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Introduction
In RAN1#92, the following agreements on downlink channel power efficiency were reached [1] :
Agreements:
· UE can assume all the REs for transmission of WUS in a given subframe use the same antenna port.
· The UE shall not assume the transmission of WUS in more than X consecutive subframes use same antenna port.
· FFS: value of X

· Confirm WA for eMTC and NB-IoT
· 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)

· The network can enable or disable use of the WUS 
· How UE acquires information on WUS enabling/disabling is up to RAN2 decision

· The maximum duration of WUS is cell-specifically configured in SIB as one value from a list.
· The list used for configuring maximum duration of WUS at least depends on Rmax associated type 1 CSS, and FFS the number and exact values of the scaling factors between maximum duration of WUS and Rmax associated type 1 CSS
· WUS actual transmission duration can be shorter than the configured maximum duration of WUS.

· The non-zero gap from the end of the configured maximum WUS duration to the associated PO is configurable
· FFS the configuration is explicit or implicitly derived

· Working assumption:
· WUS transmission relative to associated PO of subgroup of UEs is aligned to the start of the configured maximum duration of WUS.
· Note: the above applies to at least the case where the gap is large enough for scheduling UE
· Note: the above does not imply that subgroup of UEs is introduced and that subgroup is TDM

· In eDRX, from the UE perspective, the default UE configuration is a one-to-one mapping between WUS and PO.
· In eDRX, from the UE perspective, an optional UE configuration is a 1-to-N mapping between WUS and PO.
· RAN1 made the following note:
· The WUS design and configuration for eDRX must allow the network to reach a UE within a PTW.

[bookmark: _Ref178064866]Discussion
WUS relation to RSS
In RAN1 #92, the resynchronization signal (RSS) was agreed to be introduced, provided the feasibility of RRM relaxation for NB-IoT. In the working assumptions listed in [1], the possibility to provide WUS-related information in the RSS is mentioned. There are, however, several reasons why this should be avoided. First, even if there are similarities, the basic functionality provided by RSS and WUS are fundamentally different. The two functionalities shall thus be possible to configure independently, such that a network for example is able to support one but not the other. It should also be possible to configure different coverage levels for the different functionalities. Since the RSS is transmitted frequently it may be configured to target the UEs in need of moderate coverage enhancement, in order not to spend excessive radio resources. UEs in worse coverage may use several consecutive RSS transmissions to achieve synchronization. This contrasts with the WUS signal, which is transmitted more infrequently, but is, on the other hand, supposed to reach the UEs in worst coverage. Furthermore, there are several reasons why a UE needs to resynchronize to the network, paging being only one. For example, when a UE wakes up after being in a power saving mode, it needs to resynchronize to the network. This shall be done regardless of whether there is any potential WUS transmission, and the UE should not need to understand or decode any WUS related information that it may not be interested in. RSS is discussed in detail in an accompanying contribution [2].
From the above argumentation it can be concluded that any power saving signal related to paging is included in the wake-up signal.
[bookmark: _Ref190406817][bookmark: _Toc226862296][bookmark: _Toc347823621][bookmark: _Toc347824073][bookmark: _Toc347824246][bookmark: _Toc508179285][bookmark: _Toc508179310][bookmark: _Toc508198699][bookmark: _Toc508287124][bookmark: _Toc509215355][bookmark: _Toc510616889][bookmark: _Toc510784573][bookmark: _Toc510798090][bookmark: _Toc510798166][bookmark: _Toc510798271][bookmark: _Toc510817591]‘WUS or DTX’ is selected as power saving signal.
WUS design
In order to maximally utilize frequency diversity and provide maximum power saving in terms of shorter reception duration, the full 6 PRB bandwidth should be utilized for WUS. In particular, since for worst case UEs, WUS duration needs to be substantially longer than the average case [3]. For these UEs, that are benefitting the most from power saving, a shorter and more wideband sequence is very important.
[bookmark: _Toc508179286][bookmark: _Toc508179311][bookmark: _Toc508198700][bookmark: _Toc508287125][bookmark: _Toc509215356][bookmark: _Toc510616890][bookmark: _Toc510784574][bookmark: _Toc510798091][bookmark: _Toc510798167][bookmark: _Toc510798272][bookmark: _Toc510817592]The WUS bandwidth is 6 PRBs.
In addition, to simplify the WUS design, it should only utilize the REs in a PRB that are known to be available, i.e., the PDCCH region should be entirely avoided. Hence, the WUS will occupy the 11 last symbols in a subframe.
[bookmark: _Toc509215357][bookmark: _Toc510616891][bookmark: _Toc510784575][bookmark: _Toc510798092][bookmark: _Toc510798168][bookmark: _Toc510798273][bookmark: _Toc510817593]WUS occupies the 11 last symbols in a subframe.
Sequence design of the WUS is depending on whether synchronization functionality is included in the WUS or not. Since the working assumption assumes the RSS, synchronization is assumed to be excluded from WUS. Then the design boils down to being able to generate sufficiently many sequences with attractive auto and cross correlation properties. Here, some different alternatives may be used:
· Zadoff-Chu (ZC)
· Maximum length (m-sequence)
· Gold
Assuming a sequence length of 1 symbol, both ZC and m-sequences suffer from the limitation in the number of sequences that may be used. This limitation can be mitigated by using multiple sequences where each sequence, in turn, is phase shifted to obtain multiple unique sequences. Another limitation is that certain properties are well defined for a certain sequence length, e.g., a prime number in case of ZC or a power of 2 in case of m-sequences.
Gold sequences are known to exhibit better cross correlation properties for arbitrary sequence lengths. One solution would then be to use sufficiently long shift registers such that all required information (at least 504 cell ids) may be realized as Gold sequences with different initialization values.
WUS information and UE grouping
It has previously been agreed that the WUS should include cell id information in the sequence. It is thereby possible for a UE that does not need to synchronize towards the RSS or legacy sync signals to identify the correct WUS without first detecting the RSS. Furthermore, it is desirable to keep WUS network overhead to a minimum by multiplexing different groups by codes, and to allow the UE to only correlate against one sequence for detecting different groups. The latter is a consequence of CDM in that a supergroup is necessary for e.g., direct indication. The above gives that UE grouping is performed by inter-symbol codes.
Gold codes are a suitable candidate for UE group differentiation. One important aspect for the chosen codes is to have good initial cross-correlation properties so that a UE may reliably stop WUS detection prematurely if signal conditions are good. For a longer code, correlation properties are typically less of an issue. Hence, a longer code is to be preferred before a shorter code that is repeated, e.g., every subframe, provided that performance doesn’t decrease with the longer code.
[bookmark: _Toc508179290][bookmark: _Toc508179315][bookmark: _Toc508198704][bookmark: _Toc508287129][bookmark: _Toc509215361][bookmark: _Toc510616893][bookmark: _Toc510784577][bookmark: _Toc510798071][bookmark: _Toc510798437][bookmark: _Toc510817590]UE grouping can be implemented using Gold codes with four UE groups and one supergroup to which all UEs are responsive.
The UE may determine to which group it belongs in a similar fashion as it determines the PO to which it belongs, by using its IMSI number. The straightforward solution is to determine the UE group by taking the IMSI number modulus the number of UE groups, NUEgroups,

