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In RAN#94e meeting, the study item on positioning for RedCap UEs was approved [1]. As shown in the SID, the two key research directions for RedCap UE positioning is: performance evaluation under agreed scenarios and investigating enhancements for positioning of RedCap UEs if necessary.
	· Positioning support for RedCap UEs, considering the following:
· Evaluate positioning performance of existing positioning procedures and measurements with RedCap UEs[RAN1]
· Based on the evaluation, assess the necessity of enhancements and, if needed, identify enhancements to help address limitations associated with for RedCap UEs [RAN1, RAN2]


In previous RAN1 meetings for RedCap UE positioning, quite great progress was achieved and we select several agreements as follows:
	Agreement in RAN1#109-e
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 in RAN1#110
For the purpose of the Rel-18 study 
· The target accuracy requirements for RedCap UEs for commercial use cases are defined as follows:
· Indoor and outdoor
· Horizontal position accuracy (< 3 m) for 90% of UEs
· Vertical position accuracy (< 3 m) for 90% of UEs 
· The target accuracy requirements for RedCap UEs for IIoT use cases are defined as follows:
· Horizontal position accuracy (<1 m) for 90% of UEs 
· Vertical position accuracy (< 3 m) for 90% of UEs  
· Note: the requirements may not be met in all scenarios and use cases
Agreement in RAN1#110-b
For the evaluation of TX/RX frequency hopping for positioning of redcap UEs, the value of the gap between two consecutive hops includes at least from 100us to 5ms.
· Companies should indicate if other smaller values are used in their evaluations, and justify the feasibility of smaller values
Agreement in RAN1#110-b
For the evaluation of TX/RX frequency hopping for positioning of redcap UEs, the value of UE speed includes 3 km/h, 30 km/h, 60km/h.
· Other values are not precluded


In this contribution, we mainly provide our evaluation assumptions and results including potential solutions for positioning for RedCap UEs.
Potential Solutions for Positioning for RedCap UEs
2.1 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 of MIMO SRS 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 2.1-1. By concatenating multiple hops of reference signal for positioning, the effective bandwidth of reference signal for positioning can be enlarged.


Figure 2.1-1 Frequency hopping of a reference signal for positioning
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. In RAN1#110[2], the following agreement about resource frequency hopping has been made, companies are encouraged to investigate potential benefits and performance gains of frequency hopping. To verify the above analysis, some preliminary results for evaluating the influence of Doppler, phase offset and timing offset among hops are provided in section 3.
	Agreement in RAN1#110
The potential benefits and performance gains of frequency hopping of the DL PRS and UL SRS can be investigated in release 18, which may take into account at least the following:
· The impact of Doppler, phase offset, timing offset, power imbalance among hops
· RedCap UE capability and complexity considerations
· Impact of RF retuning during frequency hopping
· Details of frequency hopping (including Tx hopping and/or Rx hopping, BWP switching) for the study are FFS



2.1.1 RS configuration for hopping
For positioning RS hopping for RedCap UE, we think there are several candidate solutions in term of specification enhancement as listed as follows:
(1) Frequency hopping within one resource
In this way, the frequency domain resource of one reference signal is divided into several parts, each part corresponds to a frequency hop, and several hops are received in different symbols with a combination as a whole (as shown in Figure 2.1-2). In other words, the three hopping parts refer to different symbols of one RS resource.
[image: hopping 1]
Figure 2.1-2. Example of frequency hopping within one resource
(2) Frequency hopping within one resource set
In this way, assuming that one reference signal resource set contains several reference signal resources, then different reference signal resources may have different frequency range and correspond to different hops (as shown in Figure 2.1-3). Similarly, the received signals from different resources are concatenated for positioning related processing.
[image: hopping 2]
Figure 2.1-3. Example of frequency hopping within one resource set
(3) Frequency hopping between different CCs/BWPs/PFLs/resource sets 
· In this way, several reference signal resources belonging to different CCs/BWPs/PFLs/resource sets can be associated to compose frequency hopping. One example is, different reference signal resources with the same ID in different CCs/BWPs/PFLs correspond to different hops (as shown in Figure 2.1-4).
[image: hopping 3]
Figure 2.1-4. Example of frequency hopping between different CCs
Proposal 1: For RedCap UE, further study the following candidate solutions of RS resource frequency hopping:
· Frequency hopping within one resource
· Frequency hopping within one resource set
· Frequency hopping between different CCs/BWPs/PFLs/resource sets 

2.1.2 Frequency overlapping between two frequency hops
Timing error or random phase rotation between two frequency hops may be caused by UE RF re-tuning. This kind of timing error or phase rotation is usually on a symbol basis. For instance, as shown in Figure 2.1-5, compared with symbol #0 and #1, there may be a phase rotation added in the channel response in symbol #2 and #3. The phase rotation is basically constant across all REs or subcarriers within single symbol. 
One enhanced solution is to introduce predefined or configured overlapping frequency resources in adjacent frequency hops, then, phase between each hop can be correctly adjusted and the concatenated signal can be treated as a signal with extended bandwidth. 
Proposal 2: For RedCap UE positioning RS, introduce partial overlapping in frequency for adjacent hops.
[image: ]K PRBs

Figure 2.1-5 Frequency hopping with overlapping

2.1.3 Switching gap between two frequency hops
As Rel-17 RedCap UE only supports maximum 20/100 MHz bandwidth in FR1/FR2 respectively, UE has to operate RF re-tuning between two frequency hops. UE may need some switching gap between two frequency hops because of extra complexity from RF re-tuning. We provide our results for evaluating the impact of switching gap for positioning of redcap UEs in Section 3.
Proposal 3: For RedCap UE positioning, further study switching gap between adjacent frequency hops. FFS the gap values. 
[image: ]
Figure 2.1-6 Frequency hopping with time gap

2.2 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 improve positioning performance even without large bandwidth. According to our simulation results in AI 9.5.2.2 [3], 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. 

Evaluation Results of RedCap UEs Positioning for TR 38.859 Section B.6
3.1 Description of evaluation scenarios
Based on the agreements in RAN1#109e and RAN1#110 meeting, RedCap UE positioning should be evaluated in IIOT use case and commercial use case. The corresponding evaluation methodology is agreed and captured in TR 38.859 [4]. IIOT use case with indoor factory scenario defined in TR 38.857 [5] is used to evaluate. As a typical scenario of InF, InF-SH is evaluated in this contribution.
Evaluation assumptions for system level analysis are provided in Table 3.1-1 to Table 3.1-9.
Table 3.1-1: NR RedCap UE positioning - evaluation scenarios and parameters for FR1 InF-SH (for comparing frequency hopping performance)
	Parameter
	Case 1 (InF-SH, FR1, 20MHz Only)
	Case 2 (InF-SH, FR1, 3x20 MHz, without Φ adjustment)
	Case 3 (InF-SH, FR1, 3x20 MHz, with Φ adjustment)
	Case 4 (InF-SH, FR1, Full 60MHz
	Case 5 (InF-SH, FR1, 5x20 MHz, without Φ adjustment)
	Case 6 (InF-SH, FR1, 5x20 MHz, with Φ adjustment)
	Case 7 (InF-SH, FR1, Full 100MHz

