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Introduction
The Rel-18 SID [1] investigates positioning accuracy enhancement with advanced techniques of bandwidth aggregation and carrier phase measurement. RAN4 has been assigned the two following two objectives.
	· Improved accuracy, integrity, and power efficiency:
· Study solutions for accuracy improvement based on PRS/SRS bandwidth aggregation for intra-band carriers considering e.g. timing errors, phase coherency, frequency errors, power imbalance, etc [RAN4]:
· Study solutions for accuracy improvement based on NR carrier phase measurements [RAN1, RAN4]
· Reference signals, physical layer measurements, physical layer procedures to enable positioning based on NR carrier phase measurements for both UE-based and UE-assisted positioning [RAN1]
· Focus on reuse of existing PRS and SRS, with new reference signals only considered if found necessary




At RAN4 #104-e the discussion on RF characteristics started [2] with following agreements and open issues in the WF [3]. 
	Agreements:
· Intra-band contiguous CA scenario will be prioritized in study.
· Deprioritize power imbalance discussion
· PRS/SRS bandwidth aggregation for intra-band contiguous carrier is feasible for single chain Tx/Rx architectures



	Open issues:
· RF architecture – can we focus on a single RF architecture (i.e., single Tx/Rx chain), align on target architectures
· Studying RF impairment model (timing/group delay/frequency/phase) first to assess performance and accuracy gain with realistic impairments
· Studying achievable accuracy gain when TAE is within specified requirement for intra-band contiguous CA
· Notifying RAN1 of the UE transmit power limitation due to potential prioritization
· Candidate option for Baseline assumptions for UE Rx: RAN4 assumes that the legacy FFT processing strategy of legacy RXs, that is one FFT processing per CC with standard FFT size, must be baseline. Processing with extended FFT-size specifically for high accuracy positioning measurement is not assumed as baseline.



In this contribution, we discuss the above open issues from last meeting and other ones.
Discussion
Open issues from last meeting and other ones are discussed in this section.
PRS/SRS bandwidth aggregation scenario 
RAN4 has agreed to prioritize the intra-band contiguous CA scenario.  
There are two possible configurations left:
· Intra-band contiguous CA with simultaneous PRS/SRS transmission
· Intra-band contiguous CA with separate PRS/SRS transmission 
In our view, the first configuration should be assumed for the RF study, i.e. multiple PRS/SRS resources in different CCs are transmitted on the same symbols in the same slot. This is advantageous from delay and processing gain perspective, and it is the most feasible case of the study.  When PRS/SRS are aggregated in different time slots, RAN4 needs more study to verify signal characteristic and RX structures. Phase may not be continuous in the different time-slot case. When signals are received in different time slots, time delay may cause failure of high accuracy measurement. We note although the approach may operate for different time slot cases, it is not proper for high accuracy positioning measurement with expected accuracy up to a few tens of nano seconds. In simple calculation, 3.3 ns measurement error causes 1m distance error. For demodulation, such time error does not matter at all thanks to guard interval period, while it appears critical for positioning measurement. Therefore, if PRS/SRS are scheduled in different time slots, timing alignment of two different time slots should be extremely high accurate.
Thus, following proposal is made.
 Prioritize intra-band contiguous CA with simultaneous PRS/SRS transmission for the RF and RRM impacts study.
Number of transmitted CCs
Another aspect is the number of transmitted CCs, that should be investigated. In our view, CA configurations with 2, 3 and 4 CCs should be investigated and the configuration with 2 CCs should be prioritized over 3 and 4 CCs as inconsistency in timing-based positioning measurement introduced by group delay due to non-ideal phase-frequency response of wideband RF components will be higher the more CCs are aggregated. Also, for higher subcarrier spacings higher relative phase errors will be experienced resulting in larger loss of combining gain if the larger aggregated bandwidth is considered. 
It is noted that such delay errors could be tackled to some degree by calibrating UE to take such delay errors into account. However, it may not always be feasible due to time varying delay due to change of e.g. Rx BW or temperature variation. 
Thus, following proposal is made.
CA configurations with 2, 3 and 4 CCs should be investigated and the configuration with 2 CCs should be prioritized over 3 and 4 CCs.
FFT processing 
In order to achieve high accuracy measurement from aggregated bandwidth, a high resolution signal is required. This may mean increasing UE sampling rate (Ts) over multiple aggregated bandwidths, if a RX wants to process high accuracy signal in time domain. However, it is hard to purposely increase sampling rate (Ts) only at PRS/SRS scheduling slots in time, thus we assume legacy FFT processing, that is one FFT processing per CC with standard FFT size is baseline. Any other advanced FFT processing specifically for high accuracy positioning measurement is not assumed as baseline, and we don’t assume significant changes of the front-end to implement this feature. 
Thus, following proposal is made.
RAN4 assumes that legacy FFT processing strategy, that is one FFT processing per CC with standard FFT size is baseline. Hence processing with extended FFT size specifically for high accuracy positioning measurement is not assumed as baseline.
Impairment model
The SID specifies to study RF impairment impact (i.e. timing errors, phase coherency, frequency errors, power imbalance) to the high accuracy measurements. At RAN4 #104-e, following impairments were agreed to be studied.
· Timing error,
· Group delay error, 
· Frequency error and 
· Phase error, 
whilst consideration on power imbalance between CCs was deprioritized. 
If RAN4 agrees to limit the investigated scenarios to intra-band contiguous CA with simultaneous PRS/SRS transmission/reception, concerns on impact of timing error and frequency error can be relatively eased. If other scenarios are included, such as the different time slot case, RAN4 needs to investigate both impairments. 
One important point of RF impairment is phase coherency of aggregated bandwidth.