[bookmark: _Toc510616895][bookmark: _Toc510784579][bookmark: _Toc510798093][bookmark: _Toc510798169][bookmark: _Toc510798274][bookmark: _Toc510817594]Which UE group a UE belongs to is determined by (UE_IMSI mod NUEgroups)
TX diversity 
In RAN1 #92, different TX diversity schemes were presented. The three alternatives are:
· 1 subframe diversity between 2 antenna ports,
· 2 subframes diversity between 2 antenna ports, and
· A cyclic TX diversity scheme with antenna ports constellation [0 1 1 0].
The benefit of the cyclic scheme is mainly that it allows for TX diversity also for a 2 subframes long WUS and provides additional diversity gains arising from the more infrequent antenna switching for longer WUS durations. As can be seen below in Table 2, a 2 subframes long WUS is an important configuration in that it covers much of the CE mode A coverage range.
[bookmark: _Ref510001144]Maximum WUS duration
The MPDCCH performance figures for respective Rmax repetition levels were determined for DCI format 6-2, see Table 1. From the table it is seen that approximately a doubling of Rmax gives a 2-3 dB performance increase, which is an expected outcome. To this, approximately 1 dB can further be gained by adding frequency hopping to the MPDCCH, why the corresponding WUSmax values should also take that into account.
[bookmark: _Ref509302988]Table 1: MCL for an MPDCCH performance of 1% BLER as depending on Rmax value.
	Rmax
	1
	2
	4
	8
	16
	32
	64
	128
	256