	Scenario (baseline, otherwise state any modifications)
	InF-SH


	Carrier frequency
	3.5GHz

	Subcarrier spacing
	30kHz

	Reference Signal Transmission Bandwidth
	20MHz
	3x20MHz
	60MHz
	5x20MHz
	100MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	CombSize=2

	Reference signal
(type of sequence, number of ports, …)
	DL PRS

	Number of sites
	18

	Number of symbols used per occasion
	2

	number of occasions used per positioning estimate
	1

	Power-boosting level
	Not applied

	Uplink power control (applied/not applied)
	Not applied

	interference modelling (ideal muting, or other)
	ideal muting

	Description of Measurement Algorithm (e.g., super resolution, interference cancellation, ….)
	MUSIC

	Description of positioning technique / applied positioning algorithm (e.g., Least square, Taylor series, etc)
	Least square

	Network synchronization assumptions
	Perfect synchronization

	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	N/A

	Precoding assumptions (codebook, nrof antenna elements used, etc)
	N/A

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

	Number of UE branches
	1Rx 1Tx

	Description of enhancement solutions, if any
	None
	Frequency hopping, 3 hops without phase adjustment;
Phase between hops satisfy uniform random, (-π, +π)
	Frequency hopping, 3 hops with phase adjustment; Phase between hops satisfy uniform random, (-π, +π); 4PRB used for practical phase estimation
	None
	Frequency hopping, 5 hops without phase adjustment;
Phase between hops satisfy uniform random, (-π, +π)
	Frequency hopping, 5 hops with phase adjustment; Phase between hops satisfy uniform random, (-π, +π); 4PRB used for practical phase estimation
	None

	gNB antenna configuration 
	(M, N, P, Mg, Ng) = (4, 4, 2, 1, 1), dH=dV=0.5λ

	UE noise figure  
	9dB

	UE antenna height
	1.5m

	gNB antenna height
	8m



Table 3.1-2: NR RedCap UE positioning - evaluation scenarios and parameters for FR1 InF-SH (Impact of Doppler)
	Parameter
	Case 8 ~ Case 27

	Scenario (baseline, otherwise state any modifications)
	InF-SH

	Carrier frequency
	3.5GHz

	Subcarrier spacing
	30kHz

	Reference Signal Transmission Bandwidth
	5x20MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	CombSize=2

	Reference signal
(type of sequence, number of ports, …)
	DL PRS

	Number of sites
	18

	Number of symbols used per occasion
	2

	number of occasions used per positioning estimate
	1

	Power-boosting level
	Not applied

	Uplink power control (applied/not applied)
	Not applied

	interference modelling (ideal muting, or other)
	ideal muting

	Description of Measurement Algorithm (e.g., super resolution, interference cancellation, ….)
	MUSIC

	Description of positioning technique / applied positioning algorithm (e.g., Least square, Taylor series, etc)
	Least square

	Network synchronization assumptions
	 Perfect synchronization

	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	N/A

	Precoding assumptions (codebook, nrof antenna elements used, etc)
	N/A

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

	Number of UE branches
	1Rx 1Tx

	Description of enhancement solutions, if any
	Frequency hopping

	gNB antenna configuration 
	(M, N, P, Mg, Ng) = (4, 4, 2, 1, 1), dH=dV=0.5λ

	UE noise figure  
	9dB

	UE antenna height
	1.5m

	gNB antenna height
	8m

	Additional notes, if any
	Case 8, InF-SH FR1, 5x20 MHz, Doppler 0 Hz
Case 9, InF-SH FR1, 5x20 MHz, Doppler 10 Hz, TimeGap=0.1ms
Case 10, InF-SH FR1, 5x20 MHz, Doppler 100 Hz, TimeGap=0.1ms
Case 11, InF-SH FR1, 5x20 MHz, Doppler 200Hz, TimeGap=0.1ms
Case 12, InF-SH FR1, 5x20 MHz, Doppler 500Hz, TimeGap=0.1ms
Case 13, InF-SH FR1, 5x20 MHz, Doppler 1000Hz, TimeGap=0.1ms
Case 14, InF-SH FR1, 5x20 MHz, Doppler 10 Hz, TimeGap=0.2ms
Case 15, InF-SH FR1, 5x20 MHz, Doppler 100 Hz, TimeGap=0.2ms
Case 16, InF-SH FR1, 5x20 MHz, Doppler 200Hz, TimeGap=0.2ms
Case 17, InF-SH FR1, 5x20 MHz, Doppler 500Hz, TimeGap=0.2ms
Case 18, InF-SH FR1, 5x20 MHz, Doppler 1000Hz, TimeGap=0.2ms
Case 19, InF-SH FR1, 5x20 MHz, Doppler 10 Hz, TimeGap=0.5ms
Case 20, InF-SH FR1, 5x20 MHz, Doppler 100 Hz, TimeGap=0.5ms
Case 21, InF-SH FR1, 5x20 MHz, Doppler 200Hz, TimeGap=0.5ms
Case 22, InF-SH FR1, 5x20 MHz, Doppler 10 Hz, TimeGap=1 ms
Case 23, InF-SH FR1, 5x20 MHz, Doppler 100 Hz, TimeGap=1 ms
Case 24, InF-SH FR1, 5x20 MHz, Doppler 200Hz, TimeGap=1 ms
Case 25, InF-SH FR1, 5x20 MHz, Doppler 10 Hz, TimeGap=2 ms
Case 26, InF-SH FR1, 5x20 MHz, Doppler 100 Hz, TimeGap=2 ms
Case 27, InF-SH FR1, 5x20 MHz, Doppler 10 Hz, TimeGap=5 ms



Table 3.1-3: NR RedCap UE positioning - evaluation scenarios and parameters for FR1 InF-SH (Impact of phase offset)
	Parameter
	Case 28 (InF-SH, FR1, 5x20 MHz, Phase offset 0.01*2π)
	Case 29 (InF-SH, FR1, 5x20 MHz, Phase offset 0.05*2π)
	Case 30 (InF-SH, FR1, 5x20 MHz, Phase offset 0.1*2π)
	Case 31 (InF-SH, FR1, 5x20 MHz, Phase offset 0.2*2π)
	Case 32 (InF-SH, FR1, 5x20 MHz, Phase offset 0.5*2π)
	Case 33 (InF-SH, FR1, 5x20 MHz, Phase offset 1*2π)

	Scenario (baseline, otherwise state any modifications)
	InF-SH

	Carrier frequency
	3.5GHz

	Subcarrier spacing
	30kHz

	Reference Signal Transmission Bandwidth
	5x20MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	CombSize=2

	Reference signal
(type of sequence, number of ports, …)
	DL PRS

	Number of sites
	18

	Number of symbols used per occasion
	2

	number of occasions used per positioning estimate
	1

	Power-boosting level
	Not applied

	Uplink power control (applied/not applied)
	Not applied

	interference modelling (ideal muting, or other)
	ideal muting

	Description of Measurement Algorithm (e.g., super resolution, interference cancellation, ….)
	MUSIC

