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1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction 
RAN2 have agreed that the benefits of UL based mobility, compared to DL based mobility, should be studied with performance analysis:
Concerning RRC driven UL-based connected mode mobility:
· For connected active state mobility, DL-based handover is supported, and UL based mobility can continue to be studied.
· For connected inactive state, DL-based reselection is supported, and UL-based mobility can also be studied
· Benefits of UL based mobility, compared to DL based mobility, should be studied with performance analysis


Based on the above agreement, companies have submitted contributions to RAN2 and RAN1 studying the performance of UL based mobility and some of the L1, L2 and L3 features required to support UL based mobility. In RAN1#87, there were 18 contributions [1-18], submitted by 12 companies, that considered UL based mobility.
Contributions in RAN2 have identified that there is a problem with handover failure rate when DL mobility is applied in NR [22], hence providing one of the motivations for support of UL mobility. It has also been observed [22] that a lower DRX cycle can be applied when UL mobility is used, which potentially leads to power saving when UL mobility is applied.
There was a concern from a network equipment vendor in the RAN1 NR Spokane Adhoc that the transmission of UL reference signals can lead to increased power consumption in the UE. In this Tdoc, we show that from a UE vendor perspective, we expect there to be either no increase in power consumption or a decrease in power consumption when UL mobility is applied.
2. Handover Failure Rate / DRX Duration
The increased handover failure rate that is experienced when DL mobility is applied is analysed in [22]. The analysis is based on studies documented in 3GPP technical reports, company contributions and published academic articles. The outline of the argument in that Tdoc is:
· The primary cause of handover failure is unsuccessful transmission of the measurement report prior to triggering handover [24]
· UL measurement based mobility eliminates the need to transmit a measurement report in UL to trigger a handover, at least within synchronized TRP/gNB areas [25]
· The handover failure rate is directly affected by the handover preparation and execution time, and approximately doubles between 50ms and 100ms [26]
· The HetNet study in Rel-11 [27] uses a value of 50ms handover preparation time and 40ms handover execution time, where the HetNet study assumed DL mobility measurements. By using uplink measurement based handover preparation the overall handover preparation and execution can be reduced by up to 50%. We therefore expect to see the handover failure rate also reduce by up to 50%
The analysis in [22] also considers the impact of DRX length on handover failure rate and makes the following observations:
· By doubling the DRX length the relative battery duration approximately doubles [27, 28]. See Figure 1.
· Increasing the DRX length by 4 times approximately doubles the handover failure rate [27,28]. See Figure 2.
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[bookmark: _Ref474181262]Figure 1: (from [28]) Relative battery performance in Macro scenario.
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[bookmark: _Ref474181311]Figure 2: (from [28]) Handover and RLF events in Macro scenario.
Hence it is observed that UL mobility can reduce the handover failure rate in NR, compared to when DL mobility is applied. Furthermore, it is possible to trade off handover failure rate with UE battery consumption by allowing a longer DRX cycle when UL mobility is applied.
Observation 1: UL mobility can reduce the handover failure rate in NR, compared to when DL mobility is applied.
Observation 2: A longer DRX cycle can be applied when UL mobility is used, leading to lower UE battery consumption.
The following section analyses the decrease in power consumption in CONNECTED_ACTIVE state that can be achieved when UL mobility is applied.
3. Power consumption analysis
Based on the analysis and literature review in section 2, it is observed that it is possible not only to significantly reduce the handover failure rate by use of uplink measurement based mobility, but is possible to simultaneously increase the DRX length and therefore significantly improve power consumption at the UE. We expect that the DRX cycle length can be increased by 2 or 3 times, providing at least twice the relative battery duration under the same conditions and deployment, while still providing a better HOF performance than when using DL measurements. 
In general, there is more power required for transmitting in the uplink than performing a measurement in the downlink. However, the duration of an UL transmission is small and the amount of power consumed is relatively small compared to the overall power consumption required for powering on, ramping up during DRX on and transmission of UL measurement reports. If the DRX length can be increased when UL mobility is applied, then in fact the additional power used for transmitting UL mobility beacon signals is more than compensated for. 
Taking a more conservative estimate (than the results in the literature imply: section 2), we believe that it is possible to run uplink based measurements with a DRX cycle that is twice that used for downlink measurements, while achieving at least as good (or better) handover performance.
This section analyses the relative power consumption of DL and UL based mobility by comparing the power consumption of UL and DL mobility for a single handover between two cells. The assumptions for the analysis are summarised in Table 1.
[bookmark: _Ref473899802]Table 1 - General assumptions
	Parameter
	Value

	Cell radius
	100m

	Percentage area of cell in which UE perform handover procedure
	30%

	DL measurement report size
	200 bits

	DRX cycle
	DL: 40ms
UL: 80ms

	Time to sync after DRX
	5ms

	DRX “on” time
	5ms

	UL mobility signals
	UL SRS occupying 1 OFDM symbol / DRX cycle


 
The power consumption assumptions are listed in Table 2. The power consumption values in this table are indicative and the actual power consumption would differ from implementation to implementation. The assumptions in this table are basically aligned with those used in the NB-IoT study [29] and are adapted to account for the greater capability of the NR device and its full-duplex architecture.
[bookmark: _Ref474181390]Table 2 – Power consumption assumptions
	Phase
	Value
	Comment

	Idle
	3mW
	UE XO remains active

	Sync
	70mW
	UE regains accurate sync when exiting DRX phase

	Receive
	150mW
	UE receives PDCCH / PDSCH across NR control resource set bandwidth. DL measurements performed

	Transmit
	700mW
	Baseband, RF, losses through FDD duplexers. UE transmits at full power at cell edge in worst case