	MCL [dB]
	146
	148
	150
	152
	154
	156
	158
	161
	163



Table 2 presents the corresponding number of WUSmax symbols for a 1 % missed detection rate and a 5 % false detection rate for the MCL values in Table 1 to which 1 dB is added due to frequency hopping. Furthermore, a straightforward TX diversity in the form of a 1 subframe antenna switching scheme is also used, with potential additional gains of a more advanced TX diversity scheme.
[bookmark: _Ref510609052][bookmark: _GoBack]Table 2: WUSmax value for a 1 % missed detection rate and 5 % false detection rate as depending on MCL. Only powers of 2 are considered.
	MCL [dB]
	147
	149
	151
	153
	155
	157
	159
	162
	164

	WUSmax [subframes]
	1
	1
	1
	2
	2
	2
	4
	16
	32




[bookmark: _Toc508179292][bookmark: _Toc508179317][bookmark: _Toc508198706][bookmark: _Toc508287131][bookmark: _Toc509215363][bookmark: _Toc510616897][bookmark: _Toc510784581][bookmark: _Toc510798094][bookmark: _Toc510798170][bookmark: _Toc510798275][bookmark: _Toc510817595]The default maximum WUS duration is derived from Rmax according to:
[bookmark: _Toc510798276][bookmark: _Toc510817596]Rmax		1	2	4	8	16	32	64	128	256
[bookmark: _Toc510798277][bookmark: _Toc510817597]WUSmax	1	1	1	2	2	2	4	16	32

To further allow for slight changes in coverage, e.g., due to UEs using a different radio for WUS compared to for MPDCCH, an optional modification term could be introduced. This term could provide either a bias, an amplification or a shift function to the WUSmax values in Table 2. 
[bookmark: _Toc508198707][bookmark: _Toc508287132][bookmark: _Toc509215364][bookmark: _Toc510616898][bookmark: _Toc510784582][bookmark: _Toc510798115][bookmark: _Toc510798191][bookmark: _Toc510798278][bookmark: _Toc510817598]The maximum WUS duration may be optionally altered by adding a bias, amplification or a shift term to provide better or worse coverage compared to the Rmax-WUSmax mapping.
WUS location and configurable gap size
It is agreed that configuring maximum duration of WUS at least depends on Rmax associated type 1 CSS. Hence, the only additional information that needs to be provided to the UE for it to be able to determine the WUS onset is the configurable gap size in relation to the PO location. Longer durations risk intruding on MME-eNB interface in terms of how much in advance to the PO location the eNB receives the paging message from the MME. Moreover, the longer this duration, the more out-of-sync the UE will be, resulting in either worse reception performance or increased synchronization power consumption.
In the event a page is present to any UE associated with a PO, an eNB transmits a WUS at an agreed location prior to the PO to which the paged UE is associated. The location should be sufficiently long for a UE to wake up and possibly load data into RAM. Subsequent UE generations, using dedicated wake-up radios for detecting the WUS, could further need to calibrate the RX and load more functionality into RAM. The location should also be sufficiently in advance for the network to be able to utilize any space between the WUS and PO. For MTC this is a limited problem since 6 PRBs provide sufficient resources for MTC UEs in good coverage to be scheduled, alternatively even non-MTC UEs may be scheduled there. However, presently specific wake-up radios for LTE-based systems do not exist, and their performance in terms of wake-up time are unknown. For this reason, it is likely advantageous to limit the number of WUS locations in this release and add more values in later releases when WUR performance is better known.
[bookmark: _Toc508198708][bookmark: _Toc508287133][bookmark: _Toc509215365][bookmark: _Toc510616899][bookmark: _Toc510784583][bookmark: _Toc510798116][bookmark: _Toc510798192][bookmark: _Toc510798279][bookmark: _Toc510817599]The minimum gap between the WUS and PO is 40 ms and may be complemented with additional gaps in future releases.
Taking the above into account, the WUS starting point may be defined as the PO starting point less the gap and less the WUSmax,

[bookmark: _Toc508198710][bookmark: _Toc508287135][bookmark: _Toc509215367][bookmark: _Toc510616901][bookmark: _Toc510784585][bookmark: _Toc510798117][bookmark: _Toc510798193][bookmark: _Toc510798280][bookmark: _Toc510817600]The WUS starting point, tWUS, is defined, in relation to the PO starting point, tPO, the configurable gap, tgap, and the maximum WUS duration, tWUSmax, as
[bookmark: _Toc508198711][bookmark: _Toc508287136][bookmark: _Toc509215368][bookmark: _Toc510616902][bookmark: _Toc510784586][bookmark: _Toc510798118][bookmark: _Toc510798194][bookmark: _Toc510798281][bookmark: _Toc510817601]tWUS = tPO-Tgap-TWUSmax

