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1. Introduction
In the last #98 RAN plenary meeting, the following objective for positioning for RedCap UEs was agreed upon as WID [1]: 
 · Specify support of positioning for UEs with Reduced Capabilities (RedCap UEs)
· Specify support of Frequency Hopping (FH) beyond maximum RedCap UE bandwidth for reception of DL PRS and transmission of UL SRS for positioning [RAN1, RAN2].
· NOTE: The complexity of the corresponding capabilities for RedCap UEs should be addressed for the introduction of appropriate capabilities for RedCap UEs.
· Specify RRM requirements for positioning including RRM measurements and procedures for RedCap UEs for both with and without frequency hopping [RAN4].

and the following target performance requirement for positioning for RedCap UEs was captured in TR [2]: 
For commercial use cases for both indoor and outdoor scenarios
-	Horizontal positioning accuracy: (< 3 m) for 90% of UEs
-	Vertical positioning accuracy: (< 3 m) for 90% of UEs.
For IIoT use cases:
-	Horizontal positioning accuracy: (< 1 m) for 90% of UEs
-	Vertical positioning accuracy: (< 3 m) for 90% of UEs.

Based on the performance evaluations of positioning for Redcap UEs in IIOT scenarios provided by a majority of sources, for InF-SH in FR1, the horizontal positioning requirement for IIOT use cases is not achieved by Rel.17 solutions using 5 MHz or 20 MHz of bandwidth. To solve this, potential enhancements to UL SRS for positioning to enable transmitter frequency hopping were studied. In Rel.17, SRS for MIMO Tx frequency hopping is supported, and SRS resource(s) is allocated according to the hopping pattern corresponding to the configuration table using RRC parameters, while SRS for positioning Tx frequency hopping is not supported.
In this contribution, we discuss on detail methods of UL SRS for positioning Tx frequency hopping and other spec impacts such as adaptive hopping pattern indication, collision handling. Also, we provide evaluation results showing the impact of FH patterns and impact factors on the positioning accuracy.
2. Discussion of SRS for positioning FH
A. Frequency hopping pattern
In 5G NR, the maximum transmission bandwidth of the RedCap UEs is restricted to 20MHz/100MHz (for FR1/FR2). The SRS defined in the 5G NR spec is not suitable for supporting UL SRS FH (frequency hopping) within a BW larger than the BW capability of the RedCap UEs. In order to improve positioning performance by supporting UL SRS FH transmission within wider BW than the maximum transmission bandwidth of the RedCap UEs, the following methods can be considered: set a virtual bandwidth for purpose of UL SRS FH which is wider than the maximum transmission bandwidth of RedCap UEs and transmit UL SRS using FH within the virtual bandwidth; extend the total transmission bandwidth by BWP switching for UL SRS FH purpose.
1) Configuration UL SRS resource / resource set within virtual bandwidth part
As mentioned above, FH for SRS-MIMO in which a hopping pattern for each SRS resource is configured by RRC parameters is supported in Rel.17. 
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Figure 1. Example of UL SRS Tx FH within virtual BWP
In order to support Tx FH of UL SRS for positioning for RedCap UEs, the method of setting a virtual BW wider than the maximum transmission BW of RedCap UEs and transmitting SRS for positioning the resource/resource set within the virtual BW by dividing it into several hops in the frequency domain can be considered as shown in Figure 1.
For such FH configuration, we can consider using the FH configuration mechanism for SRS-MIMO supported in NR. Since the FH pattern must be configured and indicated per SRS for positioning resource/resource set, a configuration framework which can reduce the overhead of indication should be considered. This could be by configuring a hopping pattern by a combination of RRC parameters or indicating with pre-configured pattern IDs.
2) BWP switching for UL SRS frequency hopping purpose
The concept of bandwidth part (BWP) is supported in NR Rel.17 for the purpose of flexible frequency resource allocation. This is used for data transmission and can be used by configuring several BWPs within channel BW. BWP switching is an operation of transferring to a BWP suitable for each moment among the pre-configured BWPs by the cell, so as to get better bandwidth efficiency and less latency.
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Figure 2. Example of BWP switching for FH purpose
Defining the BWP for FH purpose using the existing concept of BWP switching can be considered. A mechanism that performing FH operation with BWP switching when transferring from BWP for data transmission to BWP for FH is performed can be considered as show in Figure 2.
During BWP switching for FH is performed according to the configured BWP switching pattern, any indication of BWP switching may not be expected, and the configuration information of the previous BWP can be copied. Thanks to this, the overhead of configuration can be reduced. 
Note that due to the RF retuning and (re)configuration time gap, the switching delay of BWP switching for data transmission is too long for FH. Supporting a new BWP switching delay for the purpose of FH may need to be considered.
Proposal 1: Consider the following candidates of configuration framework for supporting the UL SRS frequency hopping:
· Configuration UL SRS resource / resource set within virtual bandwidth part
· Bandwidth Part switching for UL SRS frequency hopping purpose
According to the TR [2], performance evaluations showing that positioning accuracy of SRS for positioning FH is affected by the impact of phase offset, timing error, UE speed. 
For the design Tx hopping pattern in detail, it is necessary to further study impact on positioning performance, and the hopping pattern to be considered with regard to the number of hops, time gap, and F-domain resource allocation including BW of hop and overlap size.
A large overlap size would bring more performance gain due to more accurate phase estimation. On the other hand, the effective bandwidth used for positioning (i.e., combined bandwidth after coherent reception) is reduced with the increase of overlap size [3]. For efficiency of frequency resource allocation and improvement of positioning performance, it is necessary to discuss an appropriate overlap size through detailed evaluation of positioning performance according to overlap size.
Proposal 2: For the Tx hopping pattern design for transmission of the UL SRS, consider the impacts of elements such as the number of hops, bandwidth of hop, time gap between hops, and overlap size.
B. Adaptive FH pattern 
Frequency hopping can improve positioning accuracy by transmitting over a relatively wider BW, but at the same time, it causes an increase in resources allocated in both of the time and frequency domain.
As we discussed in a previous section, achievable positioning accuracy with given FH pattern can be varied due to the UE mobility or variation of the channel condition. Also, required positioning accuracy can be changed by time according to the request from LMF or service provider. Therefore, it may require to allow adaptive change for the FH pattern so as not to waste time and frequency resources while guaranteeing required target accuracy at the instant. For example, if the target accuracy or the UE speed decreases, or the channel quality between the UE and the gNB gets better, the number of hops or the overlapping size of FH pattern would be better to be reduced. Likewise, if the target accuracy or the UE speed increases, or the channel quality between the UE and the gNB gets worse, the number of hops or the overlapping size of FH pattern would be better to be increased.
To accommodate needs for such FH pattern adaptation which may be requested aperiodically or at an unexpected time, supporting DCI and MAC CE-based adaptive indication for FH pattern modification could be considered.
Proposal 3: Consider adaptive Tx hopping pattern for transmission of the UL SRS, which is indicated by DCI or MAC CE. 

