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In RAN#109e meeting, the following agreements were approved for Rel-18 RedCap UE positioning [1].
	Agreement
For evaluation of RedCap UE positioning performances, all RAT based positioning methods can be considered. Sources should detail the chosen method(s) when presenting performance evaluations.
Agreement
For evaluation of positioning performance of redcap UEs, adopt the general parameters are detailed in the table below
· TBD parameters are discussed separately 
 Table 6-1: Common scenario parameters applicable for all scenarios for Redcap UEs evaluations
	
	FR1 Specific Values
	FR2 Specific Values 

	Carrier frequency, GHz 
	3.5GHz, 700MHz (optional) 
Note 1
	28GHz 
Note 1

	Bandwidth, MHz
	TBD
	TBD

	Subcarrier spacing, kHz
	30KHz, 15KHz (for 700MHz carriers)
	120kHz

	gNB model parameters 
	
	

	gNB noise figure, dB
	5dB
	7dB

	UE model parameters 
	
	

	UE noise figure, dB
	9dB – Note 1
	13dB – Note 1

	UE max. TX power, dBm
	23dBm – Note 1
	23dBm – Note 1
EIRP should not exceed 43 dBm.

	UE antenna radiation pattern 
	Omni, 0dBi
	Antenna model according to Table 6.1.1-2 in TR 38.855

	PHY/link level abstraction
	Explicit simulation of all links, individual parameters estimation is applied. Companies to provide description of applied algorithms for estimation of signal location parameters.

	Network synchronization


	The network synchronization error, per UE dropping, is defined as a truncated Gaussian distribution of (T1 ns) rms values between an eNB and a timing reference source which is assumed to have perfect timing, subject to a largest timing difference of T2 ns, where T2 = 2*T1
–	That is, the range of timing errors is [-T2, T2]
–	T1: 0ns (perfectly synchronized), 50ns (Optional)

	UE/gNB RX and TX timing error
	(Optional) The UE/gNB RX and TX timing error, in FR1/FR2, can be modeled as a truncated Gaussian distribution with zero mean and standard deviation of T1 ns, with truncation of the distribution to the [-T2, T2] range, and with T2=2*T1:
-	T1: X ns for gNB and Y ns for UE
-	X and Y are up to sources 
-	Note: RX and TX timing errors are generated per panel independently

Apply the timing errors as follows: 
-	For each UE drop, 
-	For each panel (in case of multiple panels)
-	Draw a random sample for the Tx error according to [-2*Y,2*Y] and another random sample for the Rx error according to the same [-2*Y,2*Y] distribution. 
-	For each gNB 
-	For each panel (in case of multiple panels)
-	Draw a random sample for the Tx error according to [-2*X,2*X] and another random sample for the Rx error according to the same [-2*X,2*X] distribution. 
-	Any additional Time varying aspects of the timing errors, if simulated, can be left up to each company to report.
-	For UE evaluation assumptions in FR2, it is assumed that the UE can receive or transmit at most from one panel at a time with a panel activation delay of 0ms.

	Note 1: 	According to TR 38.802
Note 2: 	According to TR 38.901


Agreement
For the evaluation of RedCap positioning, the following bandwidth can be evaluated:
· FR1: 20MHz baseline, 5MHz optional
· FR2: 100MHz
Agreement
Adopt the following table for the UE model parameters
	
	FR1 Specific Values
	FR2 Specific Values 

	UE model parameters 
	
	

	UE antenna configuration
	Panel model 1 – Note 1
dH = 0.5λ,
for 1Rx UEs: (M, N, P, Mg, Ng) = (1, 1, 1, 1, 1)

for 2Rx UEs: (M, N, P, Mg, Ng) = (1, 1, 2, 1, 1)
	· (M, N, P, Mg, Ng) = (1, 2, 2, 1, 1) as minimum antenna configuration (baseline)
· (M, N, P, Mg, Ng) = (2, 2, 2, 1, 1) as optional configuration. 


