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In several markets, the early deployment of NR is foreseen to rely on extensions of the LTE evolved packet core (EPC), with UEs being connected simultaneously to an LTE PCell and a NR PSCell in dual connectivity (DC) in what is referred to as non-standalone (NSA) NR deployment.
At the RAN4 NR#2 ad hoc meeting we pointed out that PCell and PSCell time difference reporting will be needed in NSA NR of the same reasons as it is needed in LTE DC, but that the reporting format will have to be adapted [6]. Without such reporting, scheduling opportunities will be lost, resulting in a lower UE throughput than otherwise achievable. No agreement was reached, most likely due to that time was short and companies had not had time to look into the consequences of not having time difference reporting. At the meeting, there was also a misconception from some companies on that this would require a new type of measurement compared to LTE DC STTD, when in fact it is about adapting the format of the time difference reporting to suit the combination of LTE and NR in dual connectivity. 
In this contribution, we have added a justification of why SSTD reporting is needed for scheduling decisions in LTE DC, and why time difference reporting will be needed also in LTE-NR DC a.k.a. NSA NR. A reporting format for SFN, subframe and time difference (SSTTD) that accommodates the special needs of NSA NR deployments is proposed.
Justification of SSTD and SSTTD reporting
For sub-6GHz NSA NR deployment, radio transceiver architecture is likely to be similar to that of LTE DC, hence the same challenges as experienced for LTE CA and LTE DC are anticipated. The challenges include pull effects and interference by harmonics of local oscillators. 
In LTE DC those challenges were addressed by allowing interruptions on one or more radio transceiver chains other than the one being reconfigured. The allowed duration of the interruptions – expressed in TTIs (i.e. LTE subframes) – is taking physical limitations such as PLL stabilization time into account. The allowed duration of the interruptions further depends on whether two or more carriers are synchronous or asynchronous to each other from UE point of view. If the carriers are in asynchronous operation, the allowed interruption duration is extended by one additional TTI compared to that of synchronous operation.
Particularly for scheduled gaps such as measurement gaps, optimum PSCell scheduling of the UE depends on whether the PCell and PSCell are operating synchronously or asynchronously, and for the latter, whether PSCell leads or lags to the PCell timing-wise; see Figure 1.
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Figure 1: Measurement GAP and total interruption time on MCG and SCG (from 36.133 Figure 8.1.2.1-1) 
Without any information on the subframe border timing difference experienced by the UE, the SeNB would have to assume that a measurement gap of 6 subframes in PCell becomes a measurement gap of 8 subframes in PSCell, since it would not know if the slot border time difference is within or outside the range for synchronous operation, and whether the PCell leads or lags over PSCell. This would result in up to 5% loss of scheduling opportunities in the PSCell compared to if it was known by the SeNB that the UE receives signals from PCell and PSCell within the synchronous range of timing differences. The loss of scheduling opportunities would result in a loss of achievable UE throughput.
In LTE DC, UE reporting of the time difference between PCell and PSCell has been specified; SSTD, short for SFN and Subframe Time Difference. The SSTD reporting allows the MeNB and SeNB to know whether the UE is operating in synchronous or asynchronous mode, and hence allows SeNB to adapt e.g. scheduling accordingly. Additionally, several core requirements differ depending on DC mode of operation, as is described further below.
Observation 1: In LTE DC, without UE reporting of SSTD up to 5% of the PSCell scheduling opportunities would be lost – resulting in a reduction of the achievable UE throughput.
If introducing sub-6GHz NSA NR without corresponding time difference reporting as used in LTE DC, the achievable UE throughput in the NR PSCell would become lower than necessary due to loss of scheduling opportunities. As a result, the full potential of the new technology would not be used.
Measurement gaps in NR are under discussion and some agreements were reached during the RAN4 NR#2 ad hoc meeting. Things still under discussion include whether a measurement gap defined for MeNB should also apply for SgNB, and vice versa, and whether NCSG can be used to accommodate for the required interruption in PCell when there is a gap in PSCell, and vice versa. Regardless of outcome of those discussions, there would be a need for a corresponding SSTD reporting in order to either know which TTIs in the PSCell would be impacted by interruptions due to measurement gaps in PCell, and vice versa, or to properly configure NCSG.
Observation 2: For NR NSA, UE reporting of time difference would be required to avoid loss of scheduling opportunities, and for proper configuration of NCSGs.
So why something different than existing SSTD? The SSTD reporting in LTE DC is based on that the TTI in LTE is one subframe. As described further below, the TTI length in NR depends on the configuration in use, with the longest TTI corresponding to the LTE TTI. Hence in many NR configurations the existing SSTD reporting would be too coarse and result in unnecessary loss of scheduling opportunities. With different size of the TTIs in LTE and NR, synchronous operation can be achieved not only when LTE subframe and NR subframe borders are aligned, but also when an LTE subframe border is aligned with an NR TTI border – of which there may be many during an NR subframe. In order to accommodate the flexibility in NR configuration, the time difference reporting format would have to be changed compared to LTE DC SSTD although the principles of the measurements are the same. Hence for NSA NR we are proposing a format where SFN, subframe and TTI border Time Difference (SSTTD) is reported, with details provided further below.
Observation 3: Existing LTE DC SSTD reporting format is based on a fixed TTI length of 1ms. In NR, a whole range of TTI lengths can be used, with a TTI length of 1ms representing the longest TTI. Synchronous operation can be supported whenever an LTE TTI is aligned with a NR TTI, hence reusing existing SSTD reporting format also for NR NSA would result in significant losses of scheduling opportunities. By defining a format that allows TTI border time difference to be reported – rather than just subframe border ditto – would prevent unnecessary loss of scheduling opportunities for the UE.