	Description of positioning technique / applied positioning algorithm (e.g., Least square, Taylor series, etc)
	Least square

	Network synchronization assumptions
	 Perfect synchronization

	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	N/A

	Precoding assumptions (codebook, nrof antenna elements used, etc)
	N/A

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

	Number of UE branches
	1Rx 1Tx

	Description of enhancement solutions, if any
	Frequency hopping
Random phase offset

	gNB antenna configuration 
	(M, N, P, Mg, Ng) = (4, 4, 2, 1, 1), dH=dV=0.5λ

	UE noise figure  
	9dB

	UE antenna height
	1.5m

	gNB antenna height
	8m



Table 3.1-4: NR RedCap UE positioning - evaluation scenarios and parameters for FR1 InF-SH (Impact of timing offset)
	Parameter
	Case 34 (InF-SH, FR1, 5x20 MHz, STD=0)
	Case 35 (InF-SH, FR1, 5x20 MHz, STD=0.5 ns)
	Case 36 (InF-SH, FR1, 5x20 MHz, STD=1 ns)
	Case 37 (InF-SH, FR1, 5x20 MHz, STD=2 ns)
	Case 38 (InF-SH, FR1, 5x20 MHz, STD=3 ns)
	Case 39 (InF-SH, FR1, 5x20 MHz, STD=4 ns)

	Scenario (baseline, otherwise state any modifications)
	InF-SH

	Carrier frequency
	3.5GHz

	Subcarrier spacing
	15kHz

	Reference Signal Transmission Bandwidth
	5x20MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	CombSize=2

	Reference signal
(type of sequence, number of ports, …)
	DL PRS

	Number of sites
	18

	Number of symbols used per occasion
	2

	number of occasions used per positioning estimate
	1

	Power-boosting level
	Not applied

	Uplink power control (applied/not applied)
	Not applied

	interference modelling (ideal muting, or other)
	ideal muting

	Description of Measurement Algorithm (e.g., super resolution, interference cancellation, ….)
	MUSIC

	Description of positioning technique / applied positioning algorithm (e.g., Least square, Taylor series, etc)
	Least square

	Network synchronization assumptions
	 Perfect synchronization

	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	N/A

	Precoding assumptions (codebook, nrof antenna elements used, etc)
	N/A

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

	Number of UE branches
	1Rx 1Tx

	Description of enhancement solutions, if any
	Frequency hopping
Random timing offset

	gNB antenna configuration 
	(M, N, P, Mg, Ng) = (4, 4, 2, 1, 1), dH=dV=0.5λ

	UE noise figure  
	9dB

	UE antenna height
	1.5m

	gNB antenna height
	8m



Table 3.1-5: NR RedCap UE positioning - evaluation scenarios and parameters for FR2 InF-SH 
	Parameter
	Case 40 (InF-SH, FR2, 100MHz Only)
	Case 41 (InF-SH, FR2, 100+100 MHz, with Φ adjustment
	Case 42 (InF-SH, FR2, 100+100 MHz, w/o Φ adjustment
	Case 43 (InF-SH, FR2, Full 200MHz)
	Case 44 (InF-SH, FR2, 100+100+100 MHz, with Φ adjustment)
	Case 45 (InF-SH, FR2, Full 300MHz)
	Case 46 (InF-SH, FR2, 100+100+100 MHz, w/o Φ adjustment)

	Scenario (baseline, otherwise state any modifications)
	InF-SH

	Carrier frequency
	28 GHz

	Subcarrier spacing
	120 kHz

	Reference Signal Transmission Bandwidth
	N x 20MHz (N is the hopping number)

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	CombSize=2

	Reference signal
(type of sequence, number of ports, …)
	DL PRS

	Number of sites
	18

	Number of symbols used per occasion
	2

	number of occasions used per positioning estimate
	1

	Power-boosting level
	Not applied

	Uplink power control (applied/not applied)
	Not applied

	interference modelling (ideal muting, or other)
	ideal muting

	Description of Measurement Algorithm (e.g., super resolution, interference cancellation, ….)
	MUSIC

	Description of positioning technique / applied positioning algorithm (e.g., Least square, Taylor series, etc)
	Least square

	Network synchronization assumptions
	 Perfect synchronization

	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	N/A

	Precoding assumptions (codebook, nrof antenna elements used, etc)
	N/A

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

	Number of UE branches
	1Rx 1Tx

	Description of enhancement solutions, if any
	Frequency hopping
Random timing offset
4PRB used for practical phase estimation if phase adjustment is applied

	gNB antenna configuration 
	(M, N, P, Mg, Ng) = (4, 4, 2, 1, 1), dH=dV=0.5λ

	UE noise figure  
	9dB

	UE antenna height
	1.5m

	gNB antenna height
	8m



Table 3.1-6: NR RedCap UE positioning - evaluation scenarios and parameters for FR1 InF-SH (Impact of switching gap)
	Parameter
	Case 47 (InF-SH, FR1, 5x20 MHz, gap=0)
	Case 48 (InF-SH, FR1, 5x20 MHz, gap=0.1ms)
	Case 49 (InF-SH, FR1, 5x20 MHz, gap=0.2ms)
	Case 50 (InF-SH, FR1, 5x20 MHz, gap=0.5ms)
	Case 51 (InF-SH, FR1, 5x20 MHz, gap=1ms)
	Case 52 (InF-SH, FR1, 5x20 MHz, gap=2ms)
	Case 53 (InF-SH, FR1, 5x20 MHz, gap=5ms)

	Scenario (baseline, otherwise state any modifications)
	InF-SH


	Carrier frequency
	3.5GHz

	Subcarrier spacing
	30kHz

	Reference Signal Transmission Bandwidth
	5x20MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	CombSize=2

	Reference signal
(type of sequence, number of ports, …)
	DL PRS

	Number of sites
	18

	Number of symbols used per occasion
	2

	number of occasions used per positioning estimate
	1

	Power-boosting level
	Not applied

	Uplink power control (applied/not applied)
	Not applied

	interference modelling (ideal muting, or other)
	ideal muting

	Description of Measurement Algorithm (e.g., super resolution, interference cancellation, ….)
	MUSIC

	Description of positioning technique / applied positioning algorithm (e.g., Least square, Taylor series, etc)
	Least square

	Network synchronization assumptions
	Perfect synchronization

	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	N/A

	Precoding assumptions (codebook, nrof antenna elements used, etc)
	N/A

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

	Number of UE branches
	1Rx 1Tx

	Description of enhancement solutions, if any
	Frequency hopping, 5 hops 


	gNB antenna configuration 
	(M, N, P, Mg, Ng) = (4, 4, 2, 1, 1), dH=dV=0.5λ

	UE noise figure  
	9dB

	UE antenna height
	1.5m

	gNB antenna height
	8m

	Additional notes, if any
	UE speed: 3km/h



Table 3.1-7: NR RedCap UE positioning - evaluation scenarios and parameters for FR1 InF-SH (carrier phase based solution)
	Parameter
	Case 54 (InF-SH, FR1, 20 MHz, perfect Φ, N1)
	Case 55 (InF-SH, FR1, 20 MHz, perfect Φ, N2)
	Case 56 (InF-SH, FR1, 20 MHz, perfect Φ, N4)
	Case 57 (InF-SH, FR1, 20 MHz, perfect Φ, N6)
	Case 58 (InF-SH, FR1, 20 MHz, perfect Φ, N8)
	Case 59 (InF-SH, FR1, 20 MHz, perfect Φ, N10)
	Case 60 (InF-SH, FR1, 20 MHz, perfect Φ, N12)
	Case 61 (InF-SH, FR1, 20 MHz, perfect Φ, N14)

