gNB, based on the UECapabilityEnquiry issued by the network. Upon receiving the reports of UE  capability, the scheduler at gNB is able to multiplex the RedCap UE with NR Rel-15/16 UE on shared radio resources, or allocate dedicated resources for RedCap UE. Therefore, the co-existence of different UE capabilities can be ensured and simplified after RRC connection is established.
On the other hand, a RedCap UE can leverage the RACH procedure of NR Rel-15/16 to indicate part of its reduced capabilities or link level measurements. As a result, network can more efficiently coordinate the scheduling and resource allocation to fulfill the QoS requirements of different service/UE types. More detailed discussion can be found in Section 6 of this paper.
To reduce the impacts on standards, RedCap devices should re-use the SSB BW and CORESET0/RMSI resource indication mechanism of NR Rel-15/16, and share the initial DL/UL BWP configured for legacy UEs. As a result, the signaling overhead to ensure co-existence of different UE types/capabilities is reduced. In some deployments, there might be a need to configure dedicated MIB/SIB1 for RedCap UE, and the NR Rel-15/16 SSB/SIB1 design can still be re-used. For example, the RedCap devices can be configured with a non-cell-defining SSB with respect to legacy UE, wherein the BCCH-BCH-MessageType is set to messageClassExtension instead of MIB to differentiate the RRC information type of PBCH. As a result, the cell-defining SSB of RedCap devices can use the non-cell-defining SSB of legacy UE for initial access, and the legacy UE can use the cell-defining SSB of RedCap UE for RSRP measurements.
[bookmark: p2]Proposal 2: Support the co-existence of RedCap devices with NR Rel-15/16 UE and minimize the L1 impacts by:
· re-using the waveform, numerologies, channel coding, physical signals and control/data channel structure of NR Rel-15
· re-using the UE capability transfer mechanism of NR Rel-15 after RRC connection
· re-using the PSS/SSS sequences and PBCH/SIB1 design of NR Rel-15/16 

Cross-Layer Design Considerations for Access Control/Restriction/Barring
The objectives of the RedCap study include [1-2]: 
· RedCap UEs should be “explicitly identifiable to networks and network operators”;
· Network can ensure “those device types are only used for the intended use cases”;
· Operators can “restrict their access, if desired.”
To meet these three requirements, we think the following should be studied:
· The procedure by which UE identifies itself as RedCap. The existing registration request can be a good candidate for consideration, because it is the procedure in which UE submits its identity to core network and it is the core network that can enforce restriction on UE’s services and intended uses. 
· The framework by which network ensures RedCap UEs are restricted to only their intended use. We think this framework should consist at least the following two procedures [6]:
· Subscription validation. The procedure needs to be performed to confirm whether UE’s device type (RedCap) matches its subscription. More specifically, after network receives UE’s RedCap indication, it needs to verify UE’s indication against its subscription plan, which includes information such as whether UE’s plan supports RedCap (and/or its allowed set of RedCap categories). Network can reject UE’s registration request if UE indicates RedCap but its subscription says otherwise. Similarly, if UE subscription is RedCap but UE does not indicate that during registration request, network can reject the UE registration.
· Capability match. Verification of UE’s RedCap indication against its subscription does not completely prevent a hacked or misconfigured UE from reporting a wrong indication. Therefore, network needs to perform an additional verification on whether UE’s radio capabilities also match with the capability criteria associated with UE’s RedCap indication. 
There are procedures already defined in the current SA specs that can be used for the purposes described above. They only need to be enhanced to support the new RedCap indication in their signaling.     
· The framework by which network restricts/controls RedCap UE’s access, if desired. In NR Rel-15, a unified access control (UAC) framework was designed to enable access control on a variety of access categories/identities, with enough future compatibility built in. For NR Rel-17, the UAC framework can be re-used, with necessary enhancement for the access identities, to enable access restriction/control on RedCap UE at least during network congestion. On the other hand, gNB can also advertise its support for RedCap in system information in the same fashion as for eMTC in LTE, or employ dedicated signaling to configure RedCap UEs with a list of cells that it may or may not access [7].

[bookmark: p3]Proposal 3:  Support enhancements of existing access control procedures and frameworks to support restricted use and restricted access of NR Rel-17 RedCap UEs.