C. Collision handling
For SRS for positioning in NR Rel.17, the collision handling rules for between SRS for positioning resources or with other physical channels are already defined as symbol level dropping mechanism. In the case of FH transmission of SRS for positioning, however, the transmission time duration per resource is longer so that collisions with other signals/channels may occur more frequently. 
In addition, if we use existed symbol level dropping mechanism for FH, RF retuning during frequency hopping is required to return to active UL BWP and/or resume SRS for positioning transmission. this might increase power consumption and complexity of the UE and the positioning accuracy would be worse due to discontinuity between hops.
Therefore, it is necessary to define a modified collision handling rule for FH considering both the optimization of the UE's RF retuning operation and the positioning accuracy gain.
Proposal 4: Discuss collision handling rule of UL SRS frequency hopping for RedCap UEs positioning 

3. Performance Evaluation
A. Simulation Assumption
Frequency Hopping reference signals
Currently, frequency hopping functionality is included in the 5G NR Rel.17 for UL SRS, sounding reference signals. Similar functionality can be considered for DL PRSs, which are now occupy whole selected BW and don’t have FH options.
In our studies, we have considered both DL PRSs with introduces hopping and UL SRSs signal in accordance with the Rel.17 spec.
To check the positioning accuracy for the different mobility cases and different FH patterns, the TDoA-based positioning was evaluated in the InF-SH scenario. 
· The basic assumptions are:
· Modified TDoA Chan algorithm with selection of the several AP subsets and weighting-based on residuals is used for absolute position estimation
· Distance-differences (DDs) between UE and APs are measured in the baseband with the super-resolution MUSIC algorithms for every pair of stations
· Since baseline MUSIC algorithms implementation requires contiguous samples, the Reference Signals grid on the consecutive symbols is united in the single symbol with full band fill. To do this of UL SRS, the comb factor should be equal to repetition parameter. 
Formal simulation assumptions are summarized in Table 1, while Figure 3 shows visualization of scenarios with frequency hopping from Table 1.
[bookmark: _Ref127283909]Table 1. Simulation assumptions
	Parameter
	Values