Exception handling
WUS needs to operate together with the existing signals and channels. Some of these occur at a fixed time and frequency location and may not be moved very easily. Thereby, it is necessary to define WUS exception handling for such occasions. Two different cases for WUS exception handling exist:
1. When the UE is able to determine that another signal will collide with the WUS, and,
2. When the UE is unable to determine that another signal will collide with the WUS.
In particular for the first case, it is possible for both the network and UE to take action suitable for standardization. In case the WUS is colliding with PSS, SSS, PBCH, SI messages, SIB1-BR or occurs in a subframe that is not a downlink BL/CE subframe, both the network and the UE may identify the collision and take appropriate action. A solution that maintains some power saving, although not full, is to postpone the part of the WUS that collides with the other signal or channel. In this case the RX ON duration will be increased depending on the duration of the collision, but the UE will still be able to receive the WUS without any significant loss in detection performance.
[bookmark: _Toc510616904][bookmark: _Toc510784588][bookmark: _Toc510798119][bookmark: _Toc510798195][bookmark: _Toc510798282][bookmark: _Toc510817602]In case the WUS collides with PSS, SSS, PBCH, SI messages, SIB1-BR or occurs in a subframe that is not a downlink BL/CE subframe, the colliding WUS parts are postponed until after the transmission of the colliding signal or channel.
eDRX WUS-to-PO mapping
RAN2 has agreed on an optional 1-to-N WUS-to-PO mapping. For this case, the WUS location needs to be defined. The straightforward solution is to define the WUS in relation to the first PO of the N POs that the WUS is associated with.
[bookmark: _Toc510616905][bookmark: _Toc510784589][bookmark: _Toc510798120][bookmark: _Toc510798196][bookmark: _Toc510798283][bookmark: _Toc510817603]For the optional eDRX 1-to-N WUS-to-PO mapping, the WUS location corresponds to that of the first of the N POs in DRX mode.
Also, the WUS behaviour in the 1-to-N mapping needs to be defined. In this case, a situation where the network first may attempt to reach the UE with a shorter WUS may be imagined, where, upon failure the network attempts to reach the UE with a longer WUS. This scenario is feasible, e.g., when the UE has moved deeper into coverage within the same cell. For this operation to work, the UE must monitor all POs associated with the WUS.
[bookmark: _Toc510616906][bookmark: _Toc510784590][bookmark: _Toc510798121][bookmark: _Toc510798197][bookmark: _Toc510798284][bookmark: _Toc510817604]The UE shall monitor all POs associated with a WUS in the optional eDRX 1-to-N WUS-to-PO mapping.
Further details about the WUS-to-PO mapping, and other higher layer aspects are described in [4].
Conclusion
In section 2 we made the following observations:
Observation 1	UE grouping can be implemented using Gold codes with four UE groups and one supergroup to which all UEs are responsive.

Based on the discussion in section 2 we propose the following:
Proposal 1	‘WUS or DTX’ is selected as power saving signal.
Proposal 2	The WUS bandwidth is 6 PRBs.
Proposal 3	WUS occupies the 11 last symbols in a subframe.
Proposal 4	Which UE group a UE belongs to is determined by (UE_IMSI mod NUEgroups)
Proposal 5	The default maximum WUS duration is derived from Rmax according to:
			Rmax		1	2	4	8	16	32	64	128	256
			WUSmax	1	1	1	2	2	2	4	16	32
Proposal 6	The maximum WUS duration may be optionally altered by adding a bias, amplification or a shift term to provide better or worse coverage compared to the Rmax-WUSmax mapping.
Proposal 7	The minimum gap between the WUS and PO is 40 ms and may be complemented with additional gaps in future releases.
Proposal 8	The WUS starting point, tWUS, is defined, in relation to the PO starting point, tPO, the configurable gap, tgap, and the maximum WUS duration, tWUSmax, as
							tWUS = tPO-Tgap-TWUSmax
Proposal 9	In case the WUS collides with PSS, SSS, PBCH, SI messages, SIB1-BR or occurs in a subframe that is not a downlink BL/CE subframe, the colliding WUS parts are postponed until after the transmission of the colliding signal or channel.
Proposal 10	For the optional eDRX 1-to-N WUS-to-PO mapping, the WUS location corresponds to that of the first of the N POs in DRX mode.
Proposal 11	The UE shall monitor all POs associated with a WUS in the optional eDRX 1-to-N WUS-to-PO mapping.
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