3GPP TSG RAN WG1 Meeting #92bis	R1-1803868
Sanya, China, April 16-20, 2018

Agenda Item:	6.2.7.1.1.3
Source:	Huawei, HiSilicon
Title:	On detailed design and evaluations of power saving signal
Document for:	Discussion and decision

[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN1#92 [1], the following agreements were made with respect to the detailed design of power saving signal.
Agreements:
· Confirm the working assumption that the WUS sequence is a sequence mapping within one subframe as a basic unit and repeated/extended for multiple subframes to support larger coverage.
· WUS conveys the cell ID;
· FFS: UE group ID
· FFS how/whether to handle the case of false alarm resulting from detecting WUS corresponding to different POs/UE groups (if introduced)

In this paper, we provide the detailed design of the power saving signal and the corresponding evaluation results.
[bookmark: _Ref129681832]Sequence design for IDLE mode paging
[bookmark: _Ref497759909]Analysis of the NSSS-like sequence
If the power saving signal is designed to support synchronization, then UE should use the power saving signal in appropriate cases to finish the timing and frequency estimation, which is similar to the detection of NPSS. 
If WUS is designed as an NSSS-like sequence, e.g. a 131-length ZC sequence occupying a subframe, the timing estimation performance relies on the correlation characteristics of the ZC sequence. Under ideal assumptions, the ZC sequence has good correlation structure. However, the correlation characteristics of the ZC sequence cannot be always kept while UE performs the sliding correlation in time domain in the receiver. As Figure 1 shows, we use the root index 5 and 7 as examples to see the different correlation characteristics of ZC sequence. The ZC with root index 7 is good but the ZC with root index 5 generates many secondary peaks which seriously impact the performance of UE’s detection for WUS.
[image: ]   [image: ]
[bookmark: _Ref497727799] Figure 1: Correlation characteristics of NSSS-like sequence under 0 Hz CFO
The main reason of the changed correlation characteristics of ZC in the receiver is that the ZC sequence is generated in frequency domain and then mapped onto several OFDM symbols, and each OFDM symbol experiences a separate IFFT operation. That means the original ZC sequence is divided in to several segments and each segment goes through an IFFT operation, and this causes non-continuous phase rotation within the ZC sequence which impacts the correlation characteristics.
In LTE, PSS is also a long ZC sequence but has no such problem because PSS is mapped onto only one OFDM symbol, and then the PSS sequence experiences the IFFT operation as a whole, not per segment. So there is no non-continuous phase rotation issue within the PSS ZC sequence after IFFT operation. In NB-IoT, NPSS is designed as multiple, short, ZC sequences and each ZC sequence also occupies only one OFDM symbol similar with LTE PSS. So NPSS detection also has no such problem. NSSS is designed as a long ZC sequence occupies multiple OFDM symbols, but NSSS detection is following the process of NPSS detection, i.e. NSSS detection is performed after the time synchronization. So UE does not need to perform the sliding correlation (or convolution) operation in the time domain, instead, UE can directly use the FFT operation to restore the initial ZC sequence and do the correlation operation in the frequency domain, which can keep the good correlation characteristics of ZC sequence.
Observation 1: The correlation characteristics of NSSS-like ZC sequence is affected since UE has to detect the WUS in the time domain in receiver.
According to the simulation assumptions in [3], the maximum frequency error of detecting the power saving signal is 5 PPM, which is 4.5 kHz under 900 MHz carrier frequency. This is a key challenge for UE to successfully detect the power saving signal, because it will seriously impact the timing accuracy while UE is searching for the actual position of WUS. 
For example, the ZC sequence with root index 7 has been proved with good correlation characteristics under assumption of no frequency offset in Figure 1. We can further look at its performance under real frequency offset, e.g. 1152 Hz (Scenario A) and 4500 Hz (Scenario B/C). It can be seen in Figure 2 that the correlation characteristics of ZC sequence is seriously degraded under real frequency offset. In the left figure, there is a correlation peak in a wrong position and with less power than 1 (normalized power of the peak under zero frequency offset), which causes UE either to miss the WUS or get a wrong timing position. In the right figure, the situation is even worse due to the increased frequency offset.
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[bookmark: _Ref497748952]Figure 2: Correlation characteristics of NSSS-like sequence under real CFO
Observation 2: NSSS-like ZC sequence may not be successfully detected under frequency offset.
If using the two-dimensional blind search over time and frequency in the receiver, the processing complexity is large. For example, assuming the frequency error and timing error are 4.5 kHz and 4 ms (the assumption of scenario B in Table 3), and the search step in frequency and time dimension are 50 Hz and 1 sample under 240 kHz sampling rate, then the total times of blind search is about 90*960=86400, which is almost unacceptable for NB-IoT UE. Even if the operation of sliding correlation in time dimension can be replaced by the operation of FFT in the receiver, the total times of FFT is still 90 because UE should do the blind search of the possible frequency errors. The complexity is still prohibitive for NB-IoT UE.
Proposal 1: Do not consider NSSS-like ZC sequence for WUS of idle mode paging.
[bookmark: _Ref497759068]Differential sequence
As the experience of designing the NPSS shows, the idea of auto-correlation method has been proved in Rel-13 to be an effective way to eliminate the impact of the frequency error, and leads to a relatively low complexity for UE in the receiver. So the similar method of using the auto-correlation is preferred in the power saving signal design.
We choose ZC sequence as the basic sequence for the power saving signal, since it has been proved the good correlation characteristics in both LTE and NB-IoT. An accumulated multiplication operation on the ZC sequence is applied in the transmitter, because with this handling, the receiver in UE can do the corresponding auto-correlation operation (i.e. differential processing) both to restore the original sequence and to eliminate the impact of the frequency error.
The detailed processing of generating and receiving the differential sequence is shown in this section.
Generation steps
The detailed steps to generate the power saving signal/sequence are shown as follows, and the standalone deployment is used for illustration purpose. It is assumed that the sequence occupies 1 ms, and it can be repeated to meet the coverage requirement.
Transmitter step 1: Generate a 151-length (in this standalone deployment example) ZC sequence, denoted by d, as the equation below. The root index ‘u’ is an integer within [1,150].

