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1 Introduction
In RAN#98e [1], the following objectives were agreed for normative work during the NR Rel-18 work phase: 

	· 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].




The following related agreements were made in RAN1#111: 

	Agreement
Capture the following in the TR conclusions:
· From RAN1 perspective, for positioning of RedCap UEs, support of PRS frequency hopping and SRS frequency hopping is recommended for normative work.
· During the normative phase, the complexity of the corresponding capabilities for RedCap UEs should be addressed for the introduction of appropriate capabilities for RedCap UEs.

Agreement
Capture the following in section 6.5.3 of the TR:
The following has been identified for potential specification impact of NR positioning for RedCap UEs:
· Maximum tolerable phase error, timing gap, and timing error between hops
· Considerations for IIoT, commercial, Public Safety and V2X scenarios, and UE capabilities
· Details on the Tx or Rx hopping pattern(s), including frequency overlapping between hops, if supported.



In this paper, we provide our initial views on the following topics with regards to the Redcap frequency hopping:
· Overlapped frequency-domain Hopping
· Rx-only or Rx/Tx DL PRS Hopping
· MG-based and MG-less DL PRS Hopping
· SRS for Positioning Hopping
2 Overlapped Frequency-domain hopping in DL & UL
One of the main issues that may need to be addressed is related to the phase offset/mismatch that may be introduced between the hops in the case of Tx or Rx frequency hopping. This is occurring at the device due to the RF retuning that may be occurring at the Tx or Rx chain. 

In the figures below, we show the performance of frequency hopping and coherently stitching between the hops for a TDD scenario with 30 KHz and 24 PRB PRS processing in each hop where, an unknown and uncompensated phase offset (θ) exists between the hops randomly chosen between the hops. We observe that a phase jump of a few degrees may have a non-negligible impact on the gains that one could expect from this feature. 
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With regards to FR2 Redcap devices, we first show the impact of phase shift in PRS band stitching. We assume that phase difference between two consecutive hops θi+1  -θi  follows a uniform distribution between [-θ,θ]  and 4 PRS hops, 100 MHz each, are processed coherently at the receiver. For comparison, we propose two baseline cases. 
1. Single hop (100MHz) without repetition. (1/4 of resource overhead with 4 PRS hops)
2. Single hop (100 MHz) with 4 repeptions, non-coherent combining ( Same resource overhead )
As can be seen from the following Figure, PRS frequency hopping could improve the accuracy until the phase difference is larger than 8 deg with 2 Rx chains, in the InF-SH channel compared with single hops with repetition. Among two baselines, Single hop with repetitions show slightly better accuracy.  
[image: ]
Positioning Accuracy of RedCap UE (TDD Evaluation Assumptions) with 2 Rx chains for InF-SH FR2 with 4 Hops (120 KHz SCS) and phase offset chosen uniformly in [-θ,θ] with (θ = {0, 1, 2, 4, 8, 16,32} degrees) between two consecutive hops
In the next Figure, we show the comparison between the PRS frequency hopping without overlapping tones across the hops and the PRS frequency hopping with overlapping tones across the hops, assuming the same resource overhead. We assume 4 PRS hops, 100MHz each, and the overlapping BW is 25 MHz.  Therefore, the total BW is 325 MHz with overlapping tones. With the same phase shift error range, the PRS band stitching with phase offset estimation is inferior to the stitching without phase offset estimation due to the lower total BW. With overlapping tones, receiver can estimate phase offset by using overlapping tones across the hops, thus reduce the phase offset and improve positioning accuracy. For example, the positioning accuracy of PRS hopping with overlapping tones (θ=4) is better than the one without overlap (θ=8).  
[image: ]
Positioning Accuracy of RedCap UE (TDD Evaluation Assumptions) with 1 Rx chain for InF-SH FR2 with 4 Hops (120 KHz SCS) , with and without overlapping tones
One way to compensate for such phase offset is to use overlapping tones across the hops, assuming the hops are close-by in time and the device is not in a high mobility scenario. To demonstrate that, we show results below with 1 PRB overlap between the hops, 
· for the case of DL-TDOA with 4 hops, each 20 MHz and we compare it against the best performance of 80 MHz coherent processing, and a UE that is only doing non-coherent processing. We simulate this for the UMI, 4 GHz scenario with 200m ISD. We observe that, even with 1 PRB of overlap, the UE is able to estimate well enough the phase error (which was randomly chosen in each hop in the U[-180,180] degrees) and still achieve a performance very close to the 80 MHz performance. 
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· for the case of M-RTT with 5 hops, each 20 MHz and we compare it against the best performance of 100 MHz coherent processing, and a UE that is only doing non-coherent processing. We simulate this for the UMI, 4 GHz scenario with 200m ISD. We observe that, even with 1 PRB of overlap, the UE is able to estimate well enough the phase error (which was randomly chosen in each hop in the U[-180,180] degrees) and still achieve a performance close to the 100 MHz performance. 
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The phase offset estimation algorithm that we used is the following: Let L overlapping tones be and are the 2 frequency domain channels. The device could compute g and estimate the phase offset as 
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Proposal 1: Support DL-PRS frequency hopping and SRS for Positioning frequency with overlapping tones.
· A UE cannot perform coherent DL-PRS processing or SRS transmissions without overlapped hopping.
· FFS: Details

