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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _Ref129681832]In the RAN4#AH-1801 meeting, RAN4 discussed the time for BWP switching operation both for a response to an LS [6] and for RRM aspects. A result was capturing several options for the start and end of a switching operation [1]
Definition of start of BWP switching operation on DL when BWP switch command received via DCI
Option 1> The new BWP configuration becomes active at the slot boundary
Option 1a> The BWP switching operation starts at the slot boundary after BWP reconfig command (via DCI) is received 
Option 1b> The BWP switching operation starts is at the first slot boundary where UE has not grants after BWP switch command is received 
Option 2> After UE receives the DCI (last symbol containing DCI)
Other options are not precluded
BWP switch time start based on time expiration is FFS
Definition of end of BWP switching operation 
Option 1> When the UE is capable of monitoring PDCCH with the new BWP numerology
Option 2> immediately after the delay switch time
Other options are not precluded
This contribution discusses the possible time boundaries for BWP switching, the latest agreements in RAN1, and also proposes parameters for testing.
Discussion
BWP switching enables the network to manage system resources by providing the capability for the network to change the occupied bandwidth and numerology (e.g., subcarrier spacing) of the UE. After the transition to a new active BWP, a different numerology can be used, i.e., the set of BWP configurations can support multiple numerologies (either transmission or reception).
For a single cell, there are several instances where a change in numerology and/or a change in active BWP can occur [7]. 
· After the processing master information block (MIB) [during initial access]
· Transition from the initial BWP to active BWP
· Transition within the set of configured BWPs
· Timer expiry
The following sections describe the BWP switching operation in more detail and provides a snapshot of discussions in RAN1 and current standards. 
Switching operations
From [1], a switching operation includes any baseband processing, possible re-tuning of the local oscillator, possible RF reconfiguration for changes in bandwidth, possible AGC settling time, and possible RF/baseband changes for different numerologies. Note that the UE may be interrupted in certain operations while the switch occurs. During the interruption, a UE is not expected to receive / transmit the cell while the switch is occurring. Figure 1 shows two examples of non-zero times. In (a), the times are sequential and the interrupt is the sum of the RF transition time and numerology change time (e.g., itime = RFtime + numerologytime). In (b), the interrupt is shorter because the RF transition and numerology change occur in parallel, itime = max(RFtime, numerologytime).
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Baseband processing
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[bookmark: _Ref506745746]Figure 1. Example of times
Note that baseband processing can include time to demodulate the channel and time to interpret fields / events, including FFT/IFFT processing, blind decoding, and DCI parsing. There may be some time needed to reconfigure components for any RF operation as well as numerology change. Although baseband processing time is based on implementation, a maximum limit can be established.
Although the values are implementation specific, the times for RF transition were agreed and captured in [8] for FR1. The time is a function of the type of operation needed (bandwidth change, carrier change). Values for FR2 are discussed in [9].
The time for numerology changes (e.g. faster sampling, shorter duration symbols) is also implementation specific. However, it may be possible to establish a maximum time. Another possibility is to define an implementation-agnostic interrupt time that includes RF transition and numerology. 
Proposal 1. The time for a BWP switch operation can be expressed as the sum of the baseband processing time and interruption time (including RF transition time). The time can be independent of implementation.
Discussion of options
Figure 2 shows the options listed in the section 1. Table 1 and Table 2 provide a high-level evaluation.
[bookmark: _Ref506502344]Table 1. Evaluation of start time options
	Option
	Advantages
	Disadvantage

	1
	· Simple to specify
	· Can be inefficient from throughput

	1A
	· Entire slot received
· Numerology changes on slot boundaries
	· If processing time for DCI spans slot, then entire slot can be wasted
· If DCI schedules PDSCH, unclear if UE can receive PDSCH in slot after DCI?

	1B
	· Benefits of 1A
· Accounts for scheduled PDSCH (old BWP)
	· Can cause possible throughput loss

	2
	· Shorter time to begin switch
	· Symbols immediately after DCI cannot be used



[bookmark: _Ref506502346]	Table 2. Evaluation of end time options
	Option
	Advantages
	Disadvantage