Transmitter step 2: Extend the sequence d to 156-length through cyclic extension, and denote the new sequence as S.
Transmitter step 3: Divide the sequence S into 13 sub-sequences and each sub-sequence includes 12 consecutive elements of S in turn. Denote the sub-sequences as x1 ~ x13.
[bookmark: OLE_LINK8]Transmitter step 4:  A 12-length sequence (x0) is predefined as the initial sequence and do the accumulated multiplication with  x0 ~ x13 to generate new sequences y0 ~ y13, which satisfies:

Transmitter step 5: Resource mapping. The sequences y0 ~ y13 are mapped to the 14 OFDM symbols in a subframe respectively.
Transmitter step 6: Do 128-point IFFT and add CP, then get the transmitting signal STX which includes 1920 samples, denoted by, N=1920.
The above steps are generally illustrated in Figure 3.
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[bookmark: _Ref493698170]Figure 3: Illustration of the sequence generation
Receiving steps
Receiving step 1: Receive signal during a certain time window, and denote the received samples as. 
Note: Generally M is larger than N and is decided by the assumed maximum timing error.
Receiving step 2: Differential processing. Perform conjugate multiplication between  and , denote the resulting signal as . The 137 comes from 128 plus 9 (CP length).
, 
Note: The actual CP length is 9 or 10 according to the OFDM symbol index; here we approximate with 137 for all cases with tiny impact on the performance.
Receiving step 3: Generate local sequence. Use the STX (, from transmitting step 6) to do the differential operation, and denote the resulting sequence as local.
, 
Receiving step 4: Use sequence local to do the sliding correlation (or convolution) operation with the receiving signal, and find the correlation peak.
Receiving step 5: If the detected peak is larger than the pre-defined threshold, then UE decides the power saving signal is WUS, and uses WUS to do the time/frequency synchronization. Otherwise, UE decides the power saving signal is DTX.
Correspondingly, the general receiver processing is shown in Figure 4.
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[bookmark: _Ref493698463]Figure 4: Illustration of the receiving procedure for the power saving signal
[bookmark: _Ref505968557]Benefit of the differential sequence
The differential sequence can keep the good correlation characteristics of ZC sequence. For example, in Section 2.1, we have found that the 131-length ZC sequence with root index 5 has poor correlation characteristics in the receiver. Now we simulate the same sequence (131-length ZC sequence with root index 5) but with the proposed differential method illustrated in Section 2.2 to see the correlation characteristics of ZC sequence in the receiver. As shown in Figure 5, with the differential method, the ZC can keep the good correlation characteristics in the receiver no matter how large the frequency offset is.
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[bookmark: _Ref497760563]Figure 5: Correlation characteristics of differential sequence
Observation 3: The differential sequence based on ZC can keep the good correlation characteristics of ZC in receiver, no matter how large the frequency offset is.
According to the receiving step 2 illustrated in Section 2.2, the differential process can eliminate the relative phase offset among samples caused by the frequency offset and the channel fading. So UE does not need to do any blind search about the frequency offset etc. Furthermore, different repetitions of WUS can be coherently combined just after the differential process, since all repetitions have the same phase after the differential process. This saves the processing complexity because UE can firstly combine different repetitions and then perform the sliding correlation operation only once.
Observation 4: Using a differential sequence for WUS allows low-complexity processing in the UE receiver.
NB-IoT may be deployed in three operation modes, i.e., standalone, guardband and inband. For the inband case, the number of OFDM symbols for PDCCH, i.e. LTE control region size, may be 1, 2 or 3. Therefore, the number of available REs for WUS may be different depending on these situations. Fortunately, before WUS detection, the UE can obtain such information (operation mode and LTE control region size) through MIB-NB and SIB1-NB. Therefore, to achieve the best performance, we propose that the length of the WUS sequence can be adapted according to different operation modes and LTE control region size.