Background
LTE DC
In DC scenarios, a distinction is made between synchronous and asynchronous operation. In case of LTE DC, i.e. when both PCell and PSCell are LTE cells, the border between synchronous and asynchronous operation is when the time difference between received subframes from PCell and PSCell is ±33μs. This particular figure goes back to considerations on 1) concurrent UE PHY and RF processing capabilities and 2) minimum required time interval for cell detection and mobility measurements in measurement gaps. For (1), capability reporting was introduced where the UE could state whether it supported synchronous DC operation only, or both synchronous and asynchronous DC operations. For (2), it was specified that when operating in synchronous DC operation, a measurement gap is allowed only to impact 6 subframes on PCell and PSCell each, whereas for asynchronous DC operation, a measurement gap is allowed to impact 6 subframes on PCell and 7 subframes on PSCell. In other words: in asynchronous DC operation, the UE punctures one additional subframe in PSCell in order to secure that there is enough time for cell detection and mobility measurements in a measurement gap.   
For the MeNB and SeNB to know which mode to operate in towards a UE, time difference reporting, SFN and subframe timing difference (SSTD) [1] has been introduced. The UE measures the time difference between corresponding system frames in PCell and PSCell, and reports it to the MeNB. Based on the reported SSTD, and reported UE capabilities, the MeNB can decide mode of operation and whether DC at all is possible.
The DC mode of operation has an impact on the allowed interruptions e.g. at PSCell addition/release, as captured in 36.133 [2], Section 7.12. Particularly, in synchronous DC operation the UE is allowed to cause an interruption of 1 subframe, whereas at asynchronous DC operation, the same UE is allowed to cause an interruption of 2 subframes.
Moreover, the DC mode of operation has an impact on the allowed interruptions during measurements in autonomous gaps, where the UE shall fulfill minimum requirements on transmitted ACK/NACKs that differs between synchronous and asynchronous DC operation; 36.133 [2] Sections 8.8.5 and 8.8.6. 
The DC mode of operation further has an impact on the scheduling of a UE around a measurement gap, since the allowed puncturing of the PSCell depends on whether it is synchronous or asynchronous DC operation. This is captured in 36.133 [2] Section 8.1.2.	


