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1 Introduction

The Rel-17 SI on support of reduced capability NR (RedCap) devices includes an objective is to identify and study potential UE complexity reduction features, including [1]:
· 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  

Implementation of some of these complexity reduction features could result in a performance degradation for the device. Therefore, the SI also includes the objective to study the 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. 
· Note: 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
· The study includes evaluations of the impact to network capacity and spectral efficiency

In this contribution, we discuss aspects related to coverage recovery in RedCap devices.
2 Evaluation Methodology
The RedCap devices being studied in the new Rel-17 SI are targeted to serve three uses cases, namely industrial wireless sensors, video surveillance, and wearables. Each of these use cases has specific requirements for one or more of the following: service availability, reliability, latency, and bit rate. The RedCap devices are, however, required to meet the following generic requirements as a baseline:
· 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. 

· Deployment scenarios: System should support all FR1/FR2 bands for FDD and TDD.

Among these, the device complexity reduction is a primary objective defined for the SI. Several potential complexity reduction features are suggested. Our companion contribution discusses the various features in detail [5]. As a precursor to studying in detail what coverage recovery and other methods may be applied to mitigate the impact of performance degradation due to complexity reduction, it is necessary to first evaluate the performance of the NR device due to each complexity reduction feature. Therefore, the assumptions for evaluation of coverage recovery techniques must be aligned with that for evaluating performance with complexity reduction. 
Several proposals were discussed in e-mail discussions in RAN1 #101-e [2]
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[3]. The following agreements were made based on these.
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 safety related sensors, latency requirements apply to traffic initiated from RRC_CONNECTED.

· Use the TR 36.888 methodology for UE cost/complexity evaluation as a starting point and determine what major updates are needed.

· 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.

· Reuse the power consumption models and scaling factors for FR1 and FR2 provided in TR 38.840 (sections 8.1.1, 8.1.2, 8.1.3) as appropriate.

· Study the impact of BD and CCE limits reduction on power saving and PDCCH blocking probability (quantitatively) and impacts on latency and scheduling flexibility (at least qualitatively).

The proposals from the e-mail discussions post RAN1 #101-e are captured in [4]. The discussion also includes consideration of certain questions including some that are relevant to coverage recovery. We consider these questions below. The first question relates to adopting agreements from the coverage enhancement study item:
Question 16: Should the RedCap SI adopt CE SI agreements CE03 and CE11 regarding overall coverage evaluation methodology?
The agreements quoted above state the following.

· The basic evaluation methodology is based on link-level simulation for FR1.

· Step 1: Obtain the required SINR for the physical channels under target scenarios and service/reliability requirements.

· Step 2: Obtain the baseline performance based on required SINR and link budget template.

· Note: aspects related to identifying target performance and coverage bottlenecks based on target performance metric is to be handled separately

· The evaluation methodology based on system-level simulation is optional for FR1.

· Note: The simulation assumptions for SLS are up to companies’ reports.

· The evaluation methodology for FR2 is the same as FR1.

The above agreement outlines the basic evaluation methodology for coverage evaluation, which is also adopted in the coverage enhancement study item. The methodology uses SINRs for physical channels obtained from link-level simulations in the link budget template. Our view is that it makes sense to be aligned with this approach since this will also allow us to utilize the results of the coverage enhancement study item.
Proposal 1: Adopt the coverage enhancement agreements regarding overall coverage evaluation methodology.

The next question is related to the channels and message that should be considered in coverage evaluation. 
Question 17: Should the RedCap SI coverage evaluation include PDSCH, PUCCH, PUSCH and Msg3 and in addition include PDCCH, PBCH, SIB1, Msg2 and Msg4?

Complexity reduction techniques such as reduced number of antennas affect the coverage of all DL channels. Therefore, our view is that at least PDCCH and PBCH need to be included. SIB1 may also be needed as the size could be large and thus impacted by the reduced bandwidth considered for complexity reduction. Likewise, it may also be useful to evaluate the impact of complexity reduction on the coverage of Msg2 and Msg4.
Proposal 2: The RedCap SI coverage evaluation should include PDCCH, PBCH, SIB1, Msg2 and Msg4 in addition to PDSCH, PUCCH, PUSCH and Msg3.
Based on the e-mail discussions summarized in [4], the following agreements were also achieved:
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.

Agreements:

· If/when link-level coverage evaluations outside the CE SI are needed,
· The CE SI link-level simulation assumptions can be used as a starting point.