Proposal 2: The length of the WUS sequence can be adapted according to different operation modes and LTE control region size.
Proposal 3: The WUS is generated as: 
· Step 1: Generate an L-length ZC sequence, denoted by d, as the equation below. The root index ‘u’ can be an integer within [1, L-1]. 
‘L’ is 113 (3 OFDM symbols for PDCCH) or 131 (2 OFDM symbols for PDCCH) or 139 (1 OFDM symbol for PDCCH) in in-band deployment and is 151 otherwise.

· Step 2: Extend the sequence d to L1-length through cyclic extension, and denote the new sequence as S. 
[bookmark: OLE_LINK2] ‘L1’ is 120 (3 OFDM symbols for PDCCH) or 132 (2 OFDM symbols for PDCCH) or 144 (1 OFDM symbol for PDCCH) in in-band deployment and is 156 otherwise.
· Step 3: Divide the sequence S into k sub-sequences and each sub-sequence includes 12 consecutive elements of S in turn. Denote the sub-sequences as x1 ~ xk.
‘k’ is 10 (3 OFDM symbols for PDCCH) or 11 (2 OFDM symbols for PDCCH) or 12 (1 OFDM symbol for PDCCH) in in-band deployment and is 13 otherwise.
· Step 4:  a 12-length sequence (x0) is predefined as the initial sequence and do the accumulated multiplication with  x0 ~ xk to generate new sequences y0 ~ yk, which satisfies:

· Step 5: Resource mapping. The sequences y0 ~ yk are mapped to the available OFDM symbols in a subframe respectively.

Power saving signal is a newly introduced feature of NB-IoT R15, and is invisible to NB-IoT R13/R14 UEs. If the subframes that the power saving signal occupies are not marked as invalid subframes via the downlink bitmap, then R13/R14 UEs will treat them as valid subframes. As a result, the R13/R14 UEs may assume there are narrowband reference signals (NRSs) on these subframes and may use these NRSs for the purpose of synchronization, channel estimation, RRM measurement and so on. Therefore, when generating the subframes for the power saving signal, the NRSs on these subframes shall be generated and mapped in the same way as in other valid subframes. Moreover, we propose to adopt puncturing to handle the overlapping between the power saving signal and NRSs, i.e., for WUS resource elements overlapping with NRSs, the corresponding sequence element is not used for the power saving signal but counted in the mapping process.
Proposal 4: When generating the subframes for the power saving signal, the NRSs on these subframes shall be generated and mapped in the same way as in other valid subframes.
Proposal 5: Puncturing is adopted to handle the overlapping between the power saving signal and NRSs, i.e., for WUS resource elements overlapping with NRS, the corresponding sequence element is not used for the power saving signal but counted in the mapping process.
Sequence differentiation
[bookmark: _Ref509590794]Analysis on information conveyed by WUS
In RAN1#92 [1], it has been agreed that WUS conveys the cell ID, and it is FFS whether WUS conveys UE group ID and how/whether to handle the case of false alarm resulting from detecting WUS corresponding to different POs/UE groups (if introduced).
Firstly, assume UE sub-grouping is not introduced for simplicity, and WUS does not convey information to differentiate POs. Since the power saving signal may be used by UE to perform downlink synchronization within a target maximum timing/frequency error, it is possible that the power saving signals for other PO(s) are also located in the timing search window of the UE. An example is shown in Figure 6, during a DRX cycle, the distance of two adjacent power saving signals is assumed to be 40 ms, and the maximum timing error of the UE is e.g. 60 ms (assume there is no prior synchronization before WUS detection). Then the search window of the UE would be 120 ms (considering the two drift direction, 60 ms*2=120 ms). Supposing the UE belongs to PO1 in Figure 6, the power saving signal corresponding to PO1 is DTX and the power saving signal (marked as WUS in Figure 6) corresponding to PO2 exists. Then the UE may be falsely woken up by detecting the WUS corresponding to PO2. This may lead to error in time/frequency synchronization and waste of power. If WUS does not convey information to differentiate POs, the UE may experience false alarm by detecting the power saving signal for other POs, e.g. the WUS of an earlier PO or the subsequent one, when searching for its own power saving signal.