	1
	· Start at slot boundary, simpler to specify
	· Can be inefficient

	2
	· Shorter time to end switch
	· Symbols before DCI cannot be used
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[bookmark: _Ref506501364]Figure 2. Options
A BWP switch operation will disrupt a data pipeline. There are several issues to consider:
1. Can the time for switching be minimized? Note for DCI-based switching, any DCI located near the end of a slot may cause the next slot be unusable if the baseband processing time is long.
2. How will numerology changes be handled due to different slot and symbol durations
3. Numerology of payload scheduled by DCI
4. How is the switching time indicated (by network?)
5. Testing switching operating
For DCI-based BWP switching, the CORESET (higher layer) configuration indicates the resources where the DCI is located. Although the CORESET can be placed anywhere within a slot, CORESETs near the beginning of the slot are desirable for BWP switching because the UE can process the DCI within the current slot and determine if a switching operation is needed within that slot. Furthermore, the switching operation becomes independent of baseband processing time if the duration between the end of the DCI and end of the slot is long enough. 
Proposal 2. Slot boundaries corresponding to the previous BWP configuration should mark the starting point for BWP switching operations.
Another benefit to starting the switching operation at slot boundaries is the alignment of slots (symbols) with different numerologies. In addition to all numerologies aligning every millisecond (i.e. there are 2µ slots each subframe), when the numerology of the new BWP (µ1) is larger than the current (µ0), the µ1 slots can begin after the end of the µ0 slot. Note that if µ1 < µ0, there can be a large duration before the switch operation starts. For example, µ1=0 and µ0=2, there are four 250µs slots for each 1ms slot (µ1=0). If a DCI switch is sent in slot 0, the new numerology would begin 750µs later. Note that the scheduler can issue the switch in slot 2 or 3 to minimize start of the switching operation. 
Proposal 3. Slot boundaries corresponding to the new active BWP configuration should mark the end point for BWP switching operations.
Since the RF transition can complete before a slot boundary, there is a gap in time. Waiting for the slot boundary should not be included as the time for BWP switching.
Proposal 4. The time waiting for a slot boundary should not be included for the time of BWP switching operation
One feature of the system is the ability to schedule DL traffic in the same slot or in a future slot. When the shared channel is in the same slot, it may be preferable to use the existing numerology until the switch operation begins. If the shared channel is in a different slot, the question is should the shared channel use the numerology of the previous BWP or new BWP. If using the numerology of the previous BWP, then the BWP switch operation should occur after the transmission of the shared channel is completed. If using numerology of the new BWP, then the shared channel begins after the switching operation. Ref. [7] describes some approaches for indicating when the shared channel begins. For example, a parameter is proposed for BWP switching allows the network to adjust the starting time of the shared channel in addition to the K0/K2 parameters.
For testing purposes, well defined tests can be established with slot boundaries to mark the beginning and end of a switch operation.
Snapshot of Standards
Recent updates of the standards are presented here. 
MIB
After receiving the PBCH, the UE examines the MIB to determine the SCS for SIB1, Msg. 2/4 for RACH, and other SI messages. A change in numerology can occur as indicated in Table 3. 
[bookmark: _Ref505945556]Table 3. Changes in numerology for PBCH / initial access (subCarrierSpacingCommon field in MIB [4]), “” indicates change in numerology, “-” not applicable
	SCS PBCH, kHz
	15 kHz
	30 kHz
	60 kHz
	120 kHz
	240 kHz

	15
	
	
	-
	-
	-

	30
	
	
	-
	-
	-

	120
	-
	-
	
	
	-

	240
	-
	-
	
	
	-



Section 13 of 38.213 [3] provides a procedure to monitor the PDCCH after detection of SS/PBCH according to the numerology contained in the MIB. There are two procedures: one for FR1 (first paragraph) and other for FR2 (second paragraph). The PDCCH (with possibly different SCS) begins on a slot boundary.













For the SS/PBCH block and control resource set (CORESET) multiplexing pattern 1, a UE monitors PDCCH in the Type0-PDCCH common search space over two consecutive slots starting from slot . For SS/PBCH block with index , the UE determines an index of slot  as  located in a frame with system frame number (SFN)  satisfying  if  or in a frame with SFN satisfying  if .  and  are provided by Tables 13-11 and 13-12, and  based on the subcarrier spacing for PDCCH receptions in the control resource set [4, TS 38.211]. The index for the first symbol of the control resource set in slot  is the first symbol index provided by Tables 13-11 and 13-12.