· For calibration purposes, the following settings can be used:

	Parameters
	FR1 values
	FR2 values

	Scenario and frequency
	Urban:

2.6 GHz (TDD) (primary choice)

4 GHz (TDD) (secondary choice)

Rural:

700 MHz (FDD)
	Indoor: 28 GHz (TDD)

	Frame structure for TDD
	For 2.6 GHz:

DDDDDDDSUU 

(S: 6D:4G:4U)

For 4 GHz:

DDDSUDDSUU

(S: 10D:2G:2U)
	DDDSU

(S: 10D:2G:2U)

	Channel model
	TDL-C
	TDL-A

	UE velocity
	3 km/h
	3 km/h


Agreements:

The evaluation of performance impacts includes at least peak data rate latency and reliability (as needed for the use cases). Other performance metrics such as power consumption, spectral efficiency and PDCCH blocking probability may also be considered if appropriate for a specific technique.

A reference link budget is needed to determine potential coverage reduction resulting from complexity reduction. Derivation of a link bugdet requires determination of SINR corresponding to the performance requirements specified for the different channels. In the RAN1 NR e-mail reflector, Ericsson suggested link-level simulation assumptions and parameters, which we have adoped below. In the current analysis, only the FR1 (2.6 GHz TDD), Urban scenario is considered. Common parameters for link-level simulations and those pertaining to reference NR UEs are listed in Table 1. Parameters pertaining to RedCap UEs are listed in Table 2. Table 3 lists the proposed performance requirements and other channel-specific parameters for a few of the DL and UL channels. The table cells filled with yellow correspond to assumptions that are not covered by any RAN1 agreements. The link-level performance for the listed channels is evaluated based on these assumptions.
Proposal 3: Agree on the link-level simulation parameters for the reference NR UE and RedCap UE.

Table 1. Common parameters and parameters for reference NR UE in FR1, Urban scenario
	Parameter
	Value

	Carrier Frequency
	2.6 GHz (TDD)

	BW
	100 MHz (273 PRBs)

	SCS
	30 kHz

	Frame structure for TDD
	DDDDDDDSUU (S: 6D:4G:4U)

	# of gNB TxRU
	64

	# of gNB TX chains
	4

	# of gNB RX chains
	4

	# of UE TX chains
	1

	# of UE RX chains
	4

	Channel Model
	TDL-C, NLOS

	UE antenna correlation
	Low

	delay spread
	300 ns

	UE velocity
	3 km/h

	Frequency offset (Hz)
	0

	Channel estimation
	practical


Table 2. Parameters for RedCap UE in FR1, Urban scenario
	Parameter
	Value

	BW
	20 MHz (51 PRBs)

	# of UE TX chains
	1

	# of UE RX chains
	1 or 2


Table 3. Channel-specific parameters
	Physical channel or system messages
	PDCCH
	PDSCH, eMBB
	PUCCH
	PUSCH, eMBB

	Performance target
	1% BLER
	FR1: 10 Mbps (Urban), 1 Mbps; 10% iBLER
	PF1: 1% D2A and Aerr, 0.1% N2A
PF3: BLER 1% for 4 bits, 10% and 1% for the rest
	FR1: 1 Mbps (Urban); 10% iBLER


	FDRA
	48 PRBs (CORESET size)
	200 PRBs
	1 PRB
	1 Mbps: 30 PRBs

	TDRA
	2 OFDM symbols (CORESET size)
	12 OFDM symbols
	14 OFDM symbols
	14 OFDM symbols

	waveform
	CP-OFDM
	CP-OFDM
	CP-OFDM for PF1, DFT-S-OFDM for PF3
	DFT-s-OFDM

	DMRS
	per RAN1 specs
	Type I, 2 DMRS symbol, 
no multiplexing with data.
	PF3: additional DMRS is configured (4 DMRS)
	Type 1, 1+1 DMRS, 
no multiplexing with data.

	Periodicity
	N/A
	N/A
	N/A
	N/A

	Payload
	40 bits
	target data rate 10 Mbps (30 kHz SCS): TBS = 5584
	PF1: 2 bits (A/N)
PF3: 4/11/22 bits (A/N+SR/UCI)
	target data rate 1 Mbps (30 kHz SCS): TBS = 552

	MCS index/TBS (or modulation and code rate, or PRACH format)
	per RAN1 specs
	Use Table 5.1.3.1-1 (TS38.214)
target data rate 10 Mbps (30 kHz SCS): MCS=0
	N/A
	Use Table 6.1.4.1-2 (TS38.214)
target data rate 1 Mbps (30 kHz SCS): MCS=3

	Number of transmissions
	1
	1 (no HARQ)
	1
	1

	Rx combining
	MRC
	MRC
	MRC
	MRC

	Diversity scheme
	Precoder cycling;
PRB bundle size of 6 
	Precoder cycling
PRB bundle size of 2
	(Intra PUCCH) frequency hopping at BWP edge
	no frequency hopping

	Aggregation level
	16
	N/A
	N/A
	N/A

	Comment
	 
	The target data rates for RedCap UEs will be adjusted lower to reflect the BW constraint. The TBS and MCS will be adjusted accordingly.