Figure 6: Illustration of false alarm resulting from detecting WUS corresponding to other POs
Secondly, assume UE sub-grouping is introduced, and WUS does not convey information to differentiate UE groups. As illustrated in Figure 7, assume the UEs corresponding to a PO is divided into two UE groups, i.e., UE group 1 and 2. Supposing the UE belongs to UE group 1 in Figure 7, the power saving signal corresponding to UE group 1 is DTX and the power saving signal (marked as WUS in Figure 7) corresponding to UE group 2 exists. Then the UE may be falsely woken up by detecting the WUS corresponding to UE group 2.

Figure 7: Illustration of false alarm resulting from detecting WUS corresponding to other UE groups
In summary, to avoid false alarm resulting from detecting WUS corresponding to different POs/UE groups (if introduced), WUS shall convey information to differentiate POs and UE groups.
Observation 5: If WUS does not convey information to differentiate POs or UE groups (if introduced), the UE may experience false alarm by detecting the power saving signal for other POs or UE groups when searching for its own power saving signal.
Proposal 6: WUS shall convey information to differentiate POs and (if introduced) UE groups.
UE is much more blind during NSSS detection than WUS detection
Before presenting our solution on how to convey those information, it is necessary to give a brief analysis on the design principles of NSSS and the difference between NSSS detection and WUS detection, to help better understand the design principles of WUS sequence.
According to TS 36.211, the NSSS sequence is generated as, the NSSS conveys information as follows:
· 504 PCIs (9 bits) are conveyed through the 131-length ZC sequence (conveys 126 PCIs) and the RE-level cover code  (conveys 4 PCIs)
· 4 timing positions within 80 ms block (2 bits), i.e., SFN mod 8={0, 2, 4, 6}, are conveyed through the phase shift 
During the NSSS detection, the UE does not know the cell ID and timing position within 80 ms block. As a result, the UE generates 504*4=2016 local sequences and does blind search, i.e., correlating the received signal with each of the local sequences. So the UE obtains 504*4=2016 correlation values. If the largest correlation value exceeds a predefined threshold, then the UE assumes it has successfully detected NSSS and can obtain the corresponding cell ID and timing positions within 80 ms block. Note that the UE can do combination among multiple NSSS, but the basic idea is the same.
On the contrary, the UE’s blindness situation during the WUS detection is much improved compared with that during the NSSS detection. For example, before the WUS detection, the UE has already known the cell ID, the timing information (SFN and subframe index) of the expected PO, and its own sub-group ID corresponding to the PO. Moreover, according to the non-zero gap and the configured maximum duration of WUS, the UE can also implicitly derive the timing position (SFN and subframe index) of the start of the WUS. 
As a result, based on the known parameters, i.e., cell ID, UE group ID, timing information (SFN and subframe index) of the expected WUS, the UE generates only one local sequence at a time, and does one correlation operation. Then the UE obtains one correlation value, and compares the correlation value with a predefined threshold to decide whether it is WUS or DTX. Similarly, the UE can also do combination among multiple WUS repetitions, but the basic idea is the same.
In summary, the UE’s blindness situation during the WUS detection is much improved compared with that during the NSSS detection. Thus, it is not necessary that WUS shall convey information in the same way as NSSS.
Observation 6: The UE’s blindness situation during the WUS detection is much improved compared with that during the NSSS detection. Thus, it is not necessary that WUS shall convey information in the same way as NSSS.
Information to convey through WUS scrambling sequence
According to the discussion in Section 3.1, the WUS needs to convey the following information:
· Cell ID
· Information to differentiate POs and UE groups (if introduced)
If the WUS sequence needs to be repeated, then the repetitions need to be different from each other to prevent false detection. Otherwise, if all repetitions are exactly the same, the UE may wrongly detect the WUS sequence at the start of e.g. the second subframe of the power saving signal which causes serious timing error. Moreover, according to the practice of designing the scrambling mechanism of SIB1-NB and MIB-NB [9-12], it is known that if combination among multiple repetitions are applied, the repetitions need to be different from each other to reduce inter-cell interference.
Observation 7: If the WUS repetitions are not distinguished, UE may detect WUS at wrong timing position and may suffer from serious inter-cell interference.
Proposal 7: WUS repetitions shall be distinguishable from one another.
Based on all the discussions above, we propose that WUS conveys the necessary information and WUS repetitions being distinguished through symbol-level scrambling sequence. 
Specifically, the WUS sequence is scrambled by a symbol-level scrambling sequence, and the scrambling sequence is generated based on cell ID, UE group ID, and timing information (SFN and subframe index) of the corresponding WUS. Moreover, each WUS repetition has a scrambling sequence which is initialized based on the subframe index so that different repetitions carry different actual sequences (after scrambling).
As a reference, the  symbol-level scrambling mechanism of Rel-14 NPDCCH/NPDSCH can be considered. That is, the WUS sequence should be multiplied with a scrambling sequence , where  represents the length of the WUS sequence. The scrambling sequence  is generated based on a binary sequence :