3 DL PRS Frequency Hopping: Rx-only or Tx/Rx Hopping?
The following agreement was reached with regards to the frequency hopping enhancement: 
	Agreement
Study the potential enhancement of the DL PRS to enable Tx or Rx frequency hopping, including but not limited to impact on processing capability, hopping bandwidth in the positioning frequency layer, time gap between frequency hopping, measurement period, partial overlapping between hops.

Agreement
Study the potential enhancement of the DL PRS to enable Tx or Rx frequency hopping, including but not limited to impact on processing capability, hopping bandwidth in the positioning frequency layer, time gap between frequency hopping, measurement period, partial overlapping between hops.



3.1 Rx DL PRS Frequency Hopping	
Enabling receiver’s PRS frequency hopping would allow sharing the legacy PRS across eMBB and Redcap devices. Specifically, assume a TRP transmits a PRS with 100 MHz bandwidth, and it is being shared between an eMBB and a Redcap device. If such PRS already has some level of repetitions, either inter-slot (e.g., each PRS resource is configured to be transmitted over multiple slots within a period), or intra-slot repetition (e.g. comb-2/12-symbols has 6 repetitions of the basic comb-2/2-symbol pattern), then a Redcap device could perform fast RF Rx switching and perform positioning measurements with increased time-domain resolution. 
In other words, the already specified inter-slot repetition of a single PRS resource, or intra-slot repetition of a basic comb-based pattern could be reused for frequency hopping and fast switching amongst the hops. 
Observation 1: Enabling receiver’s PRS hopping would allow sharing the legacy PRS across eMBB and Redcap devices. 
Observation 2: Specification impact of Rx PRS hopping is expected to be significantly smaller compared to Tx PRS hopping.  
Proposal 2: At least Rx DL-PRS frequency hopping should be supported.
3.2 Tx DL PRS Frequency hopping
In the receiver PRS hopping, enabling receiver’s PRS hopping would allow PRS sharing the legacy PRS across eMBB and Redcap devices. For Redcap only system, legacy DL-PRS with repetitions cannot efficiently utilize all RF resources since receiver can measure a subset of RBs within each repetition. Therefore, we propose that transmitter could also transmit PRS with a frequency hopping pattern to save the system resource. The hopping pattern should be known to both transmitter and receiver. 
In LTE FeMTC Positioning, frequency hopping is supported for 1.4 MHz PRS BW, however no coherent processing is assumed, and therefore the gains of frequency hopping are relatively limited (mainly due to increased diversity). Specifically, PRS starts from the center of system BW and hops every PRS occasion. Up to 16 hops are supported, wherein a UE can hop 2 or 4 out of the 16 hops. 
			prsHoppingInfo-r14	CHOICE {
			nb2-r14				INTEGER (0.. maxAvailNarrowBands-Minus1-r14),
			nb4-r14				SEQUENCE (SIZE (3))
										OF INTEGER (0.. maxAvailNarrowBands-Minus1-r14)
	}														OPTIONAL				-- Cond PRS-FH
prsHoppingInfo
This field specifies the PRS frequency hopping configuration (TS 36.211 [16]). The choice nb2 indicates hopping between 2 narrowbands; the choice nb4 indicates hopping between 4 narrowbands. The first PRS positioning occasion of the first PRS occasion group that starts after the beginning of SFN=0 of the assistance data reference cell is located at the centre of the system bandwidth. 
The frequency band of each subsequent PRS occasion is indicated by nb2 or nb4, respectively, which defines the narrowband index as specified in TS 36.211 [16]. If this field is absent, no PRS frequency hopping is used.