Example: for 2.6 GHz with 30 kHz SCS, there are 51 PRBs in 20 MHz. We use the MCS value from the reference UE, i.e. MCS=0. So, we end up with TBS=1480. This then give 1480/0.005*(1-0.1)=2.7 Mbps.
	 
	(1) To accommodate the assumptions on target data rates and FDRA, we use MCS based on Table 6.1.4.1-2 in TS38.214
(2) The target data rates for RedCap UEs will be adjusted lower to reflect the BW constraint. The TBS and MCS will be adjusted accordingly.


Link-level performance is evaluated using the above simulation assumptions and the required SNR to meet the desired performance target is determined for each channel. Detailed simulation results are provided in our companion contribution [5]. Additional assumptions used in the calculation of the link budget are listed in Table 4. Based on this, the reference NR UE link budget for several downlink and uplink channels is evaluated in Table 5.
Table 4. Additional assumptions for hardware link budget in FR1, Urban scenario
	Parameter
	Value

	gNB total transmit power (1) (dBm)
	44

	gNB transmitter losses (dB)
	3

	gNB receiver losses (2) (dB)
	3

	gNB receiver noise figure (dB)
	5

	UE transmit power (dBm)
	23

	UE transmitter losses (dB)
	1

	UE receiver losses (2) (dB)
	1

	UE receiver noise figure (dB)
	7

	Thermal noise density (dBm/Hz)
	-174

	Notes:

(1) Total power is scaled to occupied bandwidth in link budget

(2) Receiver losses are not used in hardware link budget
	


Table 5. Reference NR UE link budget for FR1, 2.6 GHz (TDD), Urban scenario
	Parameter
	PDSCH
	PDCCH
	PUSCH
	PUCCH Format 1
	PUCCH Format 3

	Scenario
	FR1, Urban, TDD

	Frame structure
	DDDDDDDSUU

	Carrier frequency (Hz)
	2.6 GHz

	Subcarrier spacing (kHz)
	30
	30
	30
	30
	30

	Number of PRBs
	200
	48
	30
	1
	1

	Transmission bit rate (bit/s)
	10000000
	-
	1000000
	-
	-

	Target packet error rate for the required SNR in item (19a) 
	10%
	1%
	10%
	1%
	1%

	Spectral efficiency (bit/s/Hz)
	0.14
	-
	0.09
	-
	-

	UE speed (km/h)
	3
	3
	3
	3
	3

	Feeder loss (dB)
	3
	3
	3
	3
	3

	Transmitter

	(1) Number of transmit antennas. (The number shall be within the indicated range in § 8.4 of Report ITU-R M.2412-0)
	192
	192
	4
	4
	4

	(1bis) Number of transmit antenna ports
	4
	4
	1
	1
	1

	(2) Maximal transmit power per antenna (dBm)
	19.82
	13.62
	16.98
	16.98
	16.98

	(3) Total transmit power = function of (1) and (2) (dBm) (The value shall not exceed the indicated value in § 8.4 of Report ITU-R M.2412-0)
	42.65
	36.45
	23
	23
	23

	(4) Transmitter antenna gain (dBi)
	8
	8
	0
	0
	0

	(5) Transmitter array gain (depends on transmitter array configurations and technologies such as adaptive beam forming, CDD (cyclic delay diversity), etc.) (dB)
	16.81
	16.81
	6.02
	6.02
	6.02

	(6) Channel power boosting gain or loss (dB)
	0
	0
	0
	0
	0

	(8) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for downlink)
	3
	3
	1
	1
	1

	(9a) EIRP = (3) + (4) + (5) + (6) – (8) dBm
	64.46
	58.26
	28.02
	28.02
	28.02

	Receiver 

	(10) Number of receive antennas (The number shall be within the indicated range in § 8.4 of Report ITU-R M.2412-0)
	4
	4
	192
	192
	192

	(10bis) Number of receive antenna ports
	4
	4
	4
	4
	4

	(11) Receiver antenna gain (dBi)
	0
	0
	8
	8
	8

	(11bis) Receiver array gain (depends on transmitter array configurations and technologies such as adaptive beam forming, etc.) (dB)
	0
	0
	16.81
	16.81
	16.81

	(12) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for uplink)
	1
	1
	3
	3
	3

	(13) Receiver noise figure (dB)
	7
	7
	5
	5
	5

	(14) Thermal noise density (dBm/Hz)
	-174.00
	-174.00
	-174.00
	-174.00
	-174.00

	(15a) Receiver interference density (dBm/Hz) 
	-172.90
	-172.90
	-171.30
	-167.20
	-167.20

