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1	Introduction
In this paper we discuss measurements of neighbouring cells and in which scenarios one would need to be able to provide UE with measurement gaps and possible requirements to UE implementation NR L1 design might imply. 
2	Discussion
In LTE we have defined intra, inter-frequency and inter-RAT in following way in 36.331 5.5.1:
The UE can be requested to perform the following types of measurements:
-	Intra-frequency measurements: measurements at the downlink carrier frequency(ies) of the serving cell(s).
-	Inter-frequency measurements: measurements at frequencies that differ from any of the downlink carrier frequency(ies) of the serving cell(s).
-	Inter-RAT measurements of UTRA frequencies.
-	Inter-RAT measurements of GERAN frequencies.
-	Inter-RAT measurements of CDMA2000 HRPD or CDMA2000 1xRTT or WLAN frequencies.
The measurement configuration includes the following parameters:
1.	Measurement objects: The objects on which the UE shall perform the measurements.
-	For intra-frequency and inter-frequency measurements a measurement object is a single E-UTRA carrier frequency. Associated with this carrier frequency, E-UTRAN can configure a list of cell specific offsets, a list of 'blacklisted' cells and a list of 'whitelisted' cells. Blacklisted cells are not considered in event evaluation or measurement reporting.
-	For inter-RAT UTRA measurements a measurement object is a set of cells on a single UTRA carrier frequency.
-	For inter-RAT GERAN measurements a measurement object is a set of GERAN carrier frequencies.
-	For inter-RAT CDMA2000 measurements a measurement object is a set of cells on a single (HRPD or 1xRTT) carrier frequency.
-	For inter-RAT WLAN measurements a measurement object is a set of WLAN identifiers and optionally a set of WLAN frequencies.
-	For CBR measurements a measurement object is a set of transmission resource pools for V2X sidelink communication.
----OMITTED IRRELEVANT PARTS------
The UE maintains a single measurement object list, a single reporting configuration list, and a single measurement identities list. The measurement object list includes measurement objects, that are specified per RAT type, possibly including intra-frequency object(s) (i.e. the object(s) corresponding to the serving frequency(ies)), inter-frequency object(s) and inter-RAT objects. Similarly, the reporting configuration list includes E-UTRA and inter-RAT reporting configurations. Any measurement object can be linked to any reporting configuration of the same RAT type. Some reporting configurations may not be linked to a measurement object. Likewise, some measurement objects may not be linked to a reporting configuration.
So in LTE intra-frequency neighbour cells are cell having same centre frequency as the serving cell. As the PSS/SSS is always transmitted by the cell in the central 6-PRB, UE would be able to measure all the cells that have the same centre frequency as the serving cell at the same time when UE measures serving cell. As a result, measurement on the frequency of the serving cell is defined as intra-frequency in 36.300. As UE is required to operate in the full cell BW, intra-frequency measurement can be performed without need for re-tuning the UE RF (except for UE in narrow band mode). 
On the other hand, measurement on a different frequency than that of the serving cell is defined as inter-frequency. UE is assumed to re-tune its RF chain in order to measure such carrier frequencies, and that leads to the introduction of measurement gaps. Even UE indicates its RF capability that gaps are not needed for measuring carrier frequencies in certain band, when defining the measurement performance, gaps are assumed. 
In summary, in LTE one categorization of intra- and inter-frequency is defined, and many attributes of the measurement requirements are coupled with this categorization, as illustrated in Table 1.
Table 1: Coupling of different measurement attributes with intra- and inter-frequency in LTE
	
	Serving cell measurement 
	RF re-tuning 
	Measurement performance 
	Capability 

	Intra-frequency 
	At the same time
	Not needed
	Good, since it can be measured independently
	Always required 

	Inter-frequency 
	Not at the same time
	Needed, at least assumed for performance requirement 
	Not as good as intra-frequency, since it has to share the gaps with other inter-frequency carriers
	UE is required to monitor up to [X] inter-frequency carriers



