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1	Introduction 
In this discussion paper we present a summary of several RAN WG4 related FR1 and FR2 enhancements:
-	FR1 MSD reporting
-	FR1 support for irregular spectrum
-	FR2 UL 256QAM with PC3 devices 

2	FR1 MSD reporting enhancements
2.1	Background
Despite the objective of lower MSD capability reporting under the Rel-18 FR1 UE RF enhancement work item [1] has been completed in last RAN4 meeting, it was left with considerable suspicion as whether the Rel-18 database-intensive lower MSD signalling can be effectively and efficiently utilized by gNB to improve the band combination scheduling. On the other hand, since MSD is a substantial part of the UE impairments which will have different impacts on different carrier configurations and operating conditions, there has been increasing interest in more effective and efficient on-the-fly MSD/SIR measurement and reporting [2][3] in Rel-19 RAN4 objectives as a superior alternative to Rel-18 lower MSD capability signalling. In this contribution, we summarize the drawbacks of the Rel-18 lower MSD capability signalling and propose a more effective and efficient MSD/SIR measurement and reporting scheme based on real carrier configurations as part of Rel-19 RAN4 objectives for consideration.
2.2	Motivation for MSD enhancements
One of the most often criticized drawbacks of the Rel-18 lower MSD capability signalling is that the MSD reported by UE only occurs at a particular worst-case carrier configuration defined in RAN4 specifications as the minimum RF requirement, but not necessarily and likely not the MSD for the configuration scheduled by the network in real field operations which could potentially impact the network scheduling efficiency.          
Observation 2-1:	The Rel-18 lower MSD capability reported by UE only occurs at a particular worst-case carrier configuration defined in RAN4 specifications, but not necessarily and likely not the MSD for the configuration scheduled by the network in real field operations which could potentially impact the network scheduling efficiency.
Secondly, a band combination may be subject to impacts from different MSD mechanisms under different carrier configurations, such as due to UL harmonics, harmonic mixing, 2UL IMD, and cross-band interference which may not occur simultaneously under the scheduled carrier configuration. Reporting all MSD mechanisms and the associated parameters could increase signalling overhead substantially.    
Observation 2-2:	A band combination may be subject to impacts from different MSD mechanisms which may not occur simultaneously under the scheduled carrier configuration. Reporting all MSD mechanisms and the associated parameters could increase signalling overhead substantially. 

On the other hand, without real-time MSD measurement, UE would have to store all the pre-measured MSD values for all the supported band combinations with MSD impact where a huge UE memory loading is anticipated. And last but not least, MSD measurement is a rather time-consuming process which could substantially increase the factory test cost per UE.
Observation 2-3:	Without real-time MSD measurement, UE would have to store all the pre-measured MSD values for all the supported band combinations with MSD impact where a huge UE memory loading is anticipated.
Observation 2-4:	MSD measurement is a rather time-consuming process which could substantially increase the factory test cost per UE.
By accounting for all the aforementioned drawbacks, the Rel-18 lower MSD capability has seemingly lost steam in attracting both UE and network sides to support the feature. If this feature would never be implemented on either side or both sides of UE and network, then we are essentially back to the origin that the concern with MSD uncertainty in all potentially impacted band combinations would still remain. Therefore, it is imperative to have a more effective and efficient alternative in Rel-19 to resolve the long-standing MSD uncertainty issue.
In contrast to the Rel-18 static lower MSD reporting, the real-time MSD/SIR measurement and reporting is based on the carrier configuration to be scheduled by network in real field operation, but not the worst-case carrier configuration artificially defined in RAN4 specifications. It is with the following characteristics and completely avoids all the drawbacks in Rel-18 lower MSD capability signalling.
-	The process is triggered by network where network can first perform MSD occurrence pre-screening to determine whether the MSD measurement and reporting is needed or not.
-	It does not require UE to pre-measure and store all the MSD values for all MSD impacted band combinations.
-	The measurement is RSSI-based instead of throughput-based as in REFSENS test which is more time consuming.
-	UE does not need to report multiple MSD mechanisms as they are transparent to UE.
-	The same measurement and reporting procedure is applicable for both semi-static MSD reporting and dynamic SIR (Signal to Interference Ratio) reporting [4].
-	Semi-static reporting is only performed once after RRC configuration or reconfiguration.                          
One other important aspect in the real-time MSD/SIR measurement is that it is an Over-The-Air (OTA) based measurement as opposed to the conductive based MSD measurement where MSD is often underestimated due to that the true antenna isolation was not reflected or emulated in conductive test environment. As a result, the real-time MSD measurement shall possess better MSD fidelity than the conductive measurement.    
Observation 2-5:	MSD is often underestimated in conductive based measurement due to that the true antenna isolation was not reflected or emulated in conductive test environment.
Observation 2-6:	Real-time MSD measurement is OTA based measurement which shall possess better MSD fidelity than the conductive measurement.