One additional advantage of transmitter PRS hopping is that it may increase EPRE of combined PRS. Assume a transmitter applies the same Tx power in each transmission occasion, the total Tx power of N hops is N times compared with single transmission. In other word, the Tx power of transmitter PRS hopping with N hops can be N times the Tx power of single shot PRS transmission, assume the total bandwidths are the same.  This could benefit more for the large area positioning and UL where the link budget is limited.  
In Figure. 9 we show the positioning accuracy with increased Tx power. Similar to the previous simulation assumption, 4 PRS hops, 100 MHz each, are processed coherently at the receiver. We increase the Tx power by 6dB to approximate the Tx power gain. As can be seen, the accuracy can be improved with Tx boost.
[image: ]
Figure: Positioning Accuracy of RedCap UE (TDD Evaluation Assumptions) for FR2 InF-SH DL-TDOA with 4 Hops (120 KHz SCS) , with and without Tx hopping.
Observation 3: Enabling transmitter’s PRS hopping could improve the Tx power, and further improve the positioning accuracy.
Proposal 3: Study further Tx DL-PRS frequency hopping. 
4 DL PRS Frequency Hopping: MG-based and MG-less PRS processing
4.1 MG-based DL-PRS Frequency Hopping
In either Tx or Rx DL-PRS frequency hopping, the case of MG-based DL-PRS processing could result to relatively straightforward specification impact as follows:
· A UE could first report the support of Rx frequency hopping in a band for MG-based DL-PRS processing, together with its Rx retuning time capability. 
· Within a single MG instance, which can be as much as 20 msec long, the UE is expected to perform multiple hops, and therefore, instead of only considering a retune time at the beginning and the end of the MG, we could have additional such times as shown in the figure below:
[image: ]
· We can support up to 4 Rx retuning instances, having in mind the case of a 20 MHz UE that wants to cover up to 100 MHz BW (5 hops). 
Proposal 4: With regards to DL-PRS frequency hopping, support a MG-based DL-PRS frequency hopping approach in which the UE is expected to perform up to N Rx Retunings during a single MG instance in order to measure multiple frequency parts of a single PRS resource, with N = [4]. 
· The above can be applicable to both Tx and Rx DL-PRS frequency hopping, depending on whether Tx or Rx hopping is supported. 
· FFS: Details
4.2 MG-less DL-PRS Frequency Hopping
With regards to MG-less DL-PRS frequency hopping, the discussion of how to support this feature may be a bit more complicated. A first solution with rather small specification changes would be to perform DL-PRS frequency hopping by reusing the BWP switching framework. In this case, a UE can be configured with up to 4 BWPs, and as the UE switches active BWP, a different part of the same PRS instance is expected to be measured, assuming a correctly-configured PPW. However, for DCI and timer-based BWP switching mechanisms, BWP switch delay requirements as specified in 3GPP TS 38.133 are given in Table 2.2.3-1, which we observe are of the order of 1 msec or more. For RRC-based BWP switching, the BWP switch delay is even larger, i.e., several milliseconds. Furthermore, it requires the UE to support BWP switching with all the RRC-reconfiguration baggage this feature entails, whereas really for PRS frequency hopping what is needed is just an RF retune. 
Observation 4: BWP switching delay is large considering the use case of PRS frequency hopping. 
Observation 5: Reusing BWP switching for enabling DL-PRS frequency hopping would couple 2 different features (BWP switching) to (PRS Frequency hopping) unnecessarily. 
Observation 6: Reusing BWP switching for enabling DL-PRS frequency hopping would enable to sample only up to 4 subbands (e.g. total of 80 MHz for a 20 MHz UE).  
Observation 7: Introducing a new, leaner BWP switching framework would be a non-efficient solution.
Proposal 5: Study further, whether, and how, frequency hopping for MG-less PRS processing should be specified. 
5 SRS for Positioning Frequency Hopping
5.1 SRS for Positioning Frequency Hopping mechanism
In RRC connected, SRS for Positioning is configured within active BWP. For the purpose of enabling SRS frequency hopping for positioning for the purpose of increased SRS bandwidth, the following 2 options could be studied:
· Option 1: Use the BWP Switching approach
· Even though such a solution looks the easiest from specification-impact perspective, it would result to large switching times and having the option to sound up to only 4 hops. Furthermore, we would be unnecessarily coupling two very different features: BWP switching and Frequency hopping.
· Option 2: Define an SRS for Positioning that is associated with a component carrier (CC) and not the active BWP. In that case, the UE is expected it will need a “transmission gap”, similar to the measurement gap that we have for the DL, during which the UE is expected to perform fast switches. In this case, the UE could report switching time capabilities, similar to the switching times we hve for SRS transmission in RRC inactive. 