	Scenario (baseline, otherwise state any modifications)
	

InF-SH


	Carrier frequency
	3.5GHz

	Subcarrier spacing
	30kHz

	Reference Signal Transmission Bandwidth
	
20MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	CombSize=2

	Reference signal
(type of sequence, number of ports, …)
	DL PRS

	Number of sites
	18

	Number of symbols used per occasion
	2

	number of occasions used per positioning estimate
	1

	Power-boosting level
	Not applied

	Uplink power control (applied/not applied)
	Not applied

	interference modelling (ideal muting, or other)
	ideal muting

	Description of Measurement Algorithm (e.g., super resolution, interference cancellation, ….)
	MUSIC

	Description of positioning technique / applied positioning algorithm (e.g., Least square, Taylor series, etc)
	Least square

	Network synchronization assumptions
	Perfect synchronization

	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	N/A

	Precoding assumptions (codebook, nrof antenna elements used, etc)
	N/A

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

	Number of UE branches
	1Rx 1Tx

	Description of enhancement solutions, if any
	Carrier phase based positioning
Integer N searching range

	gNB antenna configuration 
	(M, N, P, Mg, Ng) = (4, 4, 2, 1, 1), dH=dV=0.5λ

	UE noise figure  
	9dB

	UE antenna height
	1.5m

	gNB antenna height
	8m



Table 3.1-8: NR RedCap UE positioning - evaluation scenarios and parameters for FR1 InF-DH 
	Parameter
	Case 62, InF-DH FR1, 20MHz Only
	Case 63, InF-DH FR1, 5x20 MHz, without Φ adjustment
	Case 64, InF-DH FR1, 5x20 MHz, with Φ adjustment
	Case 65, InF-DH FR1, Full 100MHz

	Scenario (baseline, otherwise state any modifications)
	InF-DH

	Carrier frequency
	3.5GHz

	Subcarrier spacing
	30kHz

	Reference Signal Transmission Bandwidth
	20MHz
	5x20 MHz
	5x20 MHz
	100 MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	CombSize=2

	Reference signal
(type of sequence, number of ports, …)
	DL PRS

	Number of sites
	18

	Number of symbols used per occasion
	2

	number of occasions used per positioning estimate
	1

	Power-boosting level
	Not applied

	Uplink power control (applied/not applied)
	Not applied

	interference modelling (ideal muting, or other)
	ideal muting

	Description of Measurement Algorithm (e.g., super resolution, interference cancellation, ….)
	MUSIC

	Description of positioning technique / applied positioning algorithm (e.g., Least square, Taylor series, etc)
	Least square

	Network synchronization assumptions
	Perfect synchronization

	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	N/A

	Precoding assumptions (codebook, nrof antenna elements used, etc)
	N/A

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

	Number of UE branches
	1Rx 1Tx

	Description of enhancement solutions, if any
	None
	Frequency hopping, 5 hops without phase adjustment;
Phase between hops satisfy uniform random, (-π, +π)
	Frequency hopping, 5 hops with phase adjustment; Phase between hops satisfy uniform random, (-π, +π); 4PRB used for practical phase estimation
	None

	gNB antenna configuration 
	(M, N, P, Mg, Ng) = (4, 4, 2, 1, 1), dH=dV=0.5λ

	UE noise figure  
	9dB

	UE antenna height
	1.5m

	gNB antenna height
	8m



Table 3.1-9: NR RedCap UE positioning - evaluation scenarios and parameters for FR1 UMi
	Parameter
	Case 66, UMi FR1, 20MHz Only
	Case 67, UMi FR1, 5x20 MHz, without Φ adjustment
	Case 68, UMi FR1, 5x20 MHz, with Φ adjustment
	Case 69, UMi FR1, Full 100MHz

	Scenario (baseline, otherwise state any modifications)
	UMi

	Carrier frequency
	3.5GHz

	Subcarrier spacing
	30kHz

	Reference Signal Transmission Bandwidth
	20MHz
	5x20 MHz
	5x20 MHz
	100 MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	CombSize=2

	Reference signal
(type of sequence, number of ports, …)
	DL PRS

	Number of sites
	21

	Number of symbols used per occasion
	2

	number of occasions used per positioning estimate
	1

	Power-boosting level
	Not applied

	Uplink power control (applied/not applied)
	Not applied

	interference modelling (ideal muting, or other)
	ideal muting

	Description of Measurement Algorithm (e.g., super resolution, interference cancellation, ….)
	MUSIC

	Description of positioning technique / applied positioning algorithm (e.g., Least square, Taylor series, etc)
	Least square

	Network synchronization assumptions
	Perfect synchronization

	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	N/A

	Precoding assumptions (codebook, nrof antenna elements used, etc)
	N/A

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

	Number of UE branches
	1Rx 1Tx

	Description of enhancement solutions, if any
	None
	Frequency hopping, 5 hops without phase adjustment;
Phase between hops satisfy uniform random, (-π, +π)
	Frequency hopping, 5 hops with phase adjustment; Phase between hops satisfy uniform random, (-π, +π); 4PRB used for practical phase estimation
	None

	gNB antenna configuration 
	(M, N, P, Mg, Ng) = (4, 4, 2, 1, 1), dH=dV=0.5λ

	UE noise figure  
	9dB

	UE antenna height
	1.5m

	gNB antenna height
	10m



3.2 NR RedCap UE positioning accuracy evaluation results Evaluation results
InF-SH, FR1, frequency hopping
The simulation results for FR1 in InF-SH scenario for comparing with and without frequency hopping are shown in the following Figure 3.2-1, Figure 3.2-1 and Table 3.2.1. 
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Figure 3.2-1 Simulation results for hopping for RedCap UE (3 hops, 60MHz)
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Figure 3.2-2 Simulation results for hopping for RedCap UE (5 hops, 100MHz)
Table 3.2-1 Simulation results for hopping in FR 1, InF-SH scenario 
	Cases
	
	50%
	67%
	80%
	90%
	Requirements met? (Yes/No)

	Case 1, InF-SH FR1, 20MHz Only
	Convex UEs
	1.24
	1.55
	1.86
	2.60
	No

	Case 2, InF-SH FR1, 20+20+20 MHz, without Φ adjustment
	Convex UEs
	1.56
	2.01
	2.45
	3.05
	No

	Case 3, InF-SH FR1, 20+20+20 MHz, with Φ adjustment
	Convex UEs
	0.72
	1.07
	1.35
	1.77
	No