Figure 1: Time delay impacts on phase of aggregated bandwidth
In order to measure ToA using aggregated bandwidth, the phase coherency across CCs must be sustained and trackable to RX. Figure 1 shows the relation of delay and phase. When the channel becomes a multipath channel, the RX should know multiple path coefficient and delay to exactly know about phase in frequency, or vice versa. Timing adjustment and RF filtering per CC impacts the phase coherency. Between CCs, there is guard band, thus the phase coherency can be disrupted by the guard band, however such disruption can be handled by RX. Otherwise, it can be hard to handle other unknown phase distortion from non-linear filtering or different time/frequency adjustment.
The following proposal is made.
RAN4 investigates if RF impairments (i.e., timing errors, phase coherency, frequency errors) appear consistently in aggregated bandwidth. Especially, phase coherency in aggregated bandwidth is important to achieve high accuracy of ToA estimation.
For FR2 UE, phase noise is one of the RF impairment sources impacting phase coherency. Even phase continuity in OFDM symbol-by symbol is not fully guaranteed. Therefore, its impact needs to be investigated.
The following proposal is made.
For FR2 gNB/UE, since phase noise is one of RF impairment sources impacting phase coherency, hence its impact needs to be investigated.
RF architectures
At RAN4 #104-e, it was proposed in the WF [3] to focus on a single RF architecture (i.e., single Tx/Rx chain) in order to align on target architectures. In [4], different Tx architectures were presented, namely 
· Single Tx chain (one LO, common PA, RF filter, antenna)
· Split baseband Tx with dual LOs (common PA, RF filter, antenna)
· Separate Tx chains (separate LOs, PAs, RF filters, antennas) 
In our view, further discussion is needed here for DL and UL. For DL, gNB may use separate Tx chains, and for UL, UE may use split baseband Tx with dual LOs. 
Different Rx architectures were also presented for RX chain [4], namely 
· Single Rx chain (one LO, common LNA, RF filter, antenna)
· Separate Rx chains (separate LOs, LNAs, RF filters, antennas) 