For the SS/PBCH block and control resource set multiplexing patterns 2 and 3, a UE monitors PDCCH in the Type0-PDCCH common search space over one slot with Type0-PDCCH common search space periodicity equal to the periodicity of SS/PBCH block. For a SS/PBCH block with index , the UE determines the slot index  and  based on parameter provided by Tables 13-13 through 13-15.
In addition to a change in numerology, there may be a change in the bandwidth. The tables for multiplexing patterns specify an offset and size of the CORESET. For the baseband processing, the processing time should include demodulation (blind decoding) of the PBCH. The network can account for the time for the switching operation (from the last symbol containing the PBCH to the start of the slot) by setting the MIB accordingly.
Observation 1: The network can configure the delay between the SSB and PDCCH by setting appropriate values in the MIB.
Transitioning from the initial active DL BWP
After initial access is completed, the UE will transition for the initial DL BWP to one active DL BWP among the set of configured BWPs [3]. The next section describes the actions for a DCI-based active BWP change.
An initial active DL BWP is defined by a location and number of contiguous PRBs, a subcarrier spacing, and a cyclic prefix, for the control resource set for Type0-PDCCH common search space. For operation on the primary cell, a UE is provided by higher layer parameter initial-UL-BWP an initial active UL BWP for a random access procedure. If the UE is configured with a secondary carrier on the primary cell, the UE can be configured with an initial BWP for random access procedure on the secondary carrier.
…
For the primary cell, a UE can be provided by higher layer parameter Default-DL-BWP a default DL BWP among the configured DL BWPs. If a UE is not provided a default DL BWP by higher layer parameter Default-DL-BWP, the default DL BWP is the initial active DL BWP.  
DCI-based transitioning 
Section 12 of [3] describes the behavior when a UE receives a DCI (format 0_1 or format 1_1) indicating a change in active BWP. Note that this section was endorsed after the RAN1#AH1801 meeting. There are some additional analysis of behavior captured in the standard [7]
If the bandwidth part indicator in is configured in DCI format 0_1 or DCI format 1_1 and indicates an UL BWP or a DL BWP different from the active UL BWP or DL BWP, respectively, the UE shall
· for each information field in the received DCI format 0_1 or DCI format 1_1
· if the size of the information field is smaller than the one required for the DCI format 0_1 or DCI format 1_1 interpretation for the UL BWP or DL BWP that is indicated by the bandwidth part indicator, respectively, the UE shall prepend zeros to the information field until its size is the one required for the interpretation of the information field for the UL BWP or DL BWP prior to interpreting the DCI format 0_1 or DCI format 1_1 information fields, respectively;
· if the size of the information field is larger than the one required for the DCI format 0_1 or DCI format 1_1 interpretation for the UL BWP or DL BWP that is indicated by the bandwidth part indicator, respectively, the UE shall use a number of least significant bits of DCI format 0_1 or DCI format 1_1 equal to the one required for the UL BWP or DL BWP indicated by bandwidth part indicator prior to interpreting the DCI format 0_1 or DCI format 1_1 information fields, respectively;
· set the active UL BWP or DL BWP to the UL BWP or DL BWP indicated by the bandwidth part indicator in the DCI format 0_1 or DCI format 1_1, respectively.
The specification states that the remaining fields of the DCI are to be interpreted according to the new active BWP. In the meantime, the UE is still receiving using the “old” BWP configuration. The specification implies that the switch to the active BWP is effective after receiving the DCI. 
Observation 2: The standards imply that the transition to the new active BWP starts once the UE receives the DCI.
For the downlink, if the DCI schedules a shared channel in the same slot, the shared channel would use the numerology of the new active BWP. Note that there may be ambiguity in timing for the start of the shared channel if there is a change in numerology. For example, if the old BWP uses 15 kHz SCS and the new BWP uses 60 kHz, a switching time of 250 µs would cause the shared channel to be located in the next slot. If there is a change from 60 to 15 kHz in slot 0, a 250 µs switching time corresponds to symbol 3.5 (4)of the 15 kHz SCS slot.
Observation 3: There can be ambiguity is slot timing with changes in numerology.
Although switching time is not directly indicated for the change in active BWPs, the time domain resource field in the DCI can capture the switching time. Thus the gNB has control over the switching time by selecting the appropriate value for the time domain resource field. Table 4 lists the switching times for a given numerology in terms of symbols of slot: 
[bookmark: _Ref506212438]Table 4. Switching time duration (µs) in symbols for a given numerology
	µ
	SCS, kHz
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14

	0
	15
	71.4
	142.9
	214.3
	285.7
	357.1
	428.6
	500.0
	571.4
	642.9
	714.3
	785.7
	857.1
	928.6
	1000.0

	1
	30
	35.7
	71.4
	107.1
	142.9
	178.6
	214.3
	250.0
	285.7
	321.4
	357.1
	392.9
	428.6
	464.3
	500.0

	2
	60
	17.9
	35.7
	53.6
	71.4
	89.3
	107.1
	125.0
	142.9
	160.7
	178.6
	196.4
	214.3
	232.1
	250.0

	3
	120
	8.9
	17.9
	26.8
	35.7
	44.6
	53.6
	62.5
	71.4
	80.4
	89.3
	98.2
	107.1
	116.1
	125.0

	4
	240
	4.5
	8.9
	13.4
	17.9
	22.3
	26.8
	31.3
	35.7
	40.2
	44.6
	49.1
	53.6
	58.0
	62.5