	Case 4, InF-SH FR1, Full 60MHz
	Convex UEs
	0.61
	0.83
	1.17
	1.79
	No

	Case 5, InF-SH FR1, 5x20 MHz, without Φ adjustment
	Convex UEs
	2.14
	2.89
	3.77
	4.98
	No

	Case 6, InF-SH FR1, 5x20 MHz, with Φ adjustment
	Convex UEs
	0.27
	0.37
	0.45
	0.57
	Yes

	Case 7, InF-SH FR1, Full 100MHz
	Convex UEs
	0.17
	0.24
	0.32
	0.42
	Yes



InF-SH, FR1, Doppler/CFO impact
The evaluation results for FR1 in InF-SH scenario for assessing Doppler impact are shown in the following Figure 3.2-3 and Table 3.2.2.
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Figure 3.2-3 Simulation results for hopping for RedCap UE with Doppler impact (FR1, InF-SH scenario)

Table 3.2-2 Simulation results for hopping for RedCap UE with Doppler impact in FR 1, InF-SH scenario 
	Cases
	
	50%
	67%
	80%
	90%
	Requirements met? (Yes/No)

	Case 8, InF-SH FR1, 5x20 MHz, Doppler 0 Hz
	Convex UEs
	0.179
	0.238
	0.325
	0.428
	Yes

	Case 9, InF-SH FR1, 5x20 MHz, Doppler 10 Hz, TimeGap=0.1ms
	Convex UEs
	0.210
	0.283
	0.341
	0.419
	Yes

	Case 10, InF-SH FR1, 5x20 MHz, Doppler 100 Hz, TimeGap=0.1ms
	Convex UEs
	0.221
	0.270
	0.335
	0.439
	Yes

	Case 11, InF-SH FR1, 5x20 MHz, Doppler 200Hz, TimeGap=0.1ms
	Convex UEs
	0.275
	0.349
	0.420
	0.520
	Yes

	Case 12, InF-SH FR1, 5x20 MHz, Doppler 500Hz, TimeGap=0.1ms
	Convex UEs
	0.444
	0.558
	0.683
	0.813
	Yes

	Case 13, InF-SH FR1, 5x20 MHz, Doppler 1000Hz, TimeGap=0.1ms
	Convex UEs
	0.603
	0.773
	1.033
	1.242
	No

	Case 14, InF-SH FR1, 5x20 MHz, Doppler 10 Hz, TimeGap=0.2ms
	Convex UEs
	0.210
	0.273
	0.323
	0.394
	Yes

	Case 15, InF-SH FR1, 5x20 MHz, Doppler 100 Hz, TimeGap=0.2ms
	Convex UEs
	0.297
	0.367
	0.440
	0.560
	Yes

	Case 16, InF-SH FR1, 5x20 MHz, Doppler 200Hz, TimeGap=0.2ms
	Convex UEs
	0.388
	0.490
	0.568
	0.701
	Yes

	Case 17, InF-SH FR1, 5x20 MHz, Doppler 500Hz, TimeGap=0.2ms
	Convex UEs
	0.603
	0.773
	1.033
	1.235
	No

	Case 18, InF-SH FR1, 5x20 MHz, Doppler 1000Hz, TimeGap=0.2ms
	Convex UEs
	1.044
	1.412
	2.209
	3.078
	No

	Case 19, InF-SH FR1, 5x20 MHz, Doppler 10 Hz, TimeGap=0.5ms
	Convex UEs
	0.213
	0.262
	0.313
	0.408
	Yes

	Case 20, InF-SH FR1, 5x20 MHz, Doppler 100 Hz, TimeGap=0.5ms
	Convex UEs
	0.445
	0.572
	0.684
	0.814
	Yes

	Case 21, InF-SH FR1, 5x20 MHz, Doppler 200Hz, TimeGap=0.5ms
	Convex UEs
	0.595
	0.768
	1.011
	1.235
	No

	Case 22, InF-SH FR1, 5x20 MHz, Doppler 10 Hz, TimeGap=1 ms
	Convex UEs
	0.221
	0.269
	0.335
	0.439
	Yes

	Case 23, InF-SH FR1, 5x20 MHz, Doppler 100 Hz, TimeGap=1 ms
	Convex UEs
	0.589
	0.757
	0.964
	1.217
	No

	Case 24, InF-SH FR1, 5x20 MHz, Doppler 200Hz, TimeGap=1 ms
	Convex UEs
	1.034
	1.412
	2.134
	2.988
	No

	Case 25, InF-SH FR1, 5x20 MHz, Doppler 10 Hz, TimeGap=2 ms
	Convex UEs
	0.275
	0.349
	0.420
	0.520
	Yes

	Case 26, InF-SH FR1, 5x20 MHz, Doppler 100 Hz, TimeGap=2 ms
	Convex UEs
	1.034
	1.398
	2.236
	3.347
	No

	Case 27, InF-SH FR1, 5x20 MHz, Doppler 10 Hz, TimeGap=5 ms
	Convex UEs
	0.444
	0.558
	0.683
	0.813
	Yes



InF-SH, FR1, phase offset impact
The evaluation results for FR1 in InF-SH scenario for assessing phase offset impact (without adjustment) are shown in the following Figure 3.2-4 and Table 3.2.3.
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Figure 3.2-4 Simulation results for hopping for RedCap UE with phase error (FR 1, InF-SH scenario)

Table 3.2-3 Simulation results for hopping for RedCap UE with phase error in FR 1, InF-SH scenario
	Cases
	
	50%
	67%
	80%
	90%
	Requirements met? (Yes/No)

	Case 28, InF-SH FR1, 5x20 MHz, Phase offset 0.01*2
	Convex UEs
	0.180
	0.249
	0.347
	0.452
	Yes

	Case 29, InF-SH FR1, 5x20 MHz, Phase offset 0.05*2
	Convex UEs
	0.198
	0.273
	0.361
	0.441
	Yes

	Case 30, InF-SH FR1, 5x20 MHz, Phase offset 0.1*2
	Convex UEs
	0.262
	0.323
	0.440
	0.567
	Yes

	Case 31, InF-SH FR1, 5x20 MHz, Phase offset 0.2*2
	Convex UEs
	0.422
	0.563
	0.677
	0.968
	Yes

	Case 32, InF-SH FR1, 5x20 MHz, Phase offset 0.5*2
	Convex UEs
	0.915
	1.386
	1.784
	2.324
	No

	Case 33, InF-SH FR1, 5x20 MHz, Phase offset 1*2
	Convex UEs
	2.145
	2.874
	3.769
	4.981
	No



InF-SH, FR1, timing offset impact
The evaluation results for FR1 in InF-SH scenario for assessing timing offset impact are shown in the following Figure 3.2-5 and Table 3.2.4.
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Figure 3.2-5 Simulation results for hopping for RedCap UE with timing error

Table 3.2-4 Simulation results for hopping for RedCap UE with timing error in FR 1, InF-SH scenario 
	Cases
	
	50%
	67%
	80%
	90%
	Requirements met? (Yes/No)