Existing LTE DC SSTD reporting structure
The measurement definition in the RAN1 specification [1] is as follows, from which it can be seen that SFN offset is provided as the number of whole radio frames, [0, 1023], between corresponding system frames of PCell and PSCell, Frame boundary offset is a number of whole subframes, [-5, 4], by which the timing between PCell and PSCell differ, and Subframe boundary offset is the number of basic time units (Ts), [-15360, 15359], that describes the remaining time difference between PCell and PSCell.    

	Definition
	The observed SFN and subframe timing difference (SSTD) between a PCell and a PSCell is defined as consisting of the following three components;
-	SFN offset = (SFNPCell - SFNPSCell) mod 1024, where SFNPCell is the SFN of a PCell radio frame and SFNPSCell is the SFN of the PSCell radio frame of which the UE receives the start closest in time to the time when it receives the start of the PCell radio frame.

-	Frame boundary offset = , where TFrameBoundaryPCell is the time when the UE receives the start of a radio frame from the PCell and TFrameBoundaryPSCell is the time when the UE receives the start of the radio frame of PSCell that is closest in time to the radio frame received from the PCell. The unit of (TFrameBoundaryPCell - TFrameBoundaryPSCell) is [µs].
-	Subframe boundary offset = TSubframePCell - TSubframePSCell, where TSubframePCell is the time when the UE receives the start of a subframe from the PCell and TSubframePSCell is the time when the UE receives the start of the subframe from the PSCell that is closest in time to the subframe received from the PCell.
The reference point for the observed SFN and subframe time difference shall be the antenna connector of the UE.

	Applicable for
	RRC_CONNECTED intra-frequency



The message definition for the reporting of SSTD by the UE to the MeNB [4] is as follows, from where it is observed that the Subframe boundary offset is mapped onto an 8-bit number in order to reduce the message size.MeasResultSSTD
The IE MeasResultSSTD consists of SFN, radio frame and subframe boundary difference between the PCell and the PSCell as specified in TS 36.214 [48] and TS 36.133 [16].
MeasResultSSTD information element
-- ASN1START

MeasResultSSTD-r13 ::=						SEQUENCE {
	sfn-OffsetResult-r13						INTEGER (0..1023),
	frameBoundaryOffsetResult-r13				INTEGER (-5..4),
	subframeBoundaryOffsetResult-r13			INTEGER (0..127)
}

-- ASN1STOP
MeasResultSSTD field descriptions
sfn-OffsetResult
Indicates the SFN difference between the PCell and the PSCell as an integer value according to TS 36.214 [48].
frameBoundaryOffsetResult
Indicates the frame boundary difference between the PCell and the PSCell as an integer value according to TS 36.214 [48].
subframeBoundaryOffsetResult
Indicates the subframe boundary difference between the PCell and the PSCell as an integer value according to the mapping table in TS 36.133 [16].



The actual mapping of Subframe boundary offset onto an 8-bit number [2] is as follows, where it can be observed that the mapping has a good resolution around the timing offsets ±33μs, which represent the border between synchronous and asynchronous DC operation in LTE. The characteristics of the mapping function is illustrated in Figure 2, from which it is evident that the existing SSTD reporting structure is defined for identifying whether synchronous or asynchronous DC operation is supported based on scheduling units of subframe length.
Table 9.1.20.2-1: SSTD report mapping
	Reported Value
	Measured Quantity Value
	Unit

	SUBFRAME_BOUNDARY_OFFSET_00
	Z  -1320
	Ts

	SUBFRAME_BOUNDARY_OFFSET_01
	-1320 < Z  -1310
	Ts

	SUBFRAME_BOUNDARY_OFFSET_02
	-1310 < Z  -1300
	Ts

	
	
	…

	SUBFRAME_BOUNDARY_OFFSET_62
	-710 < Z  -700
	Ts

	SUBFRAME_BOUNDARY_OFFSET_63
	-700 < Z  0
	Ts

	SUBFRAME_BOUNDARY_OFFSET_64
	0 < Z  700
	Ts

	SUBFRAME_BOUNDARY_OFFSET_65
	700 < Z  710
	Ts

	…
	…
	…

	SUBFRAME_BOUNDARY_OFFSET_125
	1300 < Z  1310
	Ts

	SUBFRAME_BOUNDARY_OFFSET_126
	1310 < Z  1320
	Ts

	SUBFRAME_BOUNDARY_OFFSET_127
	1320 < Z 
	Ts



[image: ]