2.3	Exemplary objectives for WID
Potential objectives for this work can be formulated as presented below:
-	Define the network MSD occurrence pre-screening process for different MSD mechanisms based on the scheduled configurations.
-	Specify the process flow for real-time RSSI-based MSD/SIR measurements and reporting and the corresponding RRM requirements.
-	Define a throughput-based OTA MSD measurement to correlate the UE RSSI-based MSD reporting.


3	FR1 enhancements for irregular spectrum
3.1	Background
During Rel-16 and Rel-17 discussions, several operators expressed an interest in enabling more efficient utilization of "non-standard" channel bandwidths, i.e., the ones which are not present now in TS 38.101 specifications. As an outcome a new SI was agreed at the RAN#89 meeting aiming to study further which existing solutions can be used and whether new mechanism should be devised [5]. The SI was concluded at RAN#99 meeting with the general conclusions that two methods – overlapping channels from network perspective and the next larger channel – can be used to support irregular channels. In fact, overlapping channels from the network perspective do not need any changes at the UE side and thus it was implicitly concluded that this method can be construed as the "default" or the baseline approach.
In addition to that, companies concluded that the existing channel raster design is not flexible and does not allow configuring certain NR channel combinations. In response to that RAN#99 agreed a new Rel-18 WI with the only main objective to enable a more flexible raster design [6].  The WI was completed at RAN#102 offering a more granular 10KHz raster for terrestrial and satellite networks.
While combination of overlapping channels from the network perspective and the enhanced channel raster offer much better opportunities for operators to support irregular spectrum blocks, an individual UE can use resource blocks limited by one of the overlapping cells. This is because from the UE perspective it is associated with one of the cells, i.e. a UE cannot be scheduled over two overlapping cells. In response to that limitation RAN4 WG4 contemplated so-called "next larger channel" solution, which allows a UE to use all RBs spanning the irregular spectrum block. This approach was not pursued in Rel-18 because companies preferred to focus on enhanced channel raster. 
3.2	Motivation for next larger channel 
As mentioned in the Introduction part, the irregular channel SI concluded that the network can use so-called overlapping channels from the network perspective, basic concept of which is shown in the Figure 3.2-1 below using the 6MHz spectrum block as an example. As can be seen from the figure, the network can configure two RB-aligned 5MHz cells so that from the network perspective all RBs can be scheduled spanning the given spectrum block.  
[image: ]
Figure 3.2-1: 6MHz spectrum block with overlapping channels.

One of major limitations of the overlapping channels is that from a UE perspective only one cell be used to send/receive data. On the contrary to it, the next larger channel approach assumes that the network configures the cell with the standard channel bandwidth size and use only a portion of RBs matching the available spectrum block. Using same 6MHz channel as an example, Figure 3.2-2 below shows the next larger 10MHz channel with blanked RBs so that all the RB grids are aligned and the resulting number of RBs matches overlapping channels. Figure 3.2-2 also shows that the network can support and use simultaneously different methods for irregular channels. While overlapping channels can be construed as default or baseline solution suitable for legacy devices, the next larger channel solution can be enabled per a UE as the dedicated channel configuration. 
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Figure 3.2-2: 6MHz spectrum block with overlapping channels and the next larger channel.
The next larger channel approach can be applied to any irregular spectrum block as long as the network can configure the next larger channel. As an example, Table 3.2-1 below presents exemplary number of available RBs for different irregular channels. Since RAN WG4 concluded not to introduce irregular channels into the core specifications, guard bands are assumed to be same as for the next larger channel, from which the number of available RBs is calculated accordingly. 
Table 3.2-1: Exemplary number of RBs based on the next larger channel.
	Channel (MHz)
	Next larger channel (MHz)
	Next larger channel guard band (kHz)
	Next larger channel 
Nrb
	Channel Nrb
	Utilisation (%)

	6
	10
	312,5
	52
	29
	87

	7
	10
	312,5
	52
	35
	90

	11
	15
	382,5
	79
	56
	91,6

	12
	15
	382,5
	79
	62
	93



One of the concerns for using the next larger channel was the UL emissions, for which TR 38.844 made the following recommendation to consider next larger channel in DL and the next smaller channel in UL as one potential approach:
The method of using a larger Channel BW than the licensed BW is based on blanking (not scheduling) PRBs within the larger BW but outside the irregular BW. If applied for the DL only, this method can be supported by specifying an asymmetric UE CHBW bandwidth configuration for band such that its UL CHBW is contained within the irregular UL block and the DL CHBW is larger than the irregular DL block. In this way UE unwanted emission requirement in the UL can be met by means of the regular UE CHBW. The larger DL UE CHBW implies a degraded UE adjacent channel selectivity and blocking performance when the interferer is close to the irregular DL block. However, the method can be supported by using existing UE architectures (since asymmetric bandwidths are supported by the current standard) in combination with new asymmetric CHBW combinations. The method works for both FDD and TDD.
 
