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1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction 
In RAN1#91, we agreed on the following:
· At least in a UE’s DRX cycle, one WUS informs UE whether to monitor the PO in a single DRX cycle
· There is at least one WUS parameter determined by at least SI for at least IDLE_MODE UE.
· The [maximum] WUS length in a cell is configurable
· Further study the benefits of potential diversity methods in WUS design
· Further study the benefits of potential inter-cell interference randomization methods in WUS design

We made the following working assumption:
· At least in a UE’s DRX cycle, how the UE knows the WUS time location, is:
· A WUS has a time location which is configurable with respect to the associated PO(s) location(s)

This contribution discusses some considerations in using WUS for efeMTC.
2. Discussions
2.1 WUS Sequence
In [1] we proposed a WUS sequence that can be detected non-coherently which consists of a ZC sequence of length 63.  In the frequency domain, consider the sequence X(k):

where, P(k) is a PN sequence, Z(k) is the Zadoff-Chu sequence for  where  is the number of sub-carriers used for the WUS preamble.  We use a ZC length of 63, i.e. NSC=63.  In the time domain, the WUS preamble wm(k) for symbol m is:

where x(k) is the inverse Fourier transform of X(k) and  is a frequency shift component for preamble symbol m.  This frequency shift is added to mitigate interference by setting am=0 for odd symbol index and  for even symbol index where n is an integer and S is the subcarrier spacing, where n can be a different value (frequency shift) for different cells, i.e.:



The PN sequence P(k) can be initialised to a different value for each of these pairs so that the start of the WUS preamble can be detected by the UE.  This initialisation and PN sequence can be made different for different cells which could randomize inter-cell interference.
Observation 1: Introducing a frequency shift in every even symbol and initializing the PN sequence can help mitigate inter-cell interference.
Proposal 1: Use a ZC sequence of length 63 with a frequency shift at every even symbol.
Proposal 2: Use a PN sequence cover code, which is initialized to a different value for each pair of WUS symbols.

2.2 WUS & MSS
In [2] we evaluated the energy consumption of using WUS with and without additional sync signal such as MSS (MTC Sync Signal) using the assumptions in [3].  The energy saving performance from [2] is summarised in Table 1.
[bookmark: _Ref498608490]Table 1: Energy consumption as a percentage of that in the baseline
	WUS Case
	Scenario A
	Scenario B
	Scenario C

	 
	144 dB
	154 dB
	164 dB
	144 dB
	154 dB
	164 dB
	144 dB
	154 dB
	164 dB

	WUS without MSS
	98.34%
	94.51%
	66.86%
	88.48%
	63.41%
	21.29%
	99.90%
	85.68%
	31.06%

	WUS with MSS (TMSS-WUS>0)
	98.34%
	94.51%
	66.86%
	112.41%
	78.50%
	23.12%
	107.59%
	91.88%
	32.17%

	WUS with MSS (TMSS-WUS=0)
	98.34%
	94.51%
	66.86%
	88.27%
	62.50%
	21.17%
	97.30%
	82.94%
	30.18%



MSS is not used in Scenario A since in this scenario and with a small DRX cycle (2.56 seconds), the UE is synched at all times and the MSS is redundant.  The parameter TMSS-WUS is the time between the end of MSS and the start of the WUS as shown in Figure 1.  It can be observed that the energy consumption using MSS depends on where the MSS is located relative to the WUS, i.e. dependent upon the value TMSS-WUS.  Although the MSS reduces time drift TeDrift-WUS, for TMSS-WUS>0, the energy wasted on ramping up and down from deep sleep to read the MSS is not compensated by the energy saved in reducing the time drift TeDrift-WUS.  Hence, the energy consumption with MSS for TMSS-WUS>0 is worse than that in scenario without MSS.  For 144 dB MCL, the energy consumption using MSS with TMSS-WUS>0 is even worse than that of the baseline.  It should also be noted that if the MSS is more frequent, more energy will be used to read the MSS.
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[bookmark: _Ref498531747]Figure 1: WUS with MSS (TMSS-WUS >0)
Observation 2: At 144 dB MCL, WUS with MSS for TMSS-WUS>0 wastes more energy than that of the baseline.
Observation 3: Energy needed to ramp up and down from deep sleep to read the MSS leads to higher energy consumption compared to that in the WUS without MSS scenario.

An obvious way to reduce spending energy in ramping up and down from deep sleep to read the MSS is to place the MSS next to or close to the WUS, i.e. TMSS-WUS = 0 as shown in Figure 2.  Here, the UE needs only to ramp up/down from deep sleep once to read the MSS and WUS rather than having to perform a separate ramp up/down from deep sleep to read the MSS alone.  This would also have the benefit that the UE would be in sync without any time drifts prior to detecting the WUS.  As observed in Table 1, this arrangement achieves the lowest energy consumption among the scenarios investigated in [2].
[image: ]
[bookmark: _Ref498531749]Figure 2: WUS with MSS (TMSS-WUS=0)
Proposal 3: For WUS operation with MSS, the MSS is placed just prior to the WUS such that there is no delay between the end of the MSS and start of the WUS, thereby minimising the number of ramp ups and downs from deep sleep to read the MSS.