In NR, there are there are many changes in the initial access design, which require a re-visit to the measurement categorization. The cell search is based on SS-block (SSB), which is similar to the PSS/SSS in LTE. However, the location of SSB can be quite flexible, i.e. it can be anywhere in the cell BW, and there may be multiple SSBs transmitted at the same time from the cell. Also, UE is not required to always operate in the full cell BW; instead, the concept of BW part (BWP) is introduced in RAN1, which means UE can be operating in any subset of the cell BW.
With NR initial access design the different measurement attributes are not always coupled with intra-/inter-frequency. For example, as in Figure 1(a) a neighbour cell with same centre frequency as the serving cell may not be measurable at the same time as serving cell, and depending on UE operating BW, measurement on serving or neighbour cells may require RF re-tuning. On the other hand, as in Figure 1(b), a neighbour cell with different centre frequency than the serving cell may be measurable at the same time as serving cell, or does not require re-tuning to be measured.
           [image: ]                                [image: ]
(a) Cells with same centre frequency but different SSB      (b) Cells with different centre frequency but same SSB
Figure 1: Examples of cell centre frequency and SSB in NR
As can be seen, measurement attributes cannot be simply mapped from intra-/inter-frequency based on cell centre frequency as in LTE. On the other hand, different measurement requirements are based on different attributes, so it is clear that this single categorization is not suitable for NR.
Observation: Single categorization of measurement into intra- and inter-frequency based on cell centre frequency (as in LTE) is not suitable for NR.
Next we will discuss what categorizations are needed from RRM requirements point of view. 
The requirement on the number of carrier frequencies to monitor is related to intra- and inter-frequency. The motivation of the requirement is that cells may be deployed on multiple carrier frequencies, and UE should be able to search and measure cells on a certain number of carriers than the serving carrier for mobility purpose. In this sense, there is still a need to differentiate measurement on the same carrier frequency as the serving cells (intra-frequency) and on different carrier frequencies than the serving cell (inter-frequency). 
The requirement on the measurement performance is impacted by whether RF re-tuning is needed. If re-tuning is needed, the measurement is assumed to be taken place in measurement gaps, and the gaps are shared among measurements on multiple carrier frequencies, so the performance (delay) will be scaled with the number of carriers. If re-tuning is not needed, constant measurement performance can be expected no matter if measurements are carried on other carrier frequencies.   
We see at least these two measurement categorizations are needed, in order to properly define requirements on number of carrier frequencies to monitor and on measurement performance for NR.
Proposal 1: Two measurement categorizations are defined for NR.
· Intra-frequency and inter-frequency 
· With re-tuning and without re-tuning 
On categorizing intra- and inter-frequency, there were some proposals in RAN4-NR-AH#2. For example, some companies proposed to define intra- and inter-frequency based on the centre frequency of the cell BW, same as in LTE; some companies proposed to define intra- and inter-frequency based on the SSB frequency.
In our view, it is the SSB frequency that is relevant to measurement in NR. Typically UE is only aware of the SSB frequency that it should measure, but UE does not know the cell BW information from the SSB frequency. For example, in Figure 1(a), UE is not expected to know the two cells have the same centre frequency or BW when given the two SSB frequencies, at least for measurement purpose. Therefore, the intra-/inter-frequency definition should be based on SSB frequency. 