The binary sequence is a Gold sequence initialized at the start of each WUS subframe, and the initializing seed is:
 .
The initializing seed conveys the necessary information as follows:
· : conveys the cell ID and is used to differentiate cells
· : conveys the UE group ID and is used to differentiate UE groups, where  represents the total number of UE sub-groups corresponding to a PO, and the exact value of  is FFS
· : conveys the timing information of the WUS and is used to differentiate POs and WUS repetitions. Note that this parameter can further differentiate UE groups if UE sub-grouping is implemented in a TDM manner
Note that non-linearity is introduced in the initializing seed to reduce inter-cell interference [9-12].
One advantage of conveying information through scrambling sequence is that this method is very flexible. For example, if any more values or information need to be conveyed, we can just change the structure of the initializing seed, which is quite easy.
Observation 8: Conveying information through scrambling sequence is very flexible.
Proposal 8: For the power saving signal, use symbol-level scrambling mechanism of Rel-14 NPDCCH and its sequence initialization to convey cell ID, UE group ID, and WUS timing information.
In our evaluations in Section 5, we have already applied the scrambling mechanism to the WUS and proved that the scrambling mechanism can achieve a good performance.
Moreover, to further reduce inter-cell interference, different root indices of the ZC sequence can be applied to the WUS of different cells. Supposing the WUS sequence length is L, the root index of ZC in a cell can be given by:

Proposal 9: The root index of ZC with sequence length L for WUS is associated with the cell ID, and is given by:

Transmit diversity
It is well known that transmit diversity can improve the detection performance of a signal/sequence by introducing more time/space diversity gain, so it should also be considered for WUS.
In RAN1#91 [2], it was agreed that UE can assume all the REs for transmission of WUS in a given subframe use the same antenna port, and the UE shall not assume the transmission of WUS in more than X consecutive subframes use same antenna port. The value of X is FFS.
Figure 8 gives an illustration on realizing transmit diversity by using subframe-level antenna port switching.
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[bookmark: _Ref505093600]Figure 8: Illustration of transmit diversity
As shown in Figure 8, for X=1, WUS in subframe n, n+2, n+4, n+6 are transmitted on antenna port 1, and WUS in subframe n+1, n+3, n+5, n+7 are transmitted on antenna port 2. X=2 can be interpreted similarly.
We have conducted simulations to see the performance of different transmit diversity schemes in Figure 8.  The simulation assumptions and evaluation scenarios are given in Table 2 and Table 3, respectively. The link level simulation results for the detection performance of the power saving signal under different transmit diversity schemes are given in Table 1.
[bookmark: _Ref505959281]Table 1 MCL 164dB, Standalone operation mode
	Dimension / Scenarios
	Scenario A (w/o prior SYNC)
	Scenario B (w/o prior SYNC)