	UE antenna radiation pattern 
	Omni, 0dBi
	Antenna model according to Table 6.1.1-2 in TR 38.855

	Number of UE   branches
	Baseline: 1Rx 1Tx
Optional: 2Rx 1 Tx
	TBD

	Note 1: According to 3GPP TR 38.802


Agreement
The following scenarios are evaluated for positioning performance of Redcap
· Baseline: (Case 1): Umi street canyon, as described in Table 6.1-1-4 of 38.855
· Optional outdoor: 
· (Case 2): Uma, as described in Table 6.1-1-6 of 38.855
· (Case 3): Rma (FFS details of the scenario)
· Baseline: (Case 4): InF-SH as described in Table 6.1-1 of 38.857
· Optional indoor: (Case 5) Indoor Open Office, as described in Table 6.1-1-3 of 38.855
· Optional indoor: (Case 6) InF-DH as described in Table 6.1-1 of 38.857
Agreement
The FR2 UE antenna configuration is as follow:
·  (M, N, P, Mg, Ng) = (1, 2, 2, 1, 1) as minimum antenna configuration (baseline)
·  (M, N, P, Mg, Ng) = (2, 2, 2, 1, 1) as optional configuration. 
Agreement
The evaluation methodology for RedCap UEs positioning performance uses DL PRS and/or UL SRS for positioning.
· The methodology does not define any baseline reference signal configuration. Sources should detail the chosen configuration of reference signal(s) when presenting performance evaluations. 
Agreement
For evaluation of positioning performance of redcap UEs in 700MHz band, the gNB antenna model is:
· gNB antenna configuration from TR38.830, (M,N,P,Mg,Ng) = (4,2,2,1,1), (dH, dV) = (0.5, 0.8)λ
[bookmark: _Hlk104076041][bookmark: _Hlk104076125]Agreement
Use 2Rx and 1Tx for baseline number of UE branches in FR2 in the UE antenna configuration table for RedCap UEs evaluation.
· FFS: optional configurations for number of UE branches in FR2.


In this contribution, we provide our views on positioning support for RedCap UE from RAN1 perspective.
Discussion
2.1 Use cases and requirements
Nowadays, industry application of RedCap UE (e.g., underground mining, remote supervision, etc.) is promising. According to the WID on support of Rel-17 RedCap UE [2], 3 main use cases are supported: industrial wireless sensors, video surveillance, and wearables. Among them, industrial wireless sensors include e.g. pressure sensors, humidity sensors, thermometers, motion sensors, accelerometers, actuators, etc. Video surveillance and the deployment of surveillance cameras is an essential part of the smart city, factories and industries. Wearables use case includes smart watches, eHealth related devices, personal protection equipment (PPE), and medical monitoring devices for use in public safety applications, etc. The specific requirements for each use case is shown in the following box. 
	Use case specific requirements: 
· Industrial wireless sensors: Reference use cases and requirements are described in TR 22.832 and TS 22.104: Communication service availability is 99.99% and end-to-end latency less than 100 ms. The reference bit rate is less than 2 Mbps (potentially asymmetric e.g. UL heavy traffic) for all use cases and the device is stationary. The battery should last at least few years. For safety related sensors, latency requirement is lower, 5-10 ms (TR 22.804)
· Video surveillance: As described in TR 22.804, reference economic video bitrate would be 2-4 Mbps, latency < 500 ms, reliability 99%-99.9%. High-end video e.g. for farming would require 7.5-25 Mbps. It is noted that traffic pattern is dominated by UL transmissions.
· Wearables: Reference bitrate for smart wearable application can be 5-50 Mbps in DL and 2-5 Mbps in UL, and peak bit rate of the device can be higher, up to 150 Mbps for downlink and up to 50 Mbps for uplink.  Battery of the device should last multiple days (up to 1-2 weeks).


In our view, the typical use cases are still valid for positioning purpose. The applications can be summarized as commercial use case (e.g. Wearable) and IIoT use case (e.g. industrial wireless sensors) as the same as Rel-16 and Rel-17 positioning.
Proposal 1: Study the RedCap UE positioning performance in commercial use case and IIoT use case.
The location of RedCap UE should be guaranteed within a certain range via the positioning technology of 5G-NR. According to TS 38.300 [3], for a RedCap UE, its data processing capability is limited due to limited UE bandwidth, reduced Rx branch number, relaxed maximum modulation order and half-duplex operation. Take UE bandwidth for example, the maximum bandwidth a RedCap UE can process is 20MHz for FR1 and 100MHz for FR2. Under some cases (such as power saving), the bandwidth for its initial BWP/default BWP might even be smaller (e.g., 5MHz) as shown in the following Figure 1.