2.3	Related enhancements 
Referring back to Figure 3.2-2 as an example, an operator can consider configuring the next larger channel to support the irregular spectrum and it could be the only solution enabled by an operator in the given deployment. At the same time, if the operator intends to support both legacy devices and new ones, then both methods can be enabled: overlapping channels can be used to support legacy and the next larger channel will be enabled as the dedicated UE configuration. In the latter case – and using again Figure 3.2-2 as an example – all UEs will be camping first on the legacy 5MHZ cell, from which Rel-19 UE can be re-configured from the 5MHz channel to the next larger 10MHz channel. Such a use case was discussed by RAN WG4 and it was concluded that it might require a new UE capability because a UE will be re-configured to the channel bandwidth larger than SIB1 bandwidth.  Thus, the corresponding enhancement can be considered as part of the potential Rel-19 WI.

2.4	Exemplary objectives for WID
Potential objectives for this work can be formulated as presented below:
-	Enable support for configuring and using standard channels larger than the actual non-standard spectrum allocation.
-	Enable support for configuring UEs to the channels larger than SIB1 system bandwidth.
4	FR2 UL 256QAM with PC3 devices
4.1	Background
FR2 UL 256QAM has been analysed and specified in Rel-18. The goals are captured in WID [7]. The modulation is enabled for power classes PC1, PC2 and PC5. PC3 was set to secondary priority and time constraints prevented completion of this power class in Rel-18. With the advent of Rel-19 it should be considered to complete the missing requirements for PC3. In fact, Rel-19 might offer the last opportunity to achieve industry wide adoption of FR2-1 UL 256QAM for handhelds due to the late cycle of NR specification and development. This contribution provides a summary on 256QAM and an outlook on PC3 specification.
4.2	Motivation for UL 256QAM with PC3 devices
The introduction of FR2 UL 256QAM was handled in Rel-18 and implementation has recently been completed for FWA type devices. UE RF requirements are specified for PC1, PC2 and PC5 and can be found in TS 38.101-2 v18.4.0 while the evaluation results are captured in [8].
During the investigation phase RAN4 analysed important RF aspects such as amplifier performance, phase noise, gain and operating SNR. It became evident that FR2 UL 256QAM holds considerable challenges due to the high phase noise, IQ image and amplifier non-linearity. Improvements to RF chain were necessary to enable support. Achieving major performance enhancements are more critical for handheld devices than for FWA. Therefore, very early in the process it was decided to make handhelds (and consequently PC3) a secondary target. The implementation effort majorly focused on the remaining power classes PC1, PC2 and PC5 typically considered for FWA type devices. Even with good performance of FWA devices the specification of suited RF requirements turned out to be challenging. Phase noise performance was improved by introducing new profiles based on up-to-date technology. Additionally, modern amplifier models were used for simulations and IQ image enhancement was discussed. Those efforts resulted in considerable improvements regarding MPR need for 256QAM. Finally, for single CC the MPR delta between 64QAM and 256QAM was specified as 3dB. This was required to keep the MPR at reasonable levels and UL coverage does not degrade excessively. Due to the growing phase noise with higher frequencies an additional dB is granted for mid-bands. Those improvements illustrate that FWA devices need to feature substantially enhanced RF capability compared to RAN4 minimum performance assumptions for FR2.
Observation 4-1:	 Considerable improvements to RF assumptions were needed to enable FR2 UL 256QAM. Bleeding edge technology is required to meet improved phase noise, amplifier, and IQ image performance assumptions. Due to hardware challenges the focus was laid on FWA type devices and FR2 UL 256QAM is specified for power classes PC1, PC2 and PC5.
Handhelds feature smaller form factor and tighter power consumption requirements. Especially, power consumption constraints demand strained designs with lesser performance regarding phase noise and amplifier linearity compared to FWA. PC3 was considered second priority, and the Rel-18 timeframe was not sufficient to finalize this power class. RAN4 even agreed in [9] that it can be removed from the WID. The major focus was laid on FWA as it crystalized that industry demand is greatest for these kinds of devices. Even with handhelds being second priority an increase in throughput from UL 256QAM would provide major benefit to the consumer market due to meeting the ever-increasing demand in faster up- and download speeds. 
Observation 4-2:	Handhelds were set as secondary priority, and no requirements are introduced to Rel-18 for PC3. Due to the tighter form factor and power constraints the implementation challenge is greater than for FWA. However, there is an ever-increasing demand for higher throughput and the handheld consumer market would benefit from faster up- and download speeds enabled by UL 256QAM.
The upcoming Rel-19 provides a chance to finish specification on FR2-1 UL 256QAM. Handheld performance could be analyzed and missing requirements for PC3 introduced to the specification. Due to the late cycle of NR specification and development, Rel-19 might offer the last possibility to achieve industry wide adoption of UL 256QAM for handhelds. Therefore, it seems to be a fundamental decision whether to create a PC3 UL 256QAM WI for Rel-19 or not.
Observation 4-3:	The upcoming Rel-19 provides the chance to finish specification on FR2-1 UL256QAM. Due to the late cycle of NR specification and development Rel-19 might offer the last opportunity to achieve industry wide adoption of UL 256QAM for handhelds. 
The tighter RF performance of PC3 devices compared to FWA is expected to lead to higher MPR causing reduced UL coverage and unfeasible small dynamic range. The discussion for FWA devices has shown that coverage is critical in FR2 which puts great efforts on the goal of avoiding higher power back-off. The introduction of asymmetric Tx/Rx EVM would be aligned with keeping power back-off at reasonable level for handheld devices. A slight relaxation to Tx EVM for PC3 might avoid increased MPR needs. Through careful pick of the relaxation, the system throughput contraction should be minimized while reducing implementation challenge. A potential Rel-19 work item could explore the impact of Tx EVM relaxation with respect to MPR and conduct system level simulations to observe throughput.
Observation 4-4:	The tighter RF performance of PC3 devices compared to FWA is expected to lead to higher MPR. This might be avoided by exploring the use of asymmetric Tx/Rx EVM. Through careful Tx EVM relaxation the system throughput contraction should be minimized while reducing implementation challenge for handhelds. 
4.3	Exemplary objectives for WID
Potential objectives for this work can be formulated as presented below:
-	Introduce requirements for FR2-1 PC3 UL 256QAM.
-	Evaluate performance assumptions of handheld devices:
-	Amplifier non-linearity
-	Phase noise performance
-	IQ Image
-	Discuss potential of PTRS for PC3
-	As alternative to increasing MPR consider modification of EVM budget: Explore relaxation for Tx EVM. Higher allowance for Tx EVM could avoid the need for increased MPR preventing unfeasible small dynamic range and shrinking of cell size: 
-	System level simulation
-	Power back-off simulations