	(16a) Total noise plus interference density = 10 log (10^(((13) + (14))/10) + 10^((15a)/10)) dBm/Hz  
	-166.01
	-166.01
	-166.99
	-165.00
	-165.00

	(17a) Occupied channel bandwidth (for meeting the requirements of the traffic type) (Hz)
	72000000
	17280000
	10800000
	360000
	360000

	(18a) Effective noise power = (16a) + 10 log((17a)) dBm
	-87.43
	-93.63
	-96.65
	-109.43
	-109.43

	(19a) Required SNR (dB) 
	-9.5
	-8.5
	-9.9
	-4.25
	-3.1

	(20) Receiver implementation margin (dB)
	2
	2
	2
	2
	2

	(21a) H-ARQ gain (dB)
	0
	0
	0
	0
	0

	(22a) Receiver sensitivity = (18a) + (19a) + (20) – (21a) dBm
	-94.93
	-100.13
	-104.55
	-111.68
	-110.53

	(23a) Hardware link budget = (9a) + (11) + (11bis) – (22a) dB
	159.39
	158.39
	157.39
	164.52
	163.37


Based on the link budget calculations, PUSCH is the limiting channel for coverage of the reference NR UE among the channels considered. PDSCH and PDCCH have a marginally better hardware link budget, while the hardware link budget for PUCCH Format 1 and PUCCH Format 3 is significantly better.
Observation 1: Based on preliminary analysis, the hardware link budgets for PDSCH, PDCCH, PUCCH Format 1, and PUCCH Format 3 exceed that for PUSCH.

The link-level performance for RedCap UEs is also evaluated using the assumptions. Detailed simulation results are provided in our companion contribution [5]. The target data rates for PDSCH and PUSCH are adjusted for the reduced bandwidth in each scenario. The hardware link budget is shown in Table 6 for a RedCap UE with 2 Rx antennas and in Table 7 for a RedCap UE with 1 Rx antenna. These link budgets show that for a RedCap UE, the performance loss due to complexity reduction is such that the hardware link budget for PDSCH and PUCCH dips below that for PUSCH. Therefore, PUSCH is no longer the limiting channel for coverage for the RedCap UE.
Observation 2: Based on preliminary analysis, coverage of the RedCap UE is limited by downlink channels.

Proposal 4: Agree on the hardware link budgets for the reference UE and RedCap UE link budgets before determining coverage recovery targets.
Table 6. RedCap UE (2 Rx antennas) link budget for FR1, 2.6 GHz (TDD), Urban scenario
	Parameter
	PDSCH
	PDCCH
	PUSCH
	PUCCH Format 1
	PUCCH Format 3

	Scenario
	FR1, Urban, TDD

	Frame structure
	DDDDDDDSUU

	Carrier frequency (Hz)
	2.6 GHz

	Subcarrier spacing (kHz)
	30
	30
	30
	30
	30

	Number of PRBs
	200
	48
	30
	1
	1

	Transmission bit rate (bit/s)
	10000000
	-
	1000000
	-
	-

	Target packet error rate for the required SNR in item (19a) 
	10%
	1%
	10%
	1%
	1%

	Spectral efficiency (bit/s/Hz)
	0.14
	-
	0.09
	-
	-

	UE speed (km/h)
	3
	3
	3
	3
	3

	Feeder loss (dB)
	3
	3
	3
	3
	3

	Transmitter

	(1) Number of transmit antennas. (The number shall be within the indicated range in § 8.4 of Report ITU-R M.2412-0)
	192
	192
	4
	4
	4

	(1bis) Number of transmit antenna ports
	4
	4
	1
	1
	1

	(2) Maximal transmit power per antenna (dBm)
	19.82
	13.62
	16.98
	16.98
	16.98

	(3) Total transmit power = function of (1) and (2) (dBm) (The value shall not exceed the indicated value in § 8.4 of Report ITU-R M.2412-0)
	42.65
	36.45
	23
	23
	23

	(4) Transmitter antenna gain (dBi)
	8
	8
	0
	0
	0

	(5) Transmitter array gain (depends on transmitter array configurations and technologies such as adaptive beam forming, CDD (cyclic delay diversity), etc.) (dB)
	16.81
	16.81
	6.02
	6.02
	6.02

	(6) Channel power boosting gain or loss (dB)
	0
	0
	0
	0
	0

	(8) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for downlink)
	3
	3
	1
	1
	1

	(9a) EIRP = (3) + (4) + (5) + (6) – (8) dBm
	64.46
	58.26
	28.02
	28.02
	28.02

	Receiver 

	(10) Number of receive antennas (The number shall be within the indicated range in § 8.4 of Report ITU-R M.2412-0)
	1
	1
	192
	192
	192