For example, a 250µs switching time can be achieved a 30 kHz SCS if the scheduled shared channel begins more than 7 symbols after the scheduling DCI. While the scheduling procedure provides means to instrument the switching time, the processing time is not specified.
Figure 3 shows an example of receiving a DCI indicating a change in active BWP in symbol 0 of a slot. There is no change in numerology. In this example, the processing time for the PDCCH is more than 2 symbols while the RF transition time is more than 6 symbols (the times are sequential). After accounting the switching times, the PDSCH is transmitted in symbol 10 of the slot (9 symbols after the symbol containing the DCI is transmitted).
0
3
6
9
Receive DCI
DCI processing
RF transition
Receive PDSCH
2
1
4
5
7
8

[bookmark: _Ref506214313]Figure 3. Example of DCI switch
· The gNB signals a change in active BWP but no shared channel is scheduled. The next opportunity to transmit a shared channel is scheduling a DCI at the first available opportunity after accounting for the switching times in processing and any RF switching time. However, this can cause a loss in throughtput
· The gNB signals a change in active BWP and a shared channel is scheduled in the same slot. The shared channel can be transmitted after the DCI is processed and after accounting for the RF switching time. 
· The gNB signals a change in active BWP and a shared channel is scheduled in a future slot. This operation can occur if the switching time is long (cannot be accommodated by delaying the shared channel in the slot) or if the slot duration is too short for the switching time. 
Observation 4: DCI scheduling can provide the means to reserve time for the BWP switching operation.
Timer expiry
The active BWP can change after the timer expires as captured in 38.213 [3]. 
If a UE is configured by higher layer parameter BWP-InactivityTimer a timer value for the primary cell [11, TS 38.321] and the timer is running, the UE increments the timer every interval of 1 millisecond for frequency range 1 or every 0.5 milliseconds for frequency range 2 if the UE does not detect a DCI format 1_1 for paired spectrum operation or if the UE does not detect a DCI format 1_1 or DCI format 0_1 for unpaired spectrum operation during the interval.
The behavior is captured from section 5.15 of [5].
2>	if the bandwidthPartInactivityTimer associated with the active DL BWP expires:
3>	if the default-DL-BWP is configured:
4>	perform BWP switching to a BWP indicated by the default-DL-BWP.
3>	else:
4>	perform BWP switching to the initial DL BWP.
Since the UE knows when DCI format 1_1 can be transmitted, the timer can be updated after the processing time for the DCI. However, since the timer functionality is implemented in the MAC, the processing time is increased and is implementation specific. Further, since the MAC requests the BWP switching change, when the UE uses the initial/default DL BWP may be much longer in time than a DCI-based change. Note that the change should be on the first slot with the initial/default DL BWP configuration after accounting for the switching [7]. 
Observation 5: Since timer expiry is a higher layer function, the processing time is longer than other types of switches.
Other points
With the current specifications, RAN1 has defined the boundaries for a BWP switching operation as described above. However, there appears to be ambiguity to when the switch operation begins and to when the operation ends, as observed in contributions such as [7]. It is possible that RAN1 will revise the switching operation to resolve any ambiguities. However, RAN4 could send an LS to clarify how to demark the switching operations asking several questions listed above.
Proposal 5. RAN4 shall monitor the specification in 38.213 to determine whether changes in procedures for BWP switching are needed.
Conclusions
How RAN4 should address switching is discussed in this contribution. First, the time needed is composed of a baseband time and an interrupt time. The interrupt time can be composed of RF transition.
Proposal 1. The time for a BWP switch operation can be expressed as the sum of the baseband processing time and interruption time (including RF transition time). The time can be independent of implementation.
There are many benefits of using slot boundaries.
Proposal 2. Slot boundaries corresponding to the previous BWP configuration should mark the starting point for BWP switching operations.
Proposal 3. Slot boundaries corresponding to the new active BWP configuration should mark the end point for BWP switching operations.
Proposal 4. The time waiting for a slot boundary should not be included for the time of BWP switching operation
[bookmark: _GoBack]With the recent modifications in 38.213, RAN1 has establish the time boundaries for the switching operation, as captured below. 
Observation 1: The network can configure the delay between the SSB and PDCCH by setting appropriate values in the MIB.
Observation 2: The standards imply that the transition to the new active BWP starts once the UE receives the DCI.
Observation 3: There can be ambiguity is slot timing with changes in numerology.
Observation 4: DCI scheduling can provide the means to reserve time for the BWP switching operation.
Observation 5: Since timer expiry is a higher layer function, the processing time is longer than other types of switches.
RAN4 should see how RAN1 has updated the specifications for BWP switching.
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Proposal 5. RAN4 shall monitor the specification in 38.213 to determine whether changes in procedures for BWP switching are needed.
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