Figure 1 Bandwidth for RedCap UE
Therefore, the definition of target positioning requirements for RedCap UEs in different use cases should consider UE’s limited processing capability. It is well known that positioning accuracy is tightly related to the bandwidth of reference signal for positioning. As a result, compared to a normal UE, the positioning accuracy of a RedCap UE can be impacted by its support of bandwidth. In addition to bandwidth, the number of antenna of a RedCap UE might be also limited, and this will further impact the positioning accuracy (e.g., lower SNR, inaccurate AOA/AOD, etc).
	In Rel-17 target positioning requirements for commercial use cases are defined as follows:
-	Horizontal position accuracy (< 1 m) for 90% of UEs
-	Vertical position accuracy (< 3 m) for 90% of UEs
-	End-to-end latency for position estimation of UE (< 100 ms)
-	Physical layer latency for position estimation of UE (< 10 ms)
In Rel-17 target positioning requirements for IIoT use cases are defined as follows:
-	Horizontal position accuracy (< 0.2 m) for 90% of UEs 
-	Vertical position accuracy (< 1 m) for 90% of UEs 
-	End-to-end latency for position estimation of UE (< 100ms, in the order of 10 ms is desired)
-	Physical layer latency for position estimation of UE (<10ms)
Note 1:	Target positioning requirements may not necessarily be reached for all scenarios and deployments
Note 2:	For some scenarios the requirement for Horizontal position accuracy can be relaxed to < 0.5 m in IIoT use cases.
Note 3:	All positioning techniques may not achieve the target positioning requirements over all scenarios


Target positioning requirement in Rel-17 for commercial use cases and IIoT use cases are shown in the above box [4]. Horizontal positioning error and vertical positioning error requirement in commercial use cases for 80% of UE are defined in Rel-16. As for the latency requirement for position estimation of RedCap UE, we prefer to de-prioritize it and first focus on the position accuracy and potential ways to improve it. Moreover, referring to the conclusion made for sidelink positioning in RAN1#109-e, performance metrics other than positioning accuracy (such as PHY/end-to-end latency) are optional and up to companies’ choice. 
Proposal 2: For Rel-18 RedCap UE positioning, focus on position accuracy and de-prioritize the evaluation of latency.
According to the discussion in RAN1#109-e [5], the positioning requirements can refer to TR 22.872 [6] and TS 22.104 [7] (related parts are captured in Appendix#1) to specify accuracy requirement of RedCap UEs. TR 22.872 specifies potential requirements for wearable use cases, and the environment of wearable use cases are 5G positioning service area including both outdoor and indoor. For power saving mode, horizontal position accuracy for wearables is 2 m for 90% of UEs and vertical position accuracy for wearables is 1-3 m for 90% of UEs. As for IIoT use cases, TS 22.104 summarizes the potential performances requirements of the positioning use cases. In summary, the target positioning requirements of RedCap UEs are similar as Rel-16 and Rel-17. In some evaluation scenarios, if target requirement cannot be reached, companies may need to report the percentage of UEs that satisfy accuracy requirement.
Hence, it is desirable for RedCap UEs to pursue the similar positioning accuracy as Rel-16/17 normal UEs. Considering both requirements defined for Rel-16/17 positioning and potential requirements specified for commercial use cases and IIoT use cases in TR 22.872/TS 22.104, we have the following proposal:
Proposal 3: For evaluation for RedCap UE positioning in commercial use cases and IIoT use cases, pursue the target positioning requirements defined in Rel-16/17.
· Note: If target requirement cannot be reached, the percentage of UEs that satisfy accuracy requirements may be reported.
2.2 Positioning performance of existing RedCap UE
To check the positioning performance of a RedCap UE, some simulations are performed in InF-SH scenario for both FR1 and FR2 as shown Figure 2 and Table 3. From these figures, it can be observed that, the positioning accuracy in FR1 for a RedCap UE (with a bandwidth of 20MHz) is about 2.6 m for 90% UEs, the positioning accuracy in FR2 for a RedCap UE (with a bandwidth of 100MHz) is about 0.5 m for 90% UEs. Both the accuracy results in FR1 and FR2 may not satisfy the target positioning requirements. The detailed simulation assumption can be found in Appedix#2. 
Therefore, we have the following observation.
Observation 1: For both FR1 and FR2, the positioning performance is insufficient because of limited bandwidth.
[image: ][image: ]
Figure 2 InF-SH simulation result(s) for RedCap UE in FR1 (left) and FR2 (right)