	(10bis) Number of receive antenna ports
	1
	1
	4
	4
	4

	(11) Receiver antenna gain (dBi)
	0
	0
	8
	8
	8

	(11bis) Receiver array gain (depends on transmitter array configurations and technologies such as adaptive beam forming, etc.) (dB)
	0
	0
	16.81
	16.81
	16.81

	(12) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for uplink)
	1
	1
	3
	3
	3

	(13) Receiver noise figure (dB)
	7
	7
	5
	5
	5

	(14) Thermal noise density (dBm/Hz)
	-174.00
	-174.00
	-174.00
	-174.00
	-174.00

	(15a) Receiver interference density (dBm/Hz) 
	-172.90
	-172.90
	-171.30
	-167.20
	-167.20

	(16a) Total noise plus interference density = 10 log (10^(((13) + (14))/10) + 10^((15a)/10)) dBm/Hz  
	-166.01
	-166.01
	-166.99
	-165.00
	-165.00

	(17a) Occupied channel bandwidth (for meeting the requirements of the traffic type) (Hz)
	72000000
	17280000
	10800000
	360000
	360000

	(18a) Effective noise power = (16a) + 10 log((17a)) dBm
	-87.43
	-93.63
	-96.65
	-109.43
	-109.43

	(19a) Required SNR (dB) 
	-6.3
	-5.3
	-9.9
	-4.25
	-3.1

	(20) Receiver implementation margin (dB)
	2
	2
	2
	2
	2

	(21a) H-ARQ gain (dB)
	0
	0
	0
	0
	0

	(22a) Receiver sensitivity = (18a) + (19a) + (20) – (21a) dBm
	-91.73
	-96.93
	-104.55
	-111.68
	-110.53

	(23a) Hardware link budget = (9a) + (11) + (11bis) – (22a) dB
	156.19
	155.19
	157.39
	164.52
	163.37


Table 7. RedCap UE (1 Rx antenna) link budget for FR1, 2.6 GHz (TDD), Urban scenario
	Parameter
	PDSCH
	PDCCH
	PUSCH
	PUCCH Format 1
	PUCCH Format 3

	Scenario
	FR1, Urban, TDD

	Frame structure
	DDDDDDDSUU

	Carrier frequency (Hz)
	2.6 GHz

	Subcarrier spacing (kHz)
	30
	30
	30
	30
	30

	Number of PRBs
	200
	48
	30
	1
	1

	Transmission bit rate (bit/s)
	10000000
	-
	1000000
	-
	-

	Target packet error rate for the required SNR in item (19a) 
	10%
	1%
	10%
	1%
	1%

	Spectral efficiency (bit/s/Hz)
	0.14
	-
	0.09
	-
	-

	UE speed (km/h)
	3
	3
	3
	3
	3

	Feeder loss (dB)
	3
	3
	3
	3
	3

	Transmitter

	(1) Number of transmit antennas. (The number shall be within the indicated range in § 8.4 of Report ITU-R M.2412-0)
	192
	192
	4
	4
	4

	(1bis) Number of transmit antenna ports
	4
	4
	1
	1
	1

	(2) Maximal transmit power per antenna (dBm)
	19.82
	13.62
	16.98
	16.98
	16.98

	(3) Total transmit power = function of (1) and (2) (dBm) (The value shall not exceed the indicated value in § 8.4 of Report ITU-R M.2412-0)
	42.65
	36.45
	23
	23
	23

	(4) Transmitter antenna gain (dBi)
	8
	8
	0
	0
	0

	(5) Transmitter array gain (depends on transmitter array configurations and technologies such as adaptive beam forming, CDD (cyclic delay diversity), etc.) (dB)
	16.81
	16.81
	6.02
	6.02
	6.02

	(6) Channel power boosting gain or loss (dB)
	0
	0
	0
	0
	0

	(8) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for downlink)
	3
	3
	1
	1
	1

	(9a) EIRP = (3) + (4) + (5) + (6) – (8) dBm
	64.46
	58.26
	28.02
	28.02
	28.02

	Receiver 

	(10) Number of receive antennas (The number shall be within the indicated range in § 8.4 of Report ITU-R M.2412-0)
	1
	1
	192
	192
	192

	(10bis) Number of receive antenna ports
	1
	1
	4
	4
	4

	(11) Receiver antenna gain (dBi)
	0
	0
	8
	8
	8

	(11bis) Receiver array gain (depends on transmitter array configurations and technologies such as adaptive beam forming, etc.) (dB)
	0
	0
	16.81
	16.81
	16.81

	(12) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for uplink)
	1
	1
	3
	3
	3