	Carrier frequency
	3.5 GHz

	Scenario
	InF-SH

	Transmission Bandwidth
	DL PRS: 100 MHz (270 RB) / UL SRS: 86 MHz: (240 RB)

	SCS
	30 kHz

	TX/RX Antenna configuration
	[1,1,1,1,1]

	Type of reference signal
	DL PRS, UL SRS

	Structure of reference signal
	Comb 4;  Comb 6;  Comb 12

	Deployment
	Total number of UEs = 500
Vehicle speed = 3 km/h; 30 km/h; 60 km/h; 120 km/h;  300km/h

	Distance algorithm
	MUSIC

	Positioning algorithm
	TDoA(Chan)

	Phase between hops
	Uniform random, (0, 2π)

	Phase compensation between hops
	Without compensation

	Types of joint processing hops 
	Non coherent combining (Correlation matrix estimates)
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[bookmark: _Ref127284099]Figure 3. Visualization of scenarios with frequency hopping


B. Evaluation Results
DL PRS with Frequency Hopping

Table 2. Positioning error for hopping configuration 20 MHz x 5 slots with different mobility
	Velocity, km/h
	Comb 4
	Comb 6
	Comb 12

	3
	0.175
	0.157
	0.219

	30
	0.177
	0.168
	0.223

	60
	0.195
	0.202
	0.245

	120
	0.213
	0.212
	0.284

	300
	0.257
	0.266
	0.754


Positioning error [m] (CDF 90%)
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[bookmark: _Ref127285103]Figure 4. 20 MHz x 5 slots, Comb 4,6,12

According to the evaluation results above, degradation of positioning accuracy for DL PRS FH is impacted by UE speed depending on the comb pattern. It can also be shown that the performance in case of comb 4 is relatively robust for UE speed.
Table 3. Horizontal accuracy, DL PRS
	Test case assumptions
Common:InF-SH, FR1, TDOA
	Error 50%
	Error 67%
	Error 80%
	Error 90%
	Whether meet the requirement of commercial use cases(<3m)
	Whether meet the requirement of IIoT use cases(<1m)

	100 MHz, 3km/h
DL PRS,Comb 4
	0.025
	0.04
	0.068
	0.107
	Yes
	Yes

	20х5 MHz, 3km/h
DL PRS,Comb 4
	0.046
	0.071
	0.108
	0.175
	Yes
	Yes

	20х5 MHz, 300km/h
DL PRS,Comb 4
	0.061
	0.099
	0.168
	0.257
	Yes
	Yes



In Table 3, we show that assuming DL PRS FH transmission with 5 hops, 20MHz each, using comb 4, the performance degradation in comparison with full-100MHz band is not significant even for the large mobility cases (up to 300 km/h)
Observation 1: The smaller number of comb is used in the DL PRS FH, the more robust the performance is to the mobility of UEs.
Observation 2: At least for DL PRS FH transmission with 5 hops, 20MHz each, using comb 4, performance degradation in comparison with full-100MHz band is not significant even for the large mobility cases  






UL SRS with Frequency Hopping
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Figure 5. Positioning accuracy for different UE speed
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Figure 6. Positioning accuracy for different number of hops (same BW per hop)

UL SRS patterns and sequences demonstrate similar behavior to the DL PRS signals. As can be seen from the Figure 5, when we use the UL SRS transmission with 5 hops, 20 MHz each, performance degradation in comparison with full-100MHz band is not significant even for the large mobility cases (up to 300 km/h). 
In Figure 6, as the number of hops increases with same BW per each hop, the positioning accuracy tends to increase, and the rate of increase in accuracy decreases.
Observation 3: For 5 hops, degradation in comparison with the full BW approach is not significant even for high mobility cases.
Observation 4: As the number of hops increases with same BW per each hop, the positioning accuracy tends to increase, and the rate of increase in accuracy decreases.
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Figure 7. Positioning accuracy for different number of hops (same total BW) for 3 and 300 km/h

Table 4. Horizontal accuracy, UL SRS
	Test case assumptions
Common:InF-SH, FR1, TDOA
UL SRS,Comb 4
	Error 50%
	Error 67%
	Error 80%
	Error 90%
	requirement of commercial use cases(<3m)
	requirement of IIoT use cases(<1m)