Table 3 Simulation results in InF-SH scenario
	
	Positioning Accuracy [m]

	Case (InF-SH)
	CDF=50%
	CDF=67%
	CDF=80%
	CDF=90%

	20MHz (FR1)
	1.24
	1.55
	1.86
	2.60

	100MHz (FR2)
	0.26
	0.35
	0.41
	0.50


2.3 Views on accuracy improvement
2.3.1 Frequency hopping
The MIMO SRS frequency hopping has widely been applied to achieve power boosting and full frequency channel information (agreed in LTE, Rel-8 and NR Rel-15). But, the frequency hopping there, is a hopping within single BWP. Similar to the idea above, a frequency hopping of a reference signal for positioning can extend the bandwidth of the reference signal for positioning as shown in the following Figure 3. By concatenating multiple hops of reference signal for positioning, the effective bandwidth of reference signal for positioning can be enlarged.
It should be noted that, the channel condition between each hop should not change much. In a typical scenario (e.g., low mobility and LOS links), this condition might be fulfilled. Moreover, for each hop, because the RF chain (of a RedCap UE) should be tuned to another center frequency, a random phase between each hop may be introduced. Before concatenating these hops, this phase impact should be mitigated.
To verify the above analysis, some preliminary simulation results are provided in the next section 2.4.


Figure 3 Frequency hopping of a reference signal for positioning
2.3.2 Carrier phase positioning
The solutions for accuracy improvement based on NR carrier phase measurements were approved to be studied in Rel-18. Carrier phase positioning is expected to achieve good positioning performance even without large bandwidth. According to our simulation results in AI 9.5.2.2 [9], it is beneficial to introduce carrier phase positioning for normal UEs. 
Therefore, carrier phase positioning can also be applied to RedCap UE for accuracy improvement to compensate UE’s limited bandwidth. 
2.4 Simulation results for positioning accuracy improvement
2.4.1 FR1, InF-SH
The simulation results for FR1 in InF-SH scenario are shown in the following Figure 4, Figure 5 and Table 4. 
[image: ]
Figure 4 Simulation results for hopping for RedCap UE (3 hops, 60MHz)
[image: ]
Figure 5 Simulation results for hopping for RedCap UE (5 hops, 100MHz)

Table 4 Simulation results for hopping in FR 1, InF-SH scenario (UE Antenna = [1,1,1,1,1])
	
	Positioning Accuracy

	Case (InF-SH)
	CDF=50%
	CDF=67%
	CDF=80%
	CDF=90%

	20MHz Only
	1.24
	1.55
	1.86
	2.60

	20+20+20 MHz, without Φ adjustment
	1.56
	2.01
	2.45
	3.05

	20+20+20 MHz, with Φ adjustment
	0.72
	1.07
	1.35
	1.77

	Full 60MHz
	0.61
	0.83
	1.17
	1.79

	5x20 MHz, without Φ adjustment
	2.14
	2.89
	3.77
	4.98

	5x20 MHz, with Φ adjustment
	0.27
	0.37
	0.45
	0.57

	Full 100MHz
	0.17
	0.24
	0.32
	0.42


From simulation results shown in this section, it can be seen that, with multiple frequency hopping, the positioning accuracy can be significantly improved if the phase between each hop can be correctly adjusted.
It can also be observed that, if the phase between each hop cannot be correctly adjusted, then the concatenated signal will be damaged by the random phase between each hop. It will even be worse than a single hop. Hence, we have the following observations
Observation 2: For RedCap UE positioning in FR 1, InF-SH scenario, the random phase between hops will damage the positioning performance if it was not adjusted.
Observation 3: For RedCap UE positioning in FR 1, InF-SH scenario, PRS frequency hopping can improve positioning performance if the random phase between hops can be adjusted.
2.4.2 FR2, InF-SH
The simulation results for FR2 in InF-SH schenario are shown in the following Figure 6, Figure 7 and Table 5. 
[image: ]
Figure 6 Simulation results for hopping for RedCap UE (2 hops, 200MHz)
[image: ]
Figure 7 Simulation results for hopping for RedCap UE (3 hops, 300MHz)