Figure 2: Subframe boundary offset mapping function characteristics for SSTD reporting in LTE
Comparison between LTE and NR
The radio frame and subframe lengths in NR are 10ms and 1ms, respectively, which is same as in LTE. However, the basic scheduling unit in NR is the slot, where the number of slots in a subframe is depending on the numerology used in the serving cell. This differs from LTE where the basic scheduling unit is the subframe.
NR is to support up to 480kHz subcarrier spacing, with supported configurations 2Kx15kHz K=1, …, 5. For subcarrier spacing above 60kHz a slot is defined as 14 OFDM symbols (normal CP), whereas below 60kHz a slot may alternatively be defined as 7 OFDM symbols. This leads to that the number of basic scheduling units per subframe depend on subcarrier spacing and slot configuration, as illustrated in Figure 3.



[bookmark: _Ref485458373]Figure 3: Illustration of scheduling units for LTE and different numerologies and NR configurations.
  
Like in LTE, SFN is deduced from the physical broadcast channel, NR-PBCH. In LTE, a hyper-frame of 1024 radio frames is used, i.e., the SFN counter wraps around after reaching the value 210-1 (although only the 8 MSBs are explicit). The corresponding hyper-frame length has not yet been determined for NR. If other than 1024, it will not be possible to describe the SFN relation between a LTE PCell and a NR PSCell unambiguously. Particularly, if NR would use say 4096, there would be four LTE hyper-frames per NR hyper-frame. However, rudimentary exchange of timing information between the LTE MeNB and NR SeNB can resolve the ambiguity, if needed.
Proposal for LTE-NR DC interworking
As illustrated in Figure 4 below, for different number of scheduling units per subframe in PCell and PSCell, synchronous DC operation can be supported at more than when aligned at the subframe border. Particularly, when the LTE subframe is aligned with a NR slot border, within some tolerance yet to be determined, synchronous operation can be supported.



[bookmark: _Ref485462634]Figure 4: Illustration of LTE-NR DC with four scheduling units per subframe in the NR cell. Synchronous operation is possible as long as time difference between scheduling units in LTE and NR is less than some threshold