Indication of Reduced Capabilities During RACH Procedure
[bookmark: _Hlk40395323]Early indication of RedCap device type before the establishment of RRC connection is beneficial to optimize the tradeoff of coverage,  scheduling flexibility and efficiency. For example, gNB needs to consider coverage recovery schemes for the RAR and contention resolution message transmitted to the RedCap UE. Moreover, if a delay-tolerant RedCap UE and a delay-sensitive URLLC UE are accessing the network simultaneously, early indication by RedCap UE can better help the network to prioritize the access request and coordinate the resource allocation to fulfill the QoS requirements of different service type.
Therefore, it is useful and necessary to study a mechanism by which UE can indicate during connection establishment procedure that it has only reduced capabilities.
[bookmark: p4]Proposal 4: Support early indication of RedCap device type by Type-1 and Type-2 RACH procedures.


FR2-Specific Coexistence Considerations
LTE eMTC and NB-IOT are defined for lower frequency ranges. No such category of devices is defined for FR2 frequency ranges, i.e., Rel-17 RedCap will be the first time to use FR2 with lower capability devices. This opens up the design considerations for FR2 for RedCap since we don’t have a reduced capability reference to compare against. 
Initial Cell Search
For initial cell search, FR2 may have up to 64 beams requiring much more duplication for resources (e.g., SSB, CORESET0, RMSI, and PRACH RO’s). The separation of RedCap capable systems from regular non-RedCap capable systems in terms of cell search can be done from different stages: i.e., we can start the separation from the SSB, CORESET0, RMSI, or RACH. When considering the place of the separation, there may be certain advantages and disadvantages for an early separation in the cell search process:
· Advantage: enables RedCap UEs to discover early if a system is RedCap capable, thus reducing unnecessary wasted power and acquisition time (in case system is not RedCap capable)
· Disadvantage: duplicates resources between RedCap and non-RedCap systems which is particularly important for FR2 systems given the possible 64 beams
[image: ]
[bookmark: p6][bookmark: _GoBack]Proposal 5: For FR2, consider a separate cell search and initial access design for RedCap devices to balance early discovery of RedCap systems (UE power and acquisition time), resource overhead, and network flexibility. 
· Separation may be from SSB, CORESET0, RMSI, or RACH
· Consider techniques to reduce the resource duplications due to such separation 
Beam Management
Stationary devices within a gNB coverage may cause several issues:
· The distribution of the UEs within a gNB coverage may be such that certain beams have much more UEs than other beams leading to overloading of these beams
· More persistent interference for UEs within a beam and across beams
For efficient beam utilization and interference management, gNB may be able to control the distribution of UEs among the beams by dynamic signaling, however:
· Dynamic signaling may cause additional overhead 
· If we have persistent interference (especially on UL), NW control may not be sufficient or efficient
Beam overloading may affect RedCap UEs as well as non-RedCap UEs.
                         [image: ]           [image: ]

One more aspect is beam direction blockage. In some systems, especially in reduced capability NR devices, there may be large number of UEs that are using preconfigured resources. Thus, it may reduce the flexibility of the network to accommodate/multiplex other UEs (e.g., eMBB users) at these preoccupied/preconfigured resources (e.g., CORESETs/search space sets, SPS, CG).
The network may choose to FDM or use MU-MIMO to multiplex these UEs. However, this may not always be possible especially if the 2 UEs are using gNB Tx or Rx beams pointing in different directions. 
[bookmark: p7]Proposal 6: For FR2, consider more efficient ways to:
· reduce beam overloading and interference for stationary or slow moving UEs (e.g., by reducing the need for dynamic TCI state updates);
· reduce beam direction blockage to accommodate other UEs in times when beams are preconfigured for RedCap UEs.
RedCap Resource Usage
Generally, the number of RedCap UEs in the system may be large, thus consuming many resources. Hence, it may be desirable to have a lean design for RedCap as much as possible to reduce the resource impact. It also may be desirable to reuse the resources for non-RedCap UEs as much as possible. A lean design for UL and DL is also very beneficial to reduce the resource overhead that is caused by RedCap UEs on non-RedCap UEs. Examples include:
· Ways to reduce signaling overhead by:
· Bundling message
· Pre-configurations for certain message types
· Piggy-backing control messages on already used messages 
· Event-based UL messages (e.g., L1 measurement reports)
· Dynamically configuring control resources
· On-demand control resources
· Reducing unused pre-configured resources like SPS and UL-CG
· Reducing the overhead for RS used for beam management
Another aspect to consider in coexistence is message time domain repetition. Ways to reduce time domain blocking caused by message repetition in time domain need to be studied.
[bookmark: p8]Proposal 7: For FR2, consider ways to reduce the UL and DL resources utilizations for RedCap devices by:
· utilizing a leaner RedCap design, e.g.:
· Ways to reduce signaling overhead by:
· Bundling message
· Pre-configurations for certain message types
· Piggy-backing control messages on already used messages 
· Event-based UL messages (e.g., L1 measurement reports)
· Dynamically configuring control resources
· UE requested (on-demand) control resources
· Reducing unused pre-configured resources like SPS and UL-CG
· Reducing the overhead for RS used for beam management
· re-using as much as possible resources used by the non-RedCap UE