	Case 34, InF-SH FR1, 5x20 MHz, STD=0
	Convex UEs
	0.179
	0.238
	0.325
	0.428
	Yes

	Case 35, InF-SH FR1, 5x20 MHz, STD=0.5 ns
	Convex UEs
	0.205
	0.273
	0.333
	0.497
	Yes

	Case 36, InF-SH FR1, 5x20 MHz, STD=1 ns
	Convex UEs
	0.254
	0.327
	0.465
	0.558
	Yes

	Case 37, InF-SH FR1, 5x20 MHz, STD=2 ns
	Convex UEs
	0.375
	0.497
	0.618
	0.873
	Yes

	Case 38, InF-SH FR1, 5x20 MHz, STD=3 ns
	Convex UEs
	0.496
	0.659
	0.910
	1.146
	No

	Case 39, InF-SH FR1, 5x20 MHz, STD=4 ns
	Convex UEs
	0.645
	0.832
	1.106
	1.336
	No



InF-SH, FR2, frequency hopping
The simulation results for FR2 in InF-SH scenario are shown in the following Figure 3.2-6, Figure 3.2-7 and Table 3.2-5. 
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Figure 3.2-6 Simulation results for hopping for RedCap UE in FR2 InF-SH scenario (2 hops, 200MHz)
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Figure 3.2-7 Simulation results for hopping for RedCap UE in FR2 InF-SH scenario (3 hops, 300MHz)

Table 3.2-5 Simulation results for hopping in FR 2, InF-SH scenario
	Cases
	
	50%
	67%
	80%
	90%
	Requirements met? (Yes/No)

	Case 40, InF-SH FR2,100MHz Only
	Convex UEs
	0.26
	0.35
	0.41
	0.50
	Yes

	Case 41, InF-SH FR2, 100+100 MHz, with Φ adjustment
	Convex UEs
	0.11
	0.13
	0.16
	0.186
	Yes

	Case 42, InF-SH FR2, 100+100 MHz, w/o Φ adjustment
	Convex UEs
	
0.10
	
0.13
	
0.16
	
0.19
	
Yes

	Case 43, InF-SH FR2, Full 200MHz
	Convex UEs
	0.092
	0.12
	0.15
	0.185
	Yes

	Case 44, InF-SH FR2,100+100+100 MHz, with Φ adjustment
	Convex UEs
	
0.065
	
0.088
	
0.10
	
0.12
	Yes

	Case 45, InF-SH FR2, Full 300MHz
	Convex UEs
	0.054
	0.069
	0.088
	0.11
	Yes

	Case 46, InF-SH FR2,100+100+100 MHz, w/o Φ adjustment
	Convex UEs
	0.36
	0.46
	0.58
	0.74
	Yes



InF-SH, FR1, switching gap impact
The simulation results for FR1 in InF-SH scenario for evaluating the switching gap impact of frequency hopping are shown in the following Figure 3.2-8 and Table 3.2.6. 
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Figure 3.2-8 Simulation results for hopping with switching gap for RedCap UE (5 hops, FR 1, InF-SH scenario)

Table 3.2-6 Simulation results for hopping with switching gap in FR 1, InF-SH scenario
	Cases
	
	50%
	67%
	80%
	90%
	Requirements met? (Yes/No)

	Case 47, InF-SH FR1, 5x20 MHz, gap 0ms
	Convex UEs
	0.25
	0.34
	0.48
	0.62
	Yes

	Case 48, InF-SH FR1, 5x20 MHz, gap 0.1ms
	Convex UEs
	0.24
	0.33
	0.45
	0.62
	Yes

	Case 49, InF-SH FR1, 5x20 MHz, gap 0.2ms
	Convex UEs
	0.25
	0.37
	0.48
	0.61
	Yes

	Case 50, InF-SH FR1, 5x20 MHz, gap 0.5ms
	Convex UEs
	0.27
	0.37
	0.57
	0.75
	Yes

	Case 51, InF-SH FR1, 5x20 MHz, gap 1ms
	Convex UEs
	0.35
	0.48
	0.63
	0.77
	Yes

	Case 52, InF-SH FR1, 5x20 MHz, gap 2ms
	Convex UEs
	0.60
	0.71
	0.86
	1.02
	No

	Case 53, InF-SH FR1, 5x20 MHz, gap 5ms
	Convex UEs
	1.36
	1.58
	1.78
	2.18
	No



InF-SH, FR1, carrier phase with 20MHz
The simulation results for FR1 in InF-SH scenario for evaluating carrier phase based positioning for RedCap UE are shown in the following Figure 3.2-9 and Table 3.2.7. 
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Figure 3.2-9 Simulation results for carrier phase based positioning for RedCap UE (FR 1, InF-SH scenario)

Table 3.2-7 Simulation results for carrier phase based positioning in FR 1, InF-SH scenario 
	Cases
	
	50%
	67%
	80%
	90%
	Requirements met? (Yes/No)

	Case 54, InF-SH FR1, perfect Φ, N1
	Convex UEs
	1.14
	1.42
	1.73
	2.18
	No

	Case 55, InF-SH FR1, perfect Φ, N
	Convex UEs
	1.12                  
	1.46
	1.81
	2.21
	No

	Case 56, InF-SH FR1, perfect Φ, N4
	Convex UEs
	1.19                  
	1.49
	1.81
	2.39
	No

	Case 57, InF-SH FR1, perfect Φ, N
	Convex UEs
	1.11                    
	1.46
	1.74
	2.35
	No

	Case 58, InF-SH FR1, perfect Φ, N
	Convex UEs
	1.15                   
	1.56
	1.89
	2.46
	No

	Case 59, InF-SH FR1, perfect Φ, N10
	Convex UEs
	1.02                  
	1.55
	1.97
	2.46
	No

	Case 60, InF-SH FR1, perfect Φ, N12
	Convex UEs
	0                 
	1.34
	1.86
	2.58
	No

	Case 61, InF-SH FR1, perfect Φ, N14
	Convex UEs
	0                  
	1.05
	1.65
	2.65
	No



InF-DH, FR1, frequency hopping
The simulation results for FR1 in InF-DH scenario for comparing with and without frequency hopping are shown in the following Figure 3.2-10 and Table 3.2.8.
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Figure 3.2-10 Simulation results frequency for hopping based positioning (FR 1, InF-DH scenario)

Table 3.2-8 Simulation results for frequency hopping based positioning in FR 1, InF-DH scenario 
	Cases
	
	50%
	67%
	80%
	90%
	Requirements met? (Yes/No)

	Case 62, InF-DH FR1, 20MHz Only
	Convex UEs
	2.41
	3.61
	5.63
	7.56
	No

	Case 63, InF-DH FR1, 5x20 MHz, without Φ adjustment
	Convex UEs
	5.41
	6.72
	8.43
	11.83
	No

	Case 64, InF-DH FR1, 5x20 MHz, with Φ adjustment
	Convex UEs
	1.02
	1.58
	2.49
	4.44
	No