	(13) Receiver noise figure (dB)
	7
	7
	5
	5
	5

	(14) Thermal noise density (dBm/Hz)
	-174.00
	-174.00
	-174.00
	-174.00
	-174.00

	(15a) Receiver interference density (dBm/Hz) 
	-172.90
	-172.90
	-171.30
	-167.20
	-167.20

	(16a) Total noise plus interference density = 10 log (10^(((13) + (14))/10) + 10^((15a)/10)) dBm/Hz  
	-166.01
	-166.01
	-166.99
	-165.00
	-165.00

	(17a) Occupied channel bandwidth (for meeting the requirements of the traffic type) (Hz)
	72000000
	17280000
	10800000
	360000
	360000

	(18a) Effective noise power = (16a) + 10 log((17a)) dBm
	-87.43
	-93.63
	-96.65
	-109.43
	-109.43

	(19a) Required SNR (dB) 
	-2.3
	-1.3
	-9.9
	-4.25
	-3.1

	(20) Receiver implementation margin (dB)
	2
	2
	2
	2
	2

	(21a) H-ARQ gain (dB)
	0
	0
	0
	0
	0

	(22a) Receiver sensitivity = (18a) + (19a) + (20) – (21a) dBm
	-87.73
	-92.93
	-104.55
	-111.68
	-110.53

	(23a) Hardware link budget = (9a) + (11) + (11bis) – (22a) dB
	152.19
	153.19
	157.39
	164.52
	163.37


3 Recovery of coverage loss
The objective in the current SI is to only compensate for potential coverage degradation resulting from reduction in complexity of the NR UE. Thus, there is no need to uniformly enhance coverage of all channels or achieve a fixed coverage target for all channels. To achieve the desired objective, therefore, it is necessary to identify how coverage degradation in specific channels impacts overall system coverage.

In eMTC, there was a target to support a 15-dB coverage enhancement relative to LTE. This large coverage enhancement was enabled primarily through the support of repetition of channels. In the case of RedCap UEs, however, the objective is only to compensate for the coverage loss due to UE complexity reduction features. Therefore, it is necessary to analyze the impact of UE complexity reduction on each channel and determine the degree of coverage loss, which must then be compensated. Based on the finally agreed complexity reduction features, the extent of compensation required for many of the channels may be small or nothing. Therefore, before a deep discussion on coverage recovery techniques for each channel, it is necessary to understand the degree of compensation that may be needed.
Observation 3: Understanding the impact of complexity reduction on coverage of each channel is necessary before studying various candidate techniques for coverage recovery since some channels may not require any coverage recovery.

From the analysis in Section 2, it is seen that the complexity reduction results in coverage loss for the downlink channels. One option for coverage recovery is to compensate for the loss in each downlink and uplink channel. It is observed from the preliminary hardware link budget for the reference UE, however, that the PUSCH channel is the limiting channel. That is, this is the channel that determines system coverage for the reference UE. Thus, channels whose link budget exceeds that of the limiting channel can afford to experience a loss equal to the excess link budget without any impact to system coverage. Therefore, the other option for coverage recovery is to compensate for any excess loss below the link budget of the limiting channel of the reference UE.

Observation 4: There are two possible approaches to define the coverage recovery target for RedCap UEs:

· Option 1: The coverage recovery target for each channel of the RedCap UEs corresponds to the coverage loss experienced by the channel due to complexity reduction relative to the reference NR UE.

· Option 2: The coverage recovery target for each channel of the RedCap UEs corresponds to the link budget of the limiting channel for the reference NR UE.

In our view, Option 2 makes more sense since the coverage for the reference NR UE is determined by the limiting channel and hence the link budget target can be based on this channel. In other words, there is no need to recover any loss in link budget due to complexity reduction for the RedCap UE as long the link budget for a channel exceeds that of the limiting channel for the NR reference UE.
Proposal 5: The coverage recovery target for each channel of the RedCap UEs corresponds to the link budget of the limiting channel for the reference NR UE.
Wearable RedCap devices with a reduced form factor may include antennas with a lower antenna efficiency, effectively reducing the antenna gain relative to the reference NR UE. Such UEs will then experience an additional loss in coverage, which may need to be recovered. In RAN #88e, the objective for coverage recovery was updated to include a note on recovery of additional loss resulting from reduced antenna efficiency due to device size limitations:
· Coverage recovery to compensate for potential coverage reduction due to the device complexity reduction. 
· Note: 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 above note, coverage recovery in a RedCap UE would need to consider the loss in antenna gain due to the reduced size, but the extent of compensation for such loss is limited to 3 dB. Thus, in the link budget analysis for the RedCap UE, a fixed 3-dB reduction in antenna gain can be considered to account for the use case with smaller device size.
Based on preliminary link budget analysis for the reference NR UE and the RedCap UE presented in the previous section, it is observed that coverage of the reference NR UE may be limited by PUSCH and, as such, the target for coverage recovery may be based on the hardware link budget for PUSCH. Furthermore, for RedCap UEs with 2 Rx antennas, the downlink channels are degraded by around 3 dB. Consequently, the extent of coverage loss that needs to be recovered for PDSCH and PDCCH is approximately 1 dB and 2 dB, respectively. For RedCap UEs with reduced antenna size, an additional 3 dB must be recovered. All the uplink channels will also experience this loss and hence it must be recovered for these channels as well. The link budget analysis also shows that a further 4 dB loss is experienced for downlink channels RedCap UEs with 1 Rx antenna, which must be recovered.