For eDRX operation such as Scenario B & C in [3], the UE would go into deep sleep and would lose sync.  Here MSS is beneficial to help the UE achieve synchronisation quickly [4].  An MSS can be placed prior to the WUS addressing the 1st PO in a PTW as shown in Figure 3.  Here the MSS would provide reliable synchronisation for the UE prior to detection of the WUS.  It is expected that the UE would use an LO XO clock within a PTW and hence another MSS may not be required within a PTW if the PTW duration is less than 16 seconds [4].
[image: ]
[bookmark: _Ref506295848]Figure 3: MSS prior to every PTW

Proposal 4: For eDRX, an MSS is placed prior to the WUS addressing the 1st PO in a PTW.

2.3 WUS Search Space
A WUS search space is proposed in [5] as shown in Figure 4, where the eNB configures a maximum WUS repetition RW-max.  The WUS is transmitted using one of the repetitions (WUS candidates) in the search space and the UE needs to blind decode for the WUS.  Let RW be the gap between the start of the WUS search space, at time t0 in Figure 4 and the start of the actual WUS transmission.  Maintaining a false alarm rate of less than 10%, the miss detection rate as a function of RW is plotted in Figure 5 using the assumptions in [3].  It can be observed that the miss detection rates triples when RW is only 8 subframes, that is the detection performance of the WUS would degrade due to the need to blind decode for a WUS.  To maintain the detection performance (miss detection/false alarm) the WUS repetitions would need to be increased, which would also increase the energy consumption of the UE.
[image: ]
[bookmark: _Ref506296460]Figure 4: WUS search space
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[bookmark: _Ref506304442]Figure 5: WUS miss detection rate vs RW

Observation 4: WUS search space requiring blind detection of the WUS degrades the WUS detection performance.

In [6] a two level WUS is proposed, where the 1st level is a sync signal such as the MSS and the 2nd level consists of several WUS’s and their corresponding PO’s.  This configuration is similar to that shown in Figure 3.  In addition to providing synchronisation, the MSS can also provide additional information to aid the UE in detecting the WUS.  One beneficial indication is the repetition/candidate of the WUS in the WUS search space that the UE should monitor, that is, the indication in the MSS would reduce the number of candidates in the WUS search space and this would directly improve the detection performance of the WUS.  For example, for the WUS search space in Figure 4, the MSS can indicate 2 of the 4 repetitions e.g. either {RW-1, RW-2} or {RW-3, RW-max} to the UE for monitoring of the WUS’s within the PTW. 
Proposal 5: If a WUS search space is specified, the MSS is used to indicate the WUS repetition(s) for N subsequent WUS search spaces after the MSS.

2.4 Diversity Schemes
In the evaluation in [2], a subframe level switched transmit diversity is used, which was beneficial in reducing the number of repetitions especially for WUS repetitions extending beyond a subframe.  We are therefore supportive of the use of transmit diversity in WUS.
In addition to transmit diversity, frequency diversity can also be used to reduce the WUS repetitions and hence reduce the energy consumption of the UE in detecting the WUS.  If MSS is used with WUS then the UE is expected to be in sync with the network and there isn’t any issue with time drifts in using frequency diversity.  If MSS is not used with WUS and the UE experiences time drifts, an overlapping frequency hopping arrangement described for MSS in [4] can be used.  This scheme is shown in Figure 6, where the frequency hopping period is TFH and there is an overlap between two hops of TeDrift (maximum expected time drift).  This overlap will ensure that a UE that has a time drift would see a WUS transmission when it switches frequency at every TFH period.
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[bookmark: _Ref506299792]Figure 6: Frequency hopping with overlaps

[bookmark: _GoBack]Proposal 6: Support Transmit Diversity and Frequency Hopping for WUS.

3.   Conclusion
In this contribution we observe the following:
Observation 1: Introducing a frequency shift in every even symbol and initializing the PN sequence can help mitigate inter-cell interference.
Observation 2: At 144 dB MCL, WUS with MSS for TMSS-WUS>0 wastes more energy than that of the baseline.
Observation 3: Energy needed to ramp up and down from deep sleep to read the MSS leads to higher energy consumption compared to that in the WUS without MSS scenario.
Observation 4: WUS search space requiring blind detection of the WUS degrades the WUS detection performance.

We therefore propose the following:
Proposal 1: Use a ZC sequence of length 63 with a frequency shift at every even symbol.
Proposal 2: Use a PN sequence cover code, which is initialized to a different value for each pair of WUS symbols.
Proposal 3: For WUS operation with MSS, the MSS is placed just prior to the WUS such that there is no delay between the end of the MSS and start of the WUS, thereby minimising the number of ramp ups and downs from deep sleep to read the MSS.
Proposal 4: For eDRX, an MSS is placed prior to the WUS addressing the 1st PO in a PTW.
Proposal 5: If a WUS search space is specified, the MSS is used to indicate the WUS repetition(s) for N subsequent WUS search spaces after the MSS.
Proposal 6: Support Transmit Diversity and Frequency Hopping for WUS.
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