In order to allow this kind of scenario to be recognized by the MeNB, it is necessary to extend the SSTD reporting. Particularly, the following SFN, subframe and TTI time difference (SSTTD) reporting may be considered:
· SFN offset = (SFNPCell-SFNPSCell) mod minHFL
· Frame boundary offset = floor((TFrameBoundary,PCell – TFrameBoundary,PSCell)/1000)
· Subframe boundary offset = floor( (TSubframeBoundary,PCell – TSubframeBoundary,PSCell)/minTTI )
· TTI boundary offset = TTTI,PCell – TTTI,PSCell
where minHFL is the minimum hyper-frame length of LTE and NR, and minTTI is the minimum TTI length of PCell and PSCell, in same time units as used for TSubframeBoundary,PCell and TSubframeBoundary,PSCell. The Subframe boundary offset thus is in the range [-N/2, N/2-1] NR TTIs, where N is the number of NR TTIs per subframe. TTTI,PCell may be defined as the time when the UE receives the start of a TTI (subframe) from PCell, and TTTI,PSCell may be defined as the time when the UE receives the start of the TTI (slot) that is closest in time to the TTI received from the PCell. The time units for TTI boundary offset may for instance be derived from a basic time unit in NR. The TTI boundary offset is within the time interval -1/(2N)  1/(2N) ms.
Regarding the reporting, TTI boundary offset may be mapped onto an 8-bit number like Subframe boundary offset in the existing LTE SSTD reporting. Should the system requirements, i.e. tolerable time difference, for synchronous DC operation differ for different PSCell numerologies, different mapping tables can be introduced. For instance, scaling existing requirements for synchronous operation linearly with the number of TTIs per subframe used in the NR cell might not be optimum. Similarly, maintaining a constant requirement (e.g. ±33μs) might not be optimum either. These two extremes are illustrated in Figure 5.
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[bookmark: _Ref485465880]Figure 5: Illustration of characteristics of mapping functions as function of number of NR slots (N) per subframe. (Left) Linear scaling of mapping function with number of NR slots. (Right) Constant mapping regardless of number of NR slots.
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Proposal 1: 
· RAN4 asks RAN1 to specify a measurement definition for SSTTD measurements in relevant RAN1 specification(s).
· RAN4 asks RAN1 whether the number of NR slots per subframe for PSCell shall be either:
· (a) Deduced by the UE after detecting a NR-SS block and reading NR-PBCH, or
· (b) Shall be provided by the network as part of the measurement configuration.  
· RAN4 informs RAN1 on that if different hyper-frame lengths are used in LTE and NR, the SSTTD reporting will be ambiguous regarding the SFN offset.
Proposal 2:
· RAN4 asks RAN2 to, based on RAN1 outcome, provide message definitions for:
· SSTTD measurement request in direction MeNB or SgNB to UE, and
· SSTTD measurement report in direction UE to MeNB or SgNB
Proposal 3:
· RAN4 studies which tolerances with respect to TTI alignment between PCell and PSCell needs to be fulfilled in order to support synchronous DC operation in the supported NR PSCell configurations.
· Based on the agreed tolerances, RAN4 defines suitable mapping functions for SSTTD reporting.  

Summary and Conclusions
In this contribution, we are providing a justification for the need of PCell to PSCell time difference reporting in NSA NR particularly for sub-6GHz, and also provide an outline of the format of such reporting – here tentatively called SSTTD.
We make the following observations:
Observation 1: In LTE DC, without UE reporting of SSTD up to 5% of the PSCell scheduling opportunities would be lost – resulting in a reduction of the achievable UE throughput.
Observation 2: For NR NSA, UE reporting of time difference would be required to avoid loss of scheduling opportunities, and for proper configuration of NCSGs.
Observation 3: Existing LTE DC SSTD reporting format is based on a fixed TTI length of 1ms. In NR, a whole range of TTI lengths can be used, with a TTI length of 1ms representing the longest TTI. Synchronous operation can be supported whenever an LTE TTI is aligned with a NR TTI, hence reusing existing SSTD reporting format also for NR NSA would result in significant losses of scheduling opportunities. By defining a format that allows TTI border time difference to be reported – rather than just subframe border ditto – would prevent unnecessary loss of scheduling opportunities for the UE.
Based on the observations, we put forward the following proposals:
Proposal 1: 
· RAN4 asks RAN1 to specify a measurement definition for SSTTD measurements in relevant RAN1 specification(s).
· RAN4 asks RAN1 whether the number of NR slots per subframe for PSCell shall be either:
· (a) Deduced by the UE after detecting a NR-SS block and reading NR-PBCH, or
· (b) Shall be provided by the network as part of the measurement configuration.  
· RAN4 informs RAN1 on that if different hyper-frame lengths are used in LTE and NR, the SSTTD reporting will be ambiguous regarding the SFN offset.
Proposal 2:
· RAN4 asks RAN2 to, based on RAN1 outcome, provide message definitions for:
· SSTTD measurement request in direction MeNB or SgNB to UE, and
· SSTTD measurement report in direction UE to MeNB or SgNB
Proposal 3:
· RAN4 studies which tolerances with respect to TTI alignment between PCell and PSCell needs to be fulfilled in order to support synchronous DC operation in the supported NR PSCell configurations.
· Based on the agreed tolerances, RAN4 defines suitable mapping functions for SSTTD reporting.  
A draft LS to RAN1 (RAN2 on CC) covering Proposals 1 and 2 is provided in [5]. For Proposal 3, we encourage companies to provide initial analyses at the RAN4#84bis meeting.
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