	
	Without Tx diversity
	With Tx diversity, X=1
	With Tx diversity, X=2
	Without Tx diversity
	With Tx diversity, X=1
	With Tx diversity, X=2

	False alarm rate
	1.00%
	1.00%
	1.00%
	1.00%
	1.00%
	1.00%

	Miss detection rate
	0.10%
	0.00%
	0.00%
	0.40%
	0.00%
	0.20%

	Time estimation error (95%)
	< 2.08 us 
	< 1.56 us 
	< 1.56 us
	< 2.08 us 
	< 1.56 us
	< 1.56 us

	Frequency estimation error (95%)
	< 26 Hz
	< 20 Hz
	< 20 Hz
	< 25 Hz
	< 20 Hz
	< 20 Hz

	Latency (95%)
	211 ms
	114 ms
	118 ms
	252 ms
	127 ms
	120 ms



As Table 1 shows, transmit diversity can effectively reduce the detection latency of the proposed power saving signal by about 50%, thus shall be considered for WUS.
Observation 9: Transmit diversity can improve the detection performance of the proposed power saving signal significantly, i.e. about 50% reduction on detection latency.
It is also shown in Table 1 that the detection performance under X=1 and X=2 are similar. Thus, we propose X=1 so that the eNB transmission can be more flexible.
Proposal 10: X=1, which means the UE shall not assume that the transmissions of the WUS in a given subframe use the same antenna port, or ports, as the WUS in any other subframe.
It is worth pointing out that in the simulations of Table 1, the UE does not know the transmit diversity pattern but still does coherent combing of every received subframe. The reason is that the differential process can eliminate the relative phase offset among samples caused by the frequency offset and the channel fading, as described in Section 2.3. As a result, different repetitions of the WUS can be coherently combined just after the differential process, no matter whether they are transmitted on the same antenna port or not. Therefore, in order to reduce the signalling overhead, we prefer not to signal the transmit diversity pattern of the WUS to UE.
Proposal 11: The transmit diversity pattern of the WUS is not signaled to UE.
Same as NPSS or NSSS, UE shall not assume that the WUS is transmitted on the same antenna port as any of the downlink reference signals or synchronization signals.
Proposal 12: UE shall not assume that the WUS is transmitted on the same antenna port as any of the downlink reference signals or synchronization signals. 
[bookmark: _Ref498523347]Evaluations
According to the agreements in [3], evaluation results are provided in this section to show the benefit of the power saving signal for paging.
Evaluation of the detection performance
Evaluation assumptions
The evaluation assumptions and scenarios are following the agreements in [3]. We list the key assumptions here.
[bookmark: _Ref505094798][bookmark: _Ref505094795]Table 2 Link level simulation assumptions
	Parameter
	Value

	BS TX antenna configuration 
	[bookmark: OLE_LINK9][bookmark: OLE_LINK10]1 or 2 Tx for stand-alone [footnoteRef:1] [1:  1 Tx (2 Tx) antenna is assumed when transmit diversity is disabled (enabled).] 


	BS power 
	43 dBm stand-alone

	System BW
	180 kHz 

	Band 
	900 MHz 

	Channel model 
	TU 

	Doppler spread 
	1 Hz 

	UE RX antenna configuration
	1 Rx

	UE NF
	9 dB

	Coupling loss
	144, 154, 164 dB



The evaluation scenarios are listed in Table 3. Note that we add a new scenario which represents the option that the WUS is detected under prior synchronization through NPSS/NSSS. So in the new scenario, UE detects the WUS after it is time/frequency synchronized.
[bookmark: _Ref494466699]Table 3 Simulation scenarios 
	Scenario 
	A (w/o prior SYNC)
	B (w/o prior SYNC)
	C (w/o prior SYNC)
	A/B/C (With prior SYNC)