A further problem is when multiple SSBs are transmitted from the cell. In RAN4-NR-AH#2, some companies proposed [2] that when the current and target cell has at least one SSB at the same frequency, the target cell are regarded as intra-frequency. The proposal is about determining if a neighbour cell is intra- or inter-frequency cell, but it does not clearly define if measurement on a specific frequency is intra- or inter-frequency. For example with Figure 2, if measurement is performed on frequencies of SSB1 and SSB2 of the neighbour cell, we need to define which is intra- and which is inter-frequency.  
                                     [image: ]
Figure 2: Examples of multiple SSBs in cell BW
Also, the proposal in [2] is based on the assumption that all SSBs are always transmitted by the cell. In our understanding, there should be a default BWP for all UEs in the cell, including Idle and Connected UEs, and this BWP would contain a default SSB common for all UEs. The default SSB would be broadcasted and it is where Idle UEs see the cell, while for Connected UEs network may transmit other additional SSBs on need basis. In light of this, the categorization of intra-/inter-frequency measurement should be based on the default SSB of the serving cell, but not any SSB transmitted from the serving cell. 
Proposal 2: A default SSB is defined per cell. Measurement on the frequency of the default SSB of the serving cell is intra-frequency, and measurements on other frequencies are inter-frequency.
On categorizing measurements with or without re-tuning, the way forward should be clear. It is straightforward that re-tuning is needed or assumed to be needed only when the frequency to be measured is outside the UE operating BW, no matter it is intra- or inter-frequency.
For inter-frequency measurement where the SSB frequency of neighbour cell is different than the serving cell SSB, but is part of UE operating BW, one may consider this is with re-tuning in LTE. In 36.300, a measurement scenario like shown in Figure 2 is regarded as with re-tuning, since UE is assumed to use a narrow band FFT for cell search. For NR, we believe different UE implementation options need to be considered to reduce the cases where gaps are required. For example, UE can adjust in baseband domain the frequency of the searcher FFT thus avoiding the need to re-tune RF. 
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Figure 2: Examples of inter-frequency measurement without re-tuning
Proposal 3: The measurement on a SSB frequency does not require RF re-tuning if the SSB frequency is included in the UE operating BW, otherwise the measurement requires RF re-tuning. 
Once the categorizations of measurement and their definitions are clarified, RAN2 can start to discuss the exact requirements on the number of carriers to monitor and the measurement delay.
It seems logical that in NR also for inter-frequency cases when UE does not support CA combination covering inter-frequency carriers UE would need to be provided with measurement gaps unless UE indicates in the capabilities that it does not need gaps for measuring some specific inter-frequency carrier.
Proposal 4: Unless UE indicates that it does not need measurement gaps to measure inter-frequency neighbour cells and UE does not support a band combination containing serving cell frequency and the inter-frequency UE should be provided with measurement gaps to enable measurement of the inter-frequency neighbour cells
Normally eNB would be sending from each beam of the cell(s) at the same time but unfortunately in order to maximize coverage of the cell network may need to perform so called beam sweeping on very high frequencies where network sends on one (or few) beams simultaneously at a time instant. At next time instant network would be sending on different set of beams and so on until all the beams of the cells have transmitted and then starting from all over again.
In LTE UE when UE is receiving the signal from a frequency it will receive the signal from all directions simultaneously i.e. in omni manner. On the other hand on very high frequency band there has been discussion in RAN1 that UE would use beam forming in DL reception i.e. UE would not be able to receive all the beams of a carrier at the same time – See figure 1:



Figure 1: Beam forming on higher frequencies
For example if UE would be using beam number 1 for reception it would possibly only receive beam 3 of gNB2 and would not be receiving even beams of same eNB nor beams of neighbouring cells in the same time. In this kind of system UE measuring intra-frequency neighbour cells there may be need for network to provide measurement gaps to just measure cells/beams of same carrier. 
If we can assume that UE in NR also does omni reception of signal (as in figure 2) on a carrier then it would mean that even for beam sweeping scenarios UE could be able to simultaneously detect beams of different gNBs without need for measurement gaps.
Observation 1: If UE in NR can receive in omni manner UE would be able to measure and detect cells on same carrier without measurement gaps



Figure 2: UE operating in omni reception manner

On the other hand if UE requires beam forming to successfully receive downlink signal and assuming that for serving cell UE would get information regarding how beam sweeping is done and while UE is not required to receive from the serving beam (i.e. when the beam is not transmitting) UE could try to also measure/evaluate other beams of the serving cell. In order to ensure that this is possible then UE would need to be able to detect/measure beams within time duration when serving beam is not operational. This would mean some limitations to frame structure design.
Observation 2: Even when there is beam sweeping and UE requires beam forming it could be possible to design system in such a way that UE could measure serving cell non serving beams while serving beam is not operational.
Similarly to serving cell beam detection it seems logical that UE could also detect and measure neighbour cell beams without causing interrupts to serving beam operation i.e. UE would perform detection/measurements of those beams while serving beam is not sending. In order to ensure that this is possible then UE would need to be able to detect/measure beams within time duration when serving beam is not operational.
Observation 3: If beams are detectable/measurable during the time serving beam is not operational UE could detect neighbour cell beams without causing interrupts to serving beam operation. 
But unfortunately there can always be cases that neighbouring cell beam that would be best beam for the UE would be sent just when the serving beam is operating.  In order to detect such a beam NW would need to provide UE with measurement gaps. Unless there is very good understanding of network topology and channel environment at every single location of network it would be basically impossible for network to know if UE can detect all the beams of serving cells without measurement gaps in this kind of situation. Thus basically network would need to always provide for such a UE measurement gaps even in order to detect neighbour cells/beams of intra-frequency carrier.
Observation 4: If UE cannot receive in omni manner on the carrier there would be need to provide measurement gaps to detect serving carrier neighbour cell beams. 
Thus clearly it would be preferable if the design of NR could be done in such a way that UE could receive beams of serving carrier without measuremeng gaps, thus requiring that UE can perform omni reception of the carrier.
Proposal 5: Similarly to LTE UE can receive on each supported carrier in omni manner
3	Conclusion
In this paper we discussed what and how intra inter-frequency definitions can be done in NR and noticed that SSB design in NR is very flexible and it might be challenging to have exactly same definitions as in LTE. This lead us to propose following:
Proposal 1: Two measurement categorizations are defined for NR.
· Intra-frequency and inter-frequency 
· With re-tuning and without re-tuning 
Proposal 2: A default SSB is defined per cell. Measurement on the frequency of the default SSB of the serving cell is intra-frequency, and measurements on other frequencies are inter-frequency.
Proposal 3: The measurement on a SSB frequency does not require RF re-tuning if the SSB frequency is included in the UE operating BW, otherwise the measurement requires RF re-tuning. 
It seems logical that in NR also for inter-frequency cases when UE does not support CA combination covering inter-frequency carriers UE would need to be provided with measurement gaps unless UE indicates in the capabilities that it does not need gaps fore measuring some specific inter-frequency carrier.
Proposal 4: Unless UE indicates that it does not need measurement gaps to measure inter-frequency neighbour cells and UE does not support a band combination containing serving cell frequency and the inter-frequency UE should be provided with measurement gaps to enable measurement of the inter-frequency neighbour cells
Additionally we analyzed NR UE beamforming RX and found out that it would cause huge impacts to even required measurements gaps to measure intra-frequency neighbour cells. And not even that but UE would need measurement gaps to even receive same cel different TRP. Thus we will propose to simplify NR design by proposing:
Proposal 5: Similarly to LTE UE can receive on each supported carrier in omni manner







image1.png
serving neighbor

- SSB

ssB [





image2.png
serving  neighbor

SSB





image3.png
serving neighbor

SSB





image4.png
serving neighbor





image5.emf
1

2

4

3

1

2

3

4

.

.

.

1

2

3

4

.

.

.

1

2

3

4

.

.

.

 

gNB1

 

gNB2

 

gNB3


oleObject1.bin
1


2


4


3


1


2


3


4


...


1


2


3


4


...


1


2


3


4


...


gNB1


gNB2


gNB3



image6.emf
1

1

2

3

4

.

.

.

1

2

3

4

.

.

.

1

2

3

4

.

.

.

 

gNB1

 

gNB2

 

gNB3


oleObject2.bin
1


1


2


3


4


...


1


2


3


4


...


1


2


3


4


...


gNB1


gNB2


gNB3