PRACH Overloading and Congestion
In certain cases, many RedCap or IOT devices may be connected to the same cell or beam and many of them need to access the network (using RACH) at the same time causing RACH overloading and congestion. This can be particularly true for stationary devices. These beams may be congested at only certain times or during certain events, examples:
· Many bicycles parked in the same location and are unlocked at almost the same time (during rush hour)
· Co-located cameras or industrial sensors scheduled to upload data to the network at a specific time
In these cases, due to the large number of RedCap UEs, eMBB (or even RedCap UEs) may not have enough PRACH resources causing temporary congestion and collisions and causing delays to network access.
[image: ]
In case of congestion/collision, NR defines a backoff indicator (BI) mechanism sent on RAR message, and the BI is:
· Time based  the whole beam may be overloaded, so this may not help
· Is reactive, i.e., after the collision happens  we may need a proactive method if the congestion patter is known for example
Hence, to avoid such network access delays caused by PRACH congestions and overloading, we may need to consider ways to more proactively prevent such collisions to help mitigate unnecessary UE power and delays.
[bookmark: p9]Proposal 8: For FR2, consider additional ways to mitigate PRACH collisions and resource overloading to improve UE power efficiency and latency.

Conclusions
Based on the discussions above, we have the following proposals: 
Proposal 1: It is beneficial to support 1 RX UE and 2 RX UE for R17 RedCap devices. 1 RX UE should be supported as the baseline, and 2 RX should be supported as an optional UE feature. 
· If a single RedCap device type is defined, the device type should cover a wide range of use cases and requirements. 
· If two RedCap device types are defined, consider one type for low-end RedCap devices and the other for high-end RedCap devices.
· MIMO layer reduction beyond the number of RX antennas is not supported.

Proposal 2: Support the co-existence of RedCap devices with NR Rel-15/16 UE and minimize the L1 impacts by:
· re-using the waveform, numerologies, channel coding, physical signals and control/data channel structure of NR Rel-15
· re-using the UE capability transfer mechanism of NR Rel-15 after RRC connection
· re-using the PSS/SSS sequences and PBCH/SIB1 design of NR Rel-15 

Proposal 3:  Support enhancements of existing access control procedures and frameworks to support restricted use and restricted access of NR Rel-17 RedCap UEs.

Proposal 4: Support early indication of RedCap device type by Type-1 and Type-2 RACH procedures.
Proposal 5: For FR2, consider a separate cell search and initial access design for RedCap devices to balance early discovery of RedCap systems (UE power and acquisition time), resource overhead, and network flexibility. 
· Separation may be from SSB, CORESET0, RMSI, or RACH
· Consider techniques to reduce the resource duplications due to such separation 
Proposal 6: For FR2, consider more efficient ways to:
· reduce beam overloading and interference for stationary or slow moving UEs (e.g., by reducing the need for dynamic TCI state updates);
· reduce beam direction blockage to accommodate other UEs in times when beams are preconfigured for RedCap UEs.
Proposal 7: For FR2, consider ways to reduce the UL and DL resources utilizations for RedCap devices by:
· utilizing a leaner RedCap design, e.g.:
· Ways to reduce signaling overhead by:
· Bundling message
· Pre-configurations for certain message types
· Piggy-backing control messages on already used messages 
· Event-based UL messages (e.g., L1 measurement reports)
· Dynamically configuring control resources
· UE requested (on-demand) control resources
· Reducing unused pre-configured resources like SPS and UL-CG
· Reducing the overhead for RS used for beam management
· re-using as much as possible resources used by the non-RedCap UE

Proposal 8: For FR2, consider additional ways to mitigate PRACH collisions and resource overloading to improve UE power efficiency and latency.
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