Observation 5: Based on preliminary analysis, if coverage recovery is based on the limiting channel for the reference NR UE, the coverage loss that must be recovered for PDSCH and PDCCH is approximately

· 1 dB and 2 dB, respectively, for a RedCap UE with 2 Rx antennas, and an additional 3 dB for a UE with a reduced antenna size;

· 5 dB and 6 dB, respectively, for a RedCap UE with 1 Rx antenna, and an additional 3 dB for a UE with a reduced antenna size.

Various coverage enhancement techniques were investigated for eMTC channels. These techniques can be used as a starting point for discussion of techniques to be used for RedCap devices as well. Below we consider a few candidate techniques for each channel if coverage recovery is necessary.

PDSCH and PUSCH

Based on the preliminary link budget analysis above, PUSCH may be the limiting channel. Furthermore, if there is no reduction in complexity relative to the baseline for uplink channels, the performance of these channels is not degraded. Therefore, coverage recovery for these channels may not need to be considered.
In eMTC, repetition is supported for coverage extension of PUSCH and PDSCH. In the case of RedCap UEs, coverage degradation for PDSCH due to a smaller number of Rx antennas implies that the data rate is degraded. While repetition helps with improving SINR, it cannot improve the data rate for the UE. A small amount of coverage recovery (e.g., 1-2 dB) can be achieved through the use of a lower MCS or HARQ.
It may be noted that repetition of PDSCH and PUSCH transmission is already supported for NR devices via RRC configuration, although it is an optional UE capability. With this approach, the same symbol allocation is applied over up to 8 consecutive slots based on the repetition factor value configured in RRC. If this approach is supported for coverage recovery in RedCap devices, it must be mandatory for these devices. If necessary, this approach for configuration of repetitions can be extended to support larger numbers of repetitions. While dynamic indication of the number of repetitions is supported in eMTC to avoid wasteful repetitions when channel conditions improve, this does not offer a significant benefit for small repetition numbers.
Observation 6: Extension of RRC configuration of the number of repetitions can be considered for coverage recovery of PDSCH and PUSCH.

PDCCH

The repetition approach has also been used in eMTC for the control channel. While RRC configuration indicates the maximum number of repetitions of the control channel, which determines the various candidate repetition numbers that the UE tries when performing blind decoding, the DCI itself indicates the actual number of repetitions transmitted. This approach is again useful for dynamically changing channel conditions. A straightforward application of this approach to reduced complexity NR devices involves repetition of the CORESET in multiple slots with the number of repetitions configured in RRC.
An alternate approach is to repeat the CORESET contiguously in time or frequency, effectively creating an extended CORESET. The repeated PDCCH itself may be discontinuous in time if it occupies fewer symbols than the CORESET duration.
A second alternate approach that may be used if the required coverage recovery is small is to support higher aggregation levels. Currently, the maximum aggregation level is 16 and higher aggregation levels can be considered for RedCap UEs. The higher aggregation levels can also be considered in conjunction with an extended CORESET for RedCap UEs. Unlike the previous two approaches, where simple combining of repetitions can be done, this approach impacts codeword generation and mapping to CCEs and may have an overall high specification impact.
A third alternate approach that is also applicable if the required coverage recovery is small is to define a new DCI format with fewer bits that can be supported with the current aggregation levels. Like the previous approach, this approach is also likely to have a relatively high specification impact. 

A fourth alternate approach is to repeat the transmission across multiple CORESETs that the RedCap UE is configured with. Depending on the CORESET and associated search space configurations, the codeword mapping may be different in each CORESET and combining the repetitions involves higher complexity. The specification impact of this approach is also expected to be high.
Observation 7: Multiple candidate techniques can be considered for coverage recovery of PDCCH, with some techniques being useful when the required coverage recovery is small.
PBCH

Various techniques were considered for coverage extension in eMTC. Since the same information is carried in multiple transmissions of PBCH, improvement in decoding performance can be achieved through multiple decoding attempts by the UE at the expense of increased latency. Unlike in eMTC, the PBCH is beam based and therefore the UE can take advantage of only those PBCH transmissions that are transmitted on the same beam. The SSB burst set period is configurable and, for larger periods, there is a bigger impact on latency with this approach of multiple decoding attempts.