	eDRX cycle [s] 
	-
	20.48 
	327.68 
	/

	DRX cycle [s] 
	2.56 
	1.28 
	1.28 
	/

	#POs/PTW 
	1 
	4 
	4 
	/

	Number of (e)DRX cycles from the previous synchronization
	10
	10
	10
	/

	Timing error (us)
	16.384
	4096
	65536
	+/- 2.08

	Frequency error (Hz)
	1152
	4500
	4500
	+/- 50



[bookmark: _Ref498525477]Evaluation results
[bookmark: OLE_LINK1]The link level simulation results for the detection performance of the power saving signal are shown as in Table 4 to Table 7, where Table 4 to Table 6 are the results without Tx diversity and Table 7 is the result with Tx diversity (X=1).
[bookmark: _Ref493701270]Table 4 MCL 144dB, Standalone operation mode, without Tx diversity
	[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Dimension/Scenarios
	Scenarios

	
	A (w/o prior SYNC)
	B (w/o prior SYNC)
	C (w/o prior SYNC)
	A/B/C (With prior SYNC)

	False alarm rate
	1.00%
	1.00%
	1.00%
	1.00%

	Missed detection rate
	0.00%
	0.00%
	0.00%
	0.00%

	Time estimation error (95%)
	< 2.60 us
	< 3.13 us
	< 3.13 us
	/

	Frequency estimation error (95%)
	< 38 Hz
	< 38 Hz
	< 37 Hz
	/

	Latency (95%)
	1 ms
	1 ms
	1 ms
	2 ms



Table 5 MCL 154dB, Standalone operation mode, without Tx diversity
	Dimension/Scenarios
	Scenarios

	
	A (w/o prior SYNC)
	B (w/o prior SYNC)
	C (w/o prior SYNC)
	A/B/C (With prior SYNC)

	False alarm rate
	1.00%
	1.00%
	1.00%
	1.00%

	Missed detection rate
	0.10%
	0.50%
	0.20%
	0.00%

	Time estimation error (95%)
	< 2.08 us
	< 3.13 us
	< 3.13 us
	/

	Frequency estimation error (95%)
	< 49 Hz
	< 45 Hz
	< 49 Hz
	/

	Latency (95%)
	11 ms
	13 ms
	16 ms
	8 ms


[bookmark: _Ref493701460]
Table 6 MCL 164dB, Standalone operation mode, without Tx diversity
	Dimension/Scenarios
	Scenarios

	
	A (w/o prior SYNC)
	B (w/o prior SYNC)
	C (w/o prior SYNC)
	A/B/C (With prior SYNC)

	False alarm rate
	1.00%
	1.00%
	1.00%
	1.00%

	Missed detection rate
	0.10%
	0.40%
	0.30%
	0.00%

	Time estimation error (95%)
	< 2.08 us 
	< 2.08 us 
	< 2.08 us
	/

	Frequency estimation error (95%)
	< 26 Hz
	< 25 Hz
	< 25 Hz
	/

	Latency (95%)
	211 ms
	252 ms
	279 ms
	71 ms



[bookmark: _Ref505972116]Table 7 MCL 164dB, Standalone operation mode, with Tx diversity (X=1)
	Dimension/Scenarios
	Scenarios

	
	A (w/o prior SYNC)
	B (w/o prior SYNC)
	C (w/o prior SYNC)
	A/B/C (With prior SYNC)

	False alarm rate
	1.00%
	1.00%
	1.00%
	1.00%

	Missed detection rate
	0.00%
	0.00%
	0.00%
	0.00%

	Time estimation error (95%)
	< 1.56 us 
	< 1.56 us
	< 1.56 us
	/

	Frequency estimation error (95%)
	< 20 Hz
	< 20 Hz
	< 21 Hz
	/

	Latency (95%)
	114 ms
	127 ms
	141 ms
	28 ms



The figures of the cumulative distribution function for the WUS detection latency, time estimation error and frequency estimation error are given in our previous paper [7], and are omitted here for brevity.
Note that, in our design, UE can use the incremental combinations of WUS subframes to detect the WUS, which means UE does not need to always consume the duration provided in the tables above to successfully detect the WUS. The real latency of UE to detect the WUS is variable statistic. 
As discussed in our companion paper [8], we propose focusing on the time to synchronize for 144 and 154 dB, whilst not using that as a goal for 164 dB, where instead RAN1 should select between designs based on the probabilities of missed detection and false alarm.
Proposal 13: For 144 and 154 dB, use the detection latency as the main performance metric when comparing different WUS sequence designs.
Proposal 14: For 164 dB, use the false alarm rate and missed detection rate as the main performance metrics when comparing different WUS sequence designs.
[bookmark: _Ref493702805]Power consumption evaluation
Evaluation assumptions
The evaluation assumptions are following the agreements in [3]. To be more convenient to discuss, we list the key assumptions used in our evaluations here.
Table 8 Reference power consumption model
	Operating mode 
	Power [units/ms] 
	Total ramp up or  ramp down time [ms]
	Notes 