3.1	Connected Mode DRX

In this section, we consider the case where the UE is in DRX and CONNECTED mode when handovers occur. The power consumption profiles for UL mobility and DL mobility are as shown in Figure 3. As observed in section 2, the increased tolerance to handover failure allows UL mobility DRX period to be twice that of the DL mobility period (section 2, [22]). In our analysis, DL mobility requires the transmission of 2 DL measurement reports per handover, where the DL measurement report transmission is followed by a “DRX on” period of 10ms due to a DRX inactivity timer to allow the UE to receive commands from the network.
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[bookmark: _Ref473902498]Figure 3- Power consumption profiles in CONNECTED DRX for DL and UL mobility
The power consumption for UL mobility and DL mobility was calculated as the average power consumed in the handover region as the UE moves between cells (this average power is equal to the product of the energy consumed in the handover region per handover and the number of handovers per second). Table 3 summarises the average power consumed as a function of UE speed.
[bookmark: _Ref473903857]Table 3 – Handover-related Power Consumption in CONNECTED DRX for UL and DL mobility
	UE speed
	UL mobility
	DL mobility

	3kmph
	2.65mW
	4.69mW

	30kmph
	2.65mW
	5.10mW

	50kmph
	2.65mW
	5.39mW

	120kmph
	2.65mW
	6.44mW



The DL mobility handover-related power consumption is basically twice that for UL based mobility, due to the longer DRX cycle that can be applied for UL mobility. A secondary effect is that at higher speeds, the power consumption associated with DL mobility increases, due to the necessity of transmitting more DL measurement reports in the UL (for UL mobility, the power consumed in UL transmission is proportional to the percentage time that the UE performs handovers; for DL mobility, the UL power consumption is proportional to the number of handovers performed per second). 
The following observation is hence made:
Observation 3: In CONNECTED mode, when DRX is applied, the power consumption of DL mobility is twice (or more) that of UL mobility.
3.2	Connected Mode Active Transmission

This section considers the case where the UE is actively receiving while the UE traverses the handover region. For this case, the assumed power consumption profile is as shown in Figure 4. For UL mobility, the UE transmits UL SRS with a periodicity of 80ms in the handover region. For DL mobility, the UE performs DL measurements and transmits 2 DL measurement reports.
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[bookmark: _Ref473905275]Figure 4 - Power consumption profile when DL is active during handover region transition
As for the DRX case in the previous section, power consumption for UL mobility and DL mobility was calculated as the average power consumed in the handover region as the UE moves between cells (this average power is equal to the product of the energy consumed in the handover region per handover and the number of handovers per second). Table 4 summarises the average power consumed as a function of UE speed. Note that the power consumed outside the handover region (in the centre of the cell) is not included in this analysis.
[bookmark: _Ref473904577]Table 4 – Handover-related Power Consumption in CONNECTED mode with active DL data transfer for UL and DL mobility
	UE speed
	UL mobility
	DL mobility

	3kmph
	23.6mW
	23.5mW

	30kmph
	23.6mW
	23.9mW

	50kmph
	23.6mW
	24.2mW

	120kmph
	23.6mW
	25.3mW



In this case, the power consumption is fairly similar, since the UEs do not operate in DRX (and UL mobility’s advantage of being able to operate with a larger DRX cycle has no effect). The power consumption of DL mobility increases slightly at high speed since the overhead associated with transmission of the DL measurement reports becomes more significant than the overhead associated with transmission of the UL SRS for DL mobility.
The following observation is hence made:
Observation 4: In CONNECTED mode, when the UE is receiving DL data, the power consumption of UL mobility is equal to or slightly less than that of DL mobility.
4. Configurability of DL and UL Mobility
Finally, it should be noted that different network vendors and operators will set parameters according to their own preference and deployments. The DRX length as well as measurement parameters to configure such as time-to-trigger are up to the network implementation. By using the same DRX lengths, uplink and downlink based mobility performance is similar in terms of power consumption, however uplink based mobility performs far better in terms of handover failure rate particularly at high speed and in dense deployments. It is also up to the network configuration in which specific scenarios and deployments that downlink based measurement reporting is used, and when uplink measurement based handover is used. The improved performance due to shorter handover preparation time can be used either to improve power consumption, or to improve handover performance. The configuration may also be used to improve both, and may be tailored to suit different scenarios (for example to use a longer DRX at lower speeds to save power, while using shorter DRX at higher speeds to reduce the handover failure rate). We believe that it is possible to achieve significantly better performance when using uplink based handover, and therefore this valuable tool should be available right from the start of NR. 
Proposal 1: It shall be possible for the network to optionally enable the UE to transmit uplink measurement signals in RRC Connected (active) in phase 1 of the new RAT as a method for improving handover performance and UE power consumption.

5. Conclusion
Through analysis and consideration of earlier work in the literature, this contribution has compared the handover failure rate and power consumption performance of DL mobility relative to that of UL mobility. The following observations are made:
Observation 1: UL mobility can reduce the handover failure rate in NR, compared to when DL mobility is applied.
Observation 2: A longer DRX cycle can be applied when UL mobility is used, leading to lower UE battery consumption.
Observation 3: In CONNECTED mode, when DRX is applied, the power consumption of DL mobility is twice (or more) that of UL mobility.
Observation 4: In CONNECTED mode, when the UE is receiving DL data, the power consumption of UL mobility is equal to or slightly less than that of DL mobility.
The following proposal is made:
Proposal 1: It shall be possible for the network to optionally enable the UE to transmit uplink measurement signals in RRC Connected (active) in phase 1 of the new RAT as a method for improving handover performance and UE power consumption.
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