Repetition of PBCH is supported in eMTC and can also be considered for supporting RedCap UEs if necessary. This approach involves repeating the PBCH in other symbols. Due to the SSB burst structure in NR, there is less flexibility to repeat the PBCH in adjacent symbols or slots. Therefore, repetition of the entire SSB burst set may need to be considered. Furthermore, the design must consider the large number of cases corresponding to different sub-carrier spacings and different RF frequency ranges. It should be noted, however, that coverage recovery can be achieved by combining the repetition approach with the approach of multiple decoding attempts.
Observation 8: PBCH repetition design for coverage recovery must consider SSB structure for different sub-carrier spacings and different RF frequency ranges.
PUCCH

The reference performance for PUCCH is specified assuming a single Tx antenna. Therefore, no impact on PUCCH coverage is anticipated due to UE complexity reduction. Based on preliminary analysis for FR1, Urban scenario, PUCCH may have sufficient coverage margin to incorporate the loss due to a smaller antenna size. More analysis for other scenarios is necessary to obtain the full picture, however.
Observation 9: No impact on PUCCH coverage is anticipated due to complexity reduction, but coverage loss due to smaller antenna size may be necessary, but coverage loss due to smaller antenna size may be necessary.
PRACH

The reference performance for PRACH is specified assuming a single Tx antenna. Therefore, no impact on PRACH coverage is anticipated due to UE complexity reduction. Compensation for reduced antenna gain due to a smaller antenna may still be necessary.
Observation 10: No impact on PRACH coverage is anticipated due to complexity reduction, but coverage loss due to smaller antenna size may be necessary.

4 Conclusions

In this contribution, we discuss functionality for coverage recovery in NR reduced complexity devices. The following observations and proposals are made.
Observation 1: Based on preliminary analysis, the hardware link budgets for PDSCH, PDCCH, PUCCH Format 1, and PUCCH Format 3 exceed that for PUSCH.

Observation 2: Based on preliminary analysis, coverage of the RedCap UE is limited by downlink channels.

Observation 3: Understanding the impact of complexity reduction on coverage of each channel is necessary before studying various candidate techniques for coverage recovery since some channels may not require any coverage recovery.

Observation 4: There are two possible approaches to define the coverage recovery target for RedCap UEs:

· Option 1: The coverage recovery target for each channel of the RedCap UEs corresponds to the coverage loss experienced by the channel due to complexity reduction relative to the reference NR UE.

· Option 2: The coverage recovery target for each channel of the RedCap UEs corresponds to the link budget of the limiting channel for the reference NR UE.

Observation 5: Based on preliminary analysis, if coverage recovery is based on the limiting channel for the reference NR UE, the coverage loss that must be recovered for PDSCH and PDCCH is approximately

· 1 dB and 2 dB, respectively, for a RedCap UE with 2 Rx antennas, and an additional 3 dB for a UE with a reduced antenna size;

· 5 dB and 6 dB, respectively, for a RedCap UE with 1 Rx antenna, and an additional 3 dB for a UE with a reduced antenna size.

Observation 6: Extension of RRC configuration of the number of repetitions can be considered for coverage recovery of PDSCH and PUSCH.

Observation 7: Multiple candidate techniques can be considered for coverage recovery of PDCCH, with some techniques being useful when the required coverage recovery is small.

Observation 8: PBCH repetition design for coverage recovery must consider SSB structure for different sub-carrier spacings and different RF frequency ranges.
Observation 9: No impact on PUCCH coverage is anticipated due to complexity reduction, but coverage loss due to smaller antenna size may be necessary, but coverage loss due to smaller antenna size may be necessary.

Observation 10: No impact on PRACH coverage is anticipated due to complexity reduction, but coverage loss due to smaller antenna size may be necessary.

Proposal 1: Adopt the coverage enhancement agreements regarding overall coverage evaluation methodology.

Proposal 2: The RedCap SI coverage evaluation should include PDCCH, PBCH, SIB1, Msg2 and Msg4 in addition to PDSCH, PUCCH, PUSCH and Msg3.

Proposal 3: Agree on the link-level simulation parameters for the reference NR UE and RedCap UE.

Proposal 4: Agree on the hardware link budgets for the reference UE and RedCap UE link budgets before determining coverage recovery targets.

Proposal 5: The coverage recovery target for each channel of the RedCap UEs corresponds to the link budget of the limiting channel for the reference NR UE.
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