	Case 65, InF-DH FR1, Full 100MHz
	Convex UEs
	0.39
	0.70
	2.15
	3.89
	No



UMi, FR1, frequency hopping
The simulation results for FR1 in UMi scenario for comparing with and without frequency hopping are shown in the following Figure 3.2-11 and Table 3.2.9.
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Figure 3.2-11 Simulation results frequency for hopping based positioning (FR 1, UMi scenario)

Table 3.2-9 Simulation results for frequency hopping based positioning in FR 1, UMi scenario 
	Cases
	
	50%
	67%
	80%
	90%
	Requirements met? (Yes/No)

	Case 66, UMi FR1, 20MHz Only
	Convex UEs
	5.08
	7.13
	9.91
	13.91
	No

	Case 67, UMi FR1, 5x20 MHz, without Φ adjustment
	Convex UEs
	5.76
	7.33
	9.30
	12.59
	No

	Case 68, UMi FR1, 5x20 MHz, with Φ adjustment
	Convex UEs
	1.14
	2.14
	4.36
	7.97
	No

	Case 69, UMi FR1, Full 100MHz
	Convex UEs
	0.59
	1.96
	4.60
	7.65
	No



Summary of Evaluations for Positioning for RedCap UEs 
To check the positioning performance of a RedCap UE, some simulations are performed in InF-SH scenario for FR1 and FR2. From these results, it can be observed that, the positioning accuracy in FR1 for a RedCap UE with a bandwidth of 20MHz (case 1) is about 2.6 m for 90% UEs which cannot satisfy the target positioning requirements. Based on our evaluation results, case 40 for evaluating FR2 in InF-SH scenario can meet the positioning requirement for RedCap UE using 100MHz bandwidth.
Therefore, we have the following observation.
Observation 1: Regarding the baseline performance for positioning of Redcap UEs for InF-SH scenario:
· For InF-SH in FR1, the horizontal positioning requirement for IIOT use cases is not achieved by Rel.17 solutions using 20MHz of bandwidth.
· DL-TDOA cannot meet the requirement
· For InF-SH in FR2, the horizontal positioning requirement for IIOT use cases is achieved by Rel.17 solutions using 100MHz of bandwidth.
· DL-TDOA can meet the requirement
From simulation results in FR1 for InF-SH scenarios shown in Figure 3.2-1, Figure 3.2-2 and Table 3.2.2, 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. According to our evaluation results for case 28 to case 33, when the random phase offset is set to 0.5*2 or larger than 0.5*2 (in STD of standard normal distribution), the positioning accuracy cannot satisfy the agreed requirements for IIoT use case.
Moreover, based on our evaluation results, all cases (case 40 to case 46) for evaluating FR2 can meet the positioning requirement for RedCap UE even though the phase is not compensated. Similar as our observation in FR1 InF-SH, PRS frequency hopping can improve positioning performance if the random phase between hops can be adjusted in FR2, InF-SH scenario. Figure 3.2-6 shows the evaluation results of PRS frequency hopping with 2 hops, it can be observed that compared with 2 hops without phase adjustment, the result of 2 hops with phase adjustment shows little or none accuracy improvement. For two hops, discontinuous phase has little impact on positioning accuracy.
Hence, we have the following observation. 
Observation 2: Regarding the performance for positioning of Redcap UEs using frequency hopping in InF-SH scenarios, considering phase offset between hops:
· In FR 1
· If the phase offset between hops in Frequency hopping is compensated, for InF-SH the horizontal positioning requirement for IIOT use cases can be achieved using frequency hopping with partial overlap for the purpose of phase offset compensation,
· DL-TDOA can meet the requirement
· If the phase offset between hops in Frequency hopping is not compensated
· DL TDOA can meet the requirements if the random phase offset is set to be smaller than 0.5*2π, otherwise, the positioning accuracy requirement can not be satisfied.
· In FR 2
· The requirements can be met even if the phase is not compensated
· PRS frequency hopping can improve positioning performance if the random phase between hops can be adjusted in FR2, InF-SH scenario.
· For 2 hops discontinuous phase has little impact on positioning accuracy.
Based on our evaluation results for Doppler impact in FR1, InF-SH scenarios (case 8 to case 27) for evaluating Doppler impact, we have the following observation.
Observation 3: Regarding the performance for positioning of Redcap UEs using frequency hopping in InF-SH scenarios, considering Doppler impact between hops:
· In FR 1
· For DL-TDOA, the horizontal accuracy requirement can be met for a gap of 0.1ms for UE speed of up to 150km/h
· For DL-TDOA, the horizontal accuracy requirement can be met for a gap of 0.2ms for UE speed of up to 60km/h
· For DL-TDOA, the horizontal accuracy requirement can be met for a gap of 0.5ms for UE speed of up to 30km/h
· For DL-TDOA, the horizontal accuracy requirement can be met for a gap of 1ms, 2ms, 5ms for UE speed of up to 3km/h
Based on our evaluation results for timing offset impact in FR1 InF-SH scenarios, time offset between hops will decrease positioning accuracy of hopping for RedCap UE. Especially when STD (of standard normal distribution) is equal to or larger than 3ns, the positioning accuracy requirement for RedCap UE cannot be met.
Observation 4: Regarding the performance for positioning of Redcap UEs using frequency hopping in InF-SH scenarios, considering timing offset impact between hops:
· In FR 1
· The time offset between hops will decrease positioning accuracy for RedCap UE under InF-SH scenario in FR1, DL-TDOA cannot meet the horizontal requirement when the random timing offset is equal to or larger than 3ns (in STD). 
Case 47 to Case 53 represent the evaluation of switching gap impact for frequency hopping (UE speed 3km/h), and the value of the gap between two consecutive hops are 0.1ms, 0.2ms, 0.5ms, 1ms, 2ms, 5ms respectively. From our results, we can observe that the larger the switching gap, the lower the positioning accuracy. When the switching gap is equal to or larger than 2ms, the positioning accuracy requirement cannot be met.
Observation 5: Regarding the performance for positioning of Redcap UEs using frequency hopping in InF-SH scenarios, considering switching gap impact between hops:
· In FR 1
· The switching gap between hops will decrease positioning accuracy for RedCap UE under InF-SH scenario in FR1, DL-TDOA can meet the horizontal requirement when the switching gap is smaller than 2ms. 
To check whether carrier phase based positioning for RedCap UE is workable, an evaluation is performed as shown in the results for case 54 to case 61. It can be observed that, carrier phase based method cannot satisfy the requirement, even in the condition of perfect phase estimation. However, carrier phase based positioning performs better than the traditional method for around 50% of UEs. Hence, we have the following observation.
Observation 6: Regarding the performance for positioning of Redcap UEs using carrier phase measurements in InF-SH scenarios:
· In FR 1
· Carrier phase based method cannot satisfy the requirement even in the condition of perferct phase estimation, but it can improve the performance for around 50% of UEs for RedCap UE positioning.
From evaluation results in FR1 for InF-DH scenarios shown in Figure 3.2-10 and Table 3.2.8, it can be seen that, the positioning accuracy in FR1 for a RedCap UE with a bandwidth of 20MHz (case 62) is about 7.56 m for 90% UEs which cannot satisfy the target positioning requirements.
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. However, DL-TDOA cannot meet the horizontal requirement with or without phase offset compensation in FR1, InF-DH scenarios.
Observation 7: Regarding the performance for positioning of Redcap UEs for InF-DH scenario:
· For InF-DH in FR1, the horizontal positioning requirement for IIOT use cases is not achieved by Rel.17 solutions using 20MHz of bandwidth.
· DL-TDOA cannot meet the requirement
Observation 8: Regarding the performance for positioning of Redcap UEs using frequency hopping in InF-DH scenarios, considering phase offset between hops:
· In FR 1
· DL-TDOA cannot meet the horizontal requirement with or without phase offset compensation
· PRS frequency hopping can improve positioning performance if the random phase between hops can be adjusted in FR1, InF-DH scenario.
From evaluation results in FR1 for UMi scenarios shown in Figure 3.2-11 and Table 3.2.9, it can be seen that, the positioning accuracy in FR1 for a RedCap UE with a bandwidth of 20MHz (case 64) is about 13.91 m for 90% UEs which can not satisfy the target positioning requirements.
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. However, DL-TDOA cannot meet the horizontal requirement with or without phase offset compensation in FR1, UMi scenarios.
Observation 9: Regarding the baseline performance for positioning of Redcap UEs for commercial scenario:
· For UMi in FR1, the horizontal positioning requirement for commercial use cases is not achieved by Rel.17 solutions using 20MHz of bandwidth.
· DL-TDOA cannot meet the requirement
Observation 10: Regarding the performance for positioning of Redcap UEs using frequency hopping in commercial scenarios, considering phase offset between hops:
· In FR 1, UMi
· DL-TDOA cannot meet the horizontal requirement with or without phase offset compensation
· PRS frequency hopping can improve positioning performance if the random phase between hops can be adjusted.