 
5	References
[bookmark: _Ref160388923][bookmark: _Ref54370374]RP-221496 "Revised WID on Further RF requirements enhancement for NR and EN-DC in frequency range 1 (FR1)", Huawei, HiSilicon, 3GPP TSG-RAN Meeting #96, Budapest, Hungary, June 6th - 9th, 2022
[bookmark: _Ref160388936]RP-231998 "T-Mobile USA's RAN4 Priorities for Release-19", T-Mobile USA, TSG-RAN Meeting #101, Bangalore, India, September 11th - 15th, 2023
[bookmark: _Ref160388939]RP-233498 "On RAN4 led topics with RF, RRM and Demod in Rel-19", Apple, TSG-RAN Meeting #102, Edinburgh, UK, December 11th - 15th, 2023
R4-2117986 "UE SIR measurement for network scheduling assistance", Apple, 3GPP RAN WG4 Meeting #101-e, Online, November 1st - 12th, 2021
[bookmark: _Ref160388908]RP-202103, "New SID: Study on Efficient utilization of licensed 	spectrum that is not aligned with existing NR channel bandwidths", T-Mobile USA, Ericsson
[bookmark: _Ref131599125]RP-230813, "New WID on Channel raster enhancement", Ericsson 
[bookmark: _Ref160389754]RP-232791, "NR RF requirements enhancement for frequency range 2 (FR2), Phase 3", Nokia, Xiaomi, 3GPP TSG RAN Meeting #102
[bookmark: _Ref160390080]TR 38.891, "User Equipment (UE) Further enhancements of NR RF requirements for frequency range 2 (FR2) for Rel-18", Xiaomi
[bookmark: _Ref160390093]R4-2317596, "WF on FR2-1 UL 256QAM requirements", Xiaomi, 3GPP TSG-RAN WG4 Meeting #108bis 

Apple Inc.
image2.emf
5.4 MHz

900 kHz
0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24 |= >
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 M 42 43 44 45 46 47 48 49 50 51

6 MHz











image1.emf
5.4 MHz

10

11

16

19

20

21

22

23

24

900 kHz

14

15

19

20

21

22

23

24

6 MHz