Proposal 6: For frequency hopping for SRS for Positioning:
· Define SRS for positioning associated with a CC (and not an active BWP) with each own numerology and bandwidth (e.g. similar to the SRS for Positioning of Rel-17 RRC inactive feature). 
5.2 Retune time for SRS hopping
The following agreement was reached with regards to the evaluation of retune time for SRS hopping: 
	Agreement
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




It was suggested that companies should indicate whether smaller values than 100 usec could be feasible. Even though this is eventually up to RAN4 to decide, already the specification supports two values smaller than 100 usec for a switching time for SRS carrier switching of 0usec, 30usec : 
· {0us, 30us, 100us, 140us, 200us, 300us, 500us, 900us}

We acknowledge that for SRS in RRC Inactive the values shown above were subsampled as follows:
· {100us, 140us, 200us, 300us, 500us}

However, this was for a different feature. Therefore, overall we think that values smaller than 100usec could be studied further during the work item. For example, a value of 70 usec could allow to have a UE to sound 5 single-symbol SRS within 14 symbol slot and therefore cover the whole 100 MHz inside a single UL slot. 
Observation 9: Specifying a switching time of 70usec or less would allow performing 5 hops within a single slot in FR1. 
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Proposal 7: For SRS frequency hopping retune times, at least consider values starting from 30 usec similar to the SRS carrier switching feature.  
6 Conclusions
Overall, we make the following observations and proposals:
Observation 1: Enabling receiver’s PRS hopping would allow sharing the legacy PRS across eMBB and Redcap devices. 
Observation 2: Specification impact of Rx PRS hopping is expected to be significantly smaller compared to Tx PRS hopping.  
Observation 3: Enabling transmitter’s PRS hopping could improve the Tx power, and further improve the positioning accuracy.
Observation 4: BWP switching delay is large considering the use case of PRS frequency hopping. 

Observation 5: Reusing BWP switching for enabling DL-PRS frequency hopping would couple 2 different features (BWP switching) to (PRS Frequency hopping) unnecessarily. 

Observation 6: Reusing BWP switching for enabling DL-PRS frequency hopping would enable to sample only up to 4 subbands (e.g. total of 80 MHz for a 20 MHz UE).  

Observation 7: Introducing a new, leaner BWP switching framework would be a non-efficient solution.

Observation 8: Introducing a new, leaner BWP switching framework would be an inefficient solution.

Observation 9: Specifying a switching time of 70usec or less would allow performing 5 hops within a single slot in FR1.

Proposal 1: Support DL-PRS frequency hopping and SRS for Positioning frequency with overlapping tones.
· A UE cannot perform coherent DL-PRS processing or SRS transmissions without overlapped hopping.
· FFS: Details

Proposal 2: At least Rx DL-PRS frequency hopping should be supported.

Proposal 3: Study further Tx DL-PRS frequency hopping. 
Proposal 4: With regards to DL-PRS frequency hopping, support a MG-based DL-PRS frequency hopping approach in which the UE is expected to perform up to N Rx Retunings during a single MG instance in order to measure multiple frequency parts of a single PRS resource, with N = [4]. 
· The above can be applicable to both Tx and Rx DL-PRS frequency hopping, depending on whether Tx or Rx hopping is supported. 
· FFS: Details

Proposal 5: Study further, whether, and how, frequency hopping for MG-less PRS processing should be specified. 
Proposal 6: For frequency hopping for SRS for Positioning:
· Define SRS for positioning associated with a CC (and not an active BWP) with each own numerology and bandwidth (e.g. similar to the SRS for Positioning of Rel-17 RRC inactive feature). 

Proposal 7: For SRS frequency hopping retune times, at least consider values starting from 30 usec similar to the SRS carrier switching feature.  
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8 Appendix
7.1 Phase Offset Impact in Frequency Hopping scenarios
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