Table 5 Simulation results for hopping in FR 2, InF-SH scenario
	
	Positioning Accuracy [m]

	Case (InF-SH)
	CDF=50%
	CDF=67%
	CDF=80%
	CDF=90%

	100MHz Only
	0.26
	0.35
	0.41
	0.50

	100+100 MHz, with Φ adjustment
	0.11
	0.13
	0.16
	0.186

	Full 200MHz
	0.092
	0.12
	0.15
	0.185

	100+100+100 MHz, with Φ adjustment
	0.065
	0.088
	0.10
	0.12

	Full 300MHz
	0.054
	0.069
	0.088
	0.11


Similar as FR1, we have the following observations in FR2.
Observation 4: For RedCap UE positioning in FR 2, InF-SH scenario, PRS frequency hopping can improve positioning performance if the random phase between hops can be adjusted.
2.4.3 Carrier phase based positioning for RedCap UE
To check whether carrier phase based positioning for RedCap UE is workable, a simulation is performed as shown in the following figure. From this figure, it can be observed that, if the perfect carrier phase could be achieved, there is about 80% probability that carrier phase based positioning performs better than the traditional method (e.g., for N±14). Hence, we have the following observation.
Observation 5: Consider the application of carrier phase based positioning for RedCap UE.
[image: ]
Figure 8 Simulation results of carrier phase based positioning for RedCap UE
2.4.4 Simulation summary
With frequency hopping, the positioning accuracy of RedCap UE can be significantly improved if the phase between each hop can be correctly adjusted. From our view, at least UL SRS frequency hopping is easier to RedCap UE from UE complexity perspective as channel concatenating operation and phase adjustment are performed in gNB side rather than UE side.
Proposal 4: Consider at least RS frequency hopping for positioning for RedCap UEs.
If the phase between each hop can be correctly adjusted, then the concatenated signal can be treated as a signal with extended bandwidth. To this end, some methods (e.g., some PRB/subcarriers between hops should be overlapped) should be introduced to estimate the phase difference between hops. Hence, we have the following proposal.
Proposal 5: To eliminate phase difference between hops, some methods should be researched, e.g. support partial overlapping in frequency domain between two adjacent hops.
Conclusion
In this contribution, we provide our views on positioning support for RedCap UE techniques as the following observations and proposals.
Observation 1: For both FR1 and FR2, the positioning performance is insufficient because of limited bandwidth.
Observation 2: For RedCap UE positioning in FR 1, InF-SH scenario, the random phase between hops will damage the positioning performance if it was not adjusted.
Observation 3: For RedCap UE positioning in FR 1, InF-SH scenario, PRS frequency hopping can improve positioning performance if the random phase between hops can be adjusted.
Observation 4: For RedCap UE positioning in FR 2, InF-SH scenario, PRS frequency hopping can improve positioning performance if the random phase between hops can be adjusted.
Observation 5: Consider the application of carrier phase based positioning for RedCap UE.
Proposal 1: Study the RedCap UE positioning performance in commercial use case and IIoT use case.
Proposal 2: For Rel-18 RedCap UE positioning, focus on position accuracy and de-prioritize the evaluation of latency.
Proposal 3: For evaluation for RedCap UE positioning in commercial use cases and IIoT use cases, pursue the target positioning requirements defined in Rel-16/17.
· Note: If target requirement cannot be reached, the percentage of UEs that satisfy accuracy requirements may be reported.
Proposal 4: Consider at least RS frequency hopping for positioning for RedCap UEs.
Proposal 5: To eliminate phase difference between hops, some methods should be researched, e.g. support partial overlapping in frequency domain between two adjacent hops.
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Appendix#1
TR 22.872
Table 6.1-1 – Use cases synthesis
	Use cases
	Potential requirements per use cases