	86.4MHz x 1 slots, V=3km/h
	0.031
	0.049
	0.078
	0.132
	Yes
	Yes

	17.3MHz x 5 slots, V=3km/h
	0.047
	0.073
	0.108
	0.194
	Yes
	Yes

	14.4MHz x 6 slots, V=3km/h
	0.052
	0.089
	0.138
	0.213
	Yes
	Yes

	10.8MHz x 8 slots, V=3km/h
	0.067
	0.110
	0.171
	0.278
	Yes
	Yes

	8.6MHz x 10 slots, V=3km/h
	0.076
	0.123
	0.186
	0.305
	Yes
	Yes

	7.2MHz x 12 slots, V=3km/h
	0.089
	0.142
	0.230
	0.402
	Yes
	Yes

	86.4MHz x 1 slots, V=300km/h
	0.043
	0.068
	0.112
	0.196
	Yes
	Yes

	17.3MHz x 5 slots, V=300km/h
	0.064
	0.104
	0.164
	0.276
	Yes
	Yes

	14.4MHz x 6 slots, V=300km/h
	0.070
	0.113
	0.174
	0.305
	Yes
	Yes

	10.8MHz x 8 slots, V=300km/h
	0.091
	0.147
	0.238
	0.360
	Yes
	Yes

	8.6MHz x 10 slots, V=300km/h
	0.101
	0.160
	0.250
	0.439
	Yes
	Yes

	7.2MHz x 12 slots, V=300km/h
	0.119
	0.193
	0.311
	0.514
	Yes
	Yes



In Figure 7 and Table 4, we evaluated the impact of the number of hops within same total hopping BW on the positioning accuracy and the performance robustness for UE speed. Although, as the number of hops increases, the positioning accuracy decreases due to impact of the decrease in BW per hop, the performance requirements for both of commercial and IIoT use cases is still achieved.
Observation 5: Although, as the number of hops increases, the positioning accuracy decreases due to impact of the decrease in BW per hop, the performance requirements for both of commercial and IIoT use cases is still achieved.
It is necessary to consider further evaluating the performance for positioning of RedCap UEs using FH regarding the FH patterns (such as the number of hops, BW of each hop, total hopping BW, etc.) according to impact factors including UE speed, phase offset, timing error, etc. In addition, although we assumed non-coherent combining in the above simulations, FFS of comparison with a coherent combining FH through additional evaluations can be considered for potential enhancements.
Proposal 5: Consider further evaluating the performance for positioning of RedCap UEs using FH regarding the FH patterns (such as the number of hops, BW of each hop, total hopping BW, etc.) according to impact factors including UE speed, phase offset, timing error, etc.
4. Conclusion
Based on the above discussion, the following proposals and observations are suggested.
Observation 1: The smaller number of comb is used in the DL PRS FH, the more robust the performance is to the mobility of UEs.
Observation 2: At least for DL PRS FH transmission with 5 hops, 20MHz each, using comb 4, performance degradation in comparison with full-100MHz band is not significant even for the large mobility cases  
Observation 3: For 5 hops, degradation in comparison with the full BW approach is not significant even for high mobility cases.
Observation 4: As the number of hops increases with same BW per each hop, the positioning accuracy tends to increase, and the rate of increase in accuracy decreases.
Observation 5: Although, as the number of hops increases, the positioning accuracy decreases due to impact of the decrease in BW per hop, the performance requirements for both of commercial and IIoT use cases is still achieved.
Proposal 1: Consider the following candidates of configuration framework for supporting the UL SRS frequency hopping:
· Configuration UL SRS resource / resource set within virtual bandwidth part
· Bandwidth Part switching for UL SRS frequency hopping purpose
Proposal 2: For the Tx hopping pattern design for transmission of the UL SRS, consider the impacts of elements such as the number of hops, bandwidth of hop, time gap between hops, and overlap size.
Proposal 3: Consider adaptive Tx hopping pattern for transmission of the UL SRS, which is indicated via DCI or MAC CE. 
Proposal 4: Discuss collision handling rule of UL SRS frequency hopping for RedCap UEs positioning.
Proposal 5: Consider further evaluating the performance for positioning of RedCap UEs using FH regarding the FH patterns (including the number of hops, BW of each hop, total hopping BW, etc.) according to change of variables such as UE speed, phase offset, timing error, etc. 
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