Conclusion
In this contribution, we provide our views on positioning support for RedCap UE techniques as the following observations and proposals.
Observation 1: Regarding the baseline performance for positioning of Redcap UEs for InF-SH scenario:
· For InF-SH in FR1, the horizontal positioning requirement for IIOT use cases is not achieved by Rel.17 solutions using 20MHz of bandwidth.
· DL-TDOA cannot meet the requirement
· For InF-SH in FR2, the horizontal positioning requirement for IIOT use cases is achieved by Rel.17 solutions using 100MHz of bandwidth.
· DL-TDOA can meet the requirement
Observation 2: Regarding the performance for positioning of Redcap UEs using frequency hopping in InF-SH scenarios, considering phase offset between hops:
· In FR 1
· If the phase offset between hops in Frequency hopping is compensated, for InF-SH the horizontal positioning requirement for IIOT use cases can be achieved using frequency hopping with partial overlap for the purpose of phase offset compensation,
· DL-TDOA can meet the requirement
· If the phase offset between hops in Frequency hopping is not compensated
· DL TDOA can meet the requirements if the random phase offset is set to be smaller than 0.5*2π, otherwise, the positioning accuracy requirement can not be satisfied.
· In FR 2
· The requirements can be met even if the phase is not compensated
· PRS frequency hopping can improve positioning performance if the random phase between hops can be adjusted in FR2, InF-SH scenario.
· For 2 hops discontinuous phase has little impact on positioning accuracy.
Observation 3: Regarding the performance for positioning of Redcap UEs using frequency hopping in InF-SH scenarios, considering Doppler impact between hops:
· In FR 1
· For DL-TDOA, the horizontal accuracy requirement can be met for a gap of 0.1ms for UE speed of up to 150km/h
· For DL-TDOA, the horizontal accuracy requirement can be met for a gap of 0.2ms for UE speed of up to 60km/h
· For DL-TDOA, the horizontal accuracy requirement can be met for a gap of 0.5ms for UE speed of up to 30km/h
· For DL-TDOA, the horizontal accuracy requirement can be met for a gap of 1ms, 2ms, 5ms for UE speed of up to 3km/h
Observation 4: Regarding the performance for positioning of Redcap UEs using frequency hopping in InF-SH scenarios, considering timing offset impact between hops:
· In FR 1
· The time offset between hops will decrease positioning accuracy for RedCap UE under InF-SH scenario in FR1, DL-TDOA cannot meet the horizontal requirement when the random timing offset is equal to or larger than 3ns (in STD). 
Observation 5: Regarding the performance for positioning of Redcap UEs using frequency hopping in InF-SH scenarios, considering switching gap impact between hops:
· In FR 1
· The switching gap between hops will decrease positioning accuracy for RedCap UE under InF-SH scenario in FR1, DL-TDOA can meet the horizontal requirement when the switching gap is smaller than 2ms. 
Observation 6: Regarding the performance for positioning of Redcap UEs using carrier phase measurements in InF-SH scenarios:
· In FR 1
· Carrier phase based method cannot satisfy the requirement even in the condition of perferct phase estimation, but it can improve the performance for around 50% of UEs for RedCap UE positioning.
Observation 7: Regarding the performance for positioning of Redcap UEs for InF-DH scenario:
· For InF-DH in FR1, the horizontal positioning requirement for IIOT use cases is not achieved by Rel.17 solutions using 20MHz of bandwidth.
· DL-TDOA cannot meet the requirement
Observation 8: Regarding the performance for positioning of Redcap UEs using frequency hopping in InF-DH scenarios, considering phase offset between hops:
· In FR 1
· DL-TDOA cannot meet the horizontal requirement with or without phase offset compensation
· PRS frequency hopping can improve positioning performance if the random phase between hops can be adjusted in FR1, InF-DH scenario.
Observation 9: Regarding the baseline performance for positioning of Redcap UEs for commercial scenario:
· For UMi in FR1, the horizontal positioning requirement for commercial use cases is not achieved by Rel.17 solutions using 20MHz of bandwidth.
· DL-TDOA cannot meet the requirement
Observation 10: Regarding the performance for positioning of Redcap UEs using frequency hopping in commercial scenarios, considering phase offset between hops:
· In FR 1, UMi
· DL-TDOA cannot meet the horizontal requirement with or without phase offset compensation
· PRS frequency hopping can improve positioning performance if the random phase between hops can be adjusted.
[bookmark: _GoBack]Proposal 1: For RedCap UE, further study the following candidate solutions of RS resource frequency hopping:
· Frequency hopping within one resource
· Frequency hopping within one resource set
· Frequency hopping between different CCs/BWPs/PFLs/resource sets
Proposal 2: For RedCap UE positioning RS, introduce partial overlapping in frequency for adjacent hops.
Proposal 3: For RedCap UE positioning, further study switching gap between adjacent frequency hops. FFS the gap values.

Reference
[1] RP-213588 Revised SID on Study on expanded and improved NR positioning, RAN#94e.
[2] Draft_Minutes_report_RAN1#110_v020, 3GPP RAN1#110
[3] R1-2211503 Discussion on carrier phase measurement based positioning, ZTE
[4] 3GPP TR 38.859. “Study on Expanded and Improved NR Positioning; (Release 18)”.
[5] 3GPP TR 38.857. “Study on NR Positioning Enhancements”
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