	
	Environment of Use
	Position Accuracy
	Velocity
	Avail.
	Update rate or interval
	TTFF
	Latency
	Other KPI

	5.2.3
	Wearables
	5G positioning service area - -Outdoor/Indoor
	2m Horizontal
1-3m Vertical
	
	90 %
	30s - 300s
	10s
	
	Power saving mode

	
	
	5G positioning service area - -Outdoor/Indoor
	2m Horizontal
1-3m Vertical
	
	99 %
	1s - 30s
	10s
	1s
	Normal mode



TS 22.104
Table 5.7.1-1: Positioning performance requirements
	Scenario
	Horizontal accuracy
	Vertical accuracy
	Availability
	Heading
	Latency for position estimation of UE
	UE speed
	Corresponding Positioning Service Level in TS 22.261

	Mobile control panels with safety functions (non-danger zones)
	< 5 m 
	< 3 m
	90 %
	n/a
	< 5 s
	n/a
	Service Level 2

	Process automation – plant asset management
	< 1 m
	< 3 m
	90 %
	n/a
	< 2 s
	< 30 km/h
	Service Level 3

	Flexible, modular assembly area in smart factories (for tracking of tools at the work-place location)
	< 1 m (relative positioning)
	n/a
	99 %
	n/a
	1 s
	< 30 km/h
	Service Level 3

	Augmented reality in smart factories
	< 1 m
	< 3 m
	99 %
	< 0.17 rad 
	< 15 ms
	< 10 km/h
	Service Level 4

	Mobile control panels with safety functions in smart factories (within factory danger zones)
	< 1 m
	< 3 m
	99.9 % 
	< 0.54 rad
	< 1 s
	n/a
	Service Level 4

	Flexible, modular assembly area in smart factories (for autonomous vehicles, only for monitoring purposes)
	< 50 cm
	< 3 m
	99 %
	n/a
	1 s
	< 30 km/h
	Service Level 5

	Inbound logistics for manufacturing (for driving trajectories (if supported by further sensors like camera, GNSS, IMU) of indoor autonomous driving systems))
	< 30 cm (if supported by further sensors like camera, GNSS, IMU) 
	< 3 m
	99.9 %
	n/a
	10 ms
	< 30 km/h
	Service Level 6

	Inbound logistics for manufacturing (for storage of goods)
	< 20 cm
	< 20 cm
	99 %
	n/a
	< 1 s
	< 30 km/h
	Service Level 7



Appendix#2: Evaluation assumption
According to the agreements made in RAN1#109-e, evaluation assumptions for RedCap UEs including channel modes, bandwidths, UE antenna configuration, number of Tx and Rx branches, etc. are generally defined and agreed. Based on these, we present our evaluation assumptions for InF-SH scenario in Table 6.1.
Indoor factory for Rel-17 positioning has been specified in Table 6.1-1 of TR 38.857 [8]. The parameters in TR 38.857, e.g., layout of hall, BS location, UE type, UE drop procedure, and antenna model, can be reused for RedCap UE positioning evaluation.
Table 6.1 Simulation assumptions for InF-SH
	
	FR 1
	FR 2

	Parameters
	
	

	Carrier frequency
	3.5 GHz
	28 GHz

	Bandwidth / SCS
	20MHz, 20+20+20MHz, 60MHz, SCS=15kHz
20MHz, 5x20MHz, 100MHz, SCS=30kHz
	100MHz SCS=120kHz

	Number of UE branches
	2Rx 1Tx
	2Rx 1Tx

	UE antenna configuration
	(M, N, P, Mg, Ng) = (1, 1, 1, 1, 1)
	(M, N, P, Mg, Ng) = (1, 2, 2, 1, 1)

	Phase between hops
	Uniform random, (-π, +π)
	Uniform random, (-π, +π)

	Number of PRB for phase estimation
	4 PRB, 48 RE in total
	4 PRB, 48 RE in total

	Phase estimation method
	Practical (non-ideal) estimation
	Practical (non-ideal) estimation
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