Single Tx chain and split baseband Tx architectures ate depicted in Figure 2.
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Figure 2. (a) Single chain TX architecture (b) Split baseband Tx with dual LOs [4].
In our view, further discussion is needed here. For UL, gNB may use separate Rx chains, and for DL, UE may also use separate Rx chains. This is discussed in the following.
Single Tx/Rx chain only supports intra band contiguous CA case. Single wideband Tx/Rx and IFFT/FFT introduces strict timing alignment requirements between the CCs. The motivation of using single IFFT/FFT will enforce such strict TAE requirement, which relates to fraction of the CP duration. 
On the other side, existing requirements in 38.133 for intra-band contiguous carrier aggregation, for BS type 1-C and BS type 1-H TAE shall not exceed 260ns and for BS type 2-O TAE shall not exceed 130ns. Here, the minimum TAE requirement of 260ns corresponds to only ~5% of the CP for 15kHz numerology. Please note, even the minimum TAE requirement of 260ns may lead to least positioning uncertainty of several meters if not handled precisely. Similarly, in the UE side the TAE shall not exceed 130ns for intra-band UL contiguous CA [6]. But these requirements will not suit for achieving target position accuracy of sub-meter as envisaged for NR positioning in Rel-18.
As indicated in the simulation result [5] for 2 contiguous CCs using TDOA based positioning in FR1 for the case of 50MHz+50MHz (InF_SH scenario), when relative TAE between exceeds the value of 4ns, no potential benefit from the CA is observed and the positioning accuracy of intra-band contiguous CA case is worse than the single carrier with bandwidth of 100MHz. And for the 2 CC case in both FR1 and FR2 for 100MHz+100MHz (InF_SH scenario), when TAE between carriers exceed 2ns the observed positioning accuracy is worse than that of single carrier with 100MHz [5].
Observation 1: The minimum strict TAE requirement of 260ns in the DL and 130ns in the UL in FR1, which ensures legacy FFT size requirement may lead to positioning uncertainty up to several meters if not handled precisely. This is even more important for the split baseband Tx and separate Tx chain architectures in case of separate PRS/SRS transmission.  
For other Tx/Rx architectures than single Tx/Rx chain as reported in [7], at 3.5GHz the time delay of ±0.14ns corresponds to phase difference of ±π and at 28GHz time delay of ±0.02ns corresponds to phase difference of ±π. Thus, even very small delay difference between the carriers at the receiver will severely degrade any effect from combining gain [7].
Even in the LOS scenario such as InF-SH it is observed that at 3.5GHz, the delay of ±0.03ns between the aggregated carriers that correspond to ±0.2π in phase, and at 28GHz, delay of ±0.004ns in delay correspond to ±0.2π in phase, such small delay variations in the TX-chains for the different carriers completely destroy the gain from coherent multicarrier DL PRS [7].
Observation 2: Even in the scenario where all links are LOS, such as InF-SH, very strict time synchronization in order of sub-nanosecond in FR1 to few picoseconds in FR2 between the carriers is required to see any potential benefit from CA combining gain, which is very difficult to achieve. 
In case of single Tx/Rx chain, single PA is used to transmit multiple CCs simultaneously. If the aggregated bandwidth is above the PA bandwidth, i.e., bandwidth over which PA operates linearly, it may lead to degraded PA output power efficiency. 
Observation 3: For single Tx/Rx chain architecture, aggregated carrier bandwidth is limited by PA and analog filter bandwidth.
Another aspect that needs to be considered while combining CCs is that whether these multiple CCs are combined in the baseband digital domain or in the RF or IF analogue domain. Combining the CCs in the baseband will impose the requirement of FFT size different from legacy FFT size. When combining the CCs in analogue domain, the power accuracy in terms of precise power control ratio between different CCs will not be very precise considering the group delay introduced by analogue components such as PA and filters in the RF chain. 
The following proposal is made.
The architecture with component carriers combined in the baseband being supported by single wideband Tx/Rx chain should be preferred. However, single Tx/Rx chain with legacy IFFT/FFT size may not be able to accommodate the aggregated wideband baseband signal, hence higher IFFT/FFT size for Tx/Rx needs to be considered. 
Based on the above discussion, the following proposal is made.
RAN4 should prioritize the single Tx/Rx chain architecture for the RF and RRM impacts investigated in the feasibility study. 
Conclusion
This contribution discussed NR positioning measurement accuracy improvement based on bandwidth aggregation. 
The following observations are made:
Observation 1: The minimum strict TAE requirement of 260ns in the DL and 130ns in the UL in FR1, which ensures legacy FFT size requirement may lead to positioning uncertainty up to several meters if not handled precisely. This is even more important for the split baseband Tx and separate Tx chain architectures in case of separate PRS/SRS transmission.
Observation 2: Even in the scenario where all links are LOS, such as InF-SH, very strict time synchronization in order of sub-nanosecond in FR1 to few picoseconds in FR2 between the carriers is required to see any potential benefit from CA combining gain, which is very difficult to achieve. 
Observation 3: For single Tx/Rx chain architecture, aggregated carrier bandwidth is limited by PA and analog filter bandwidth.
Based on these observations, the following proposals are made.
1. Prioritize intra-band contiguous CA with simultaneous PRS/SRS transmission for the RF and RRM impacts study.
CA configurations with 2, 3 and 4 CCs should be investigated and the configuration with 2 CCs should be prioritized over 3 and 4 CCs.
RAN4 assumes that legacy FFT processing strategy, that is one FFT processing per CC with standard FFT size is baseline. Processing with extended FFT size specifically for high accuracy positioning measurement is not assumed as baseline.
RAN4 investigates if RF impairments (i.e., timing errors, phase coherency, frequency errors) appear consistently in aggregated bandwidth. Especially, phase coherency in aggregated bandwidth is important to achieve high accuracy of ToA estimation.
For FR2 gNB/UE, phase noise is one of RF impairment sources impacting phase coherency, hence its impact needs to be investigated.
The architecture with component carriers combined in the baseband being supported by single wideband Tx/Rx chain should be preferred. However, single Tx/Rx chain with legacy IFFT/FFT size may not be able to accommodate the aggregated wideband baseband signal, hence higher IFFT/FFT size for Tx/Rx needs to be considered.
RAN4 should prioritize the single Tx/Rx chain architecture for the RF and RRM impacts investigated in the feasibility study. 
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