	Receive 
	100
	
	RF and baseband circuitry

	Light sleep 
	1
	
	Corresponds to maintaining accurate timing by keeping RF frequency reference active.

	Idle, deep sleep 
	0.015
	
	Deep sleep during PSM and eDRX, depending on UE architecture.

	Transitions to or from  light sleep
	50
	15
	Boot, reload memory etc.

	Transitions to or from deep sleep
	50
	200
	Boot, reload memory etc., depending on UE architecture.



The assumptions of the latency for each processing during the paging monitoring are shown in Table 9. These assumptions are made based on the contributions [4-6]. Note that the assumptions for NPSS/NSSS detection performance are mainly relevant to Scenarios B and C. For Scenario A, the NPSS/NSSS detection performance is expected to be better than the table shows due to the smaller time/frequency error. But the performance gap may be not obvious since the detection performance highly relies on the false alarm and missed-detection requirements, and the time/frequency uncertainty has less impact on the detection performance of NPSS/NSSS.

[bookmark: _Ref498537400]Table 9: Latency assumption during the paging procedure
	Detection Latency during paging procedure (ms)

	Paging NPDCCH Detection Latency for 1% BLER, Standalone

	144 dB MCL
	2

	154 dB MCL
	46

	164 dB MCL
	408

	Paging NPDSCH Detection Latency for 10% BLER, Standalone

	144 dB MCL
	4

	154 dB MCL
	12

	164dB MCL
	192

	Total Latency of NPSS/NSSS Detection @ 90%, Standalone

	144 dB MCL
	20

	154 dB MCL
	60

	164 dB MCL
	560



Evaluation cases
Generally we can consider the following cases while evaluating the power saving signal for paging.
· Case 1: There is no P-RNTI scrambled NPDCCH transmitted at a PO (for DRX only) or within a PTW (for eDRX).
· Case 2: There is P-RNTI scrambled NPDCCH at a PO (for DRX only) or within a PTW (for eDRX) which schedules an NPDSCH which includes the NAS identity of the UE.
· Case 3: There is P-RNTI scrambled NPDCCH at PO (for DRX only) or within a PTW (for eDRX) which schedules an NPDSCH which does not include the NAS identity of the UE.
We use the paging rate 10% as the assumptions in the evaluations, and the corresponding probability of each case above is shown in Table 10.
[bookmark: _Ref493702119]Table 10: Probability of each case
	Probability
	Case 1
	Case 2&3

	@ paging rate 10%
	0.9
	0.1



[bookmark: _Ref497839010]Evaluation results
The evaluation results for the power consumption reduction are shown in Figure 9, where PCANDIDATE and PREF represents the total power consumption of using WUS and not using WUS (i.e., legacy procedure) for idle mode paging, respectively. And the detailed tables for intermediate results are given in our previous paper [7], and are omitted here for brevity.
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[bookmark: _Ref498707064]Figure 9: PCANDIDATE/PREF in each case
Based on the evaluation results, we have some observations as follows.
Observation 10: In general, if the power saving signal supports synchronization function, it can reduce the power consumption of UE standby by 10% ~ 80% compared with the legacy mechanism, depending on the (e)DRX cycle and coverage. 
Observation 11: In general, if the power saving signal does not support synchronization function, it can reduce the power consumption of UE standby by 0.4% ~ 35% compared with the legacy mechanism, depending on the (e)DRX cycle and coverage.
Observation 12: The WUS supporting synchronization function provides more power saving gain than not supporting synchronization.
Observation 13: In general, the power reduction brought by power saving signal is more obvious when the (e)DRX cycle is shorter. 
Impact on legacy NSSS detection
In RAN1#91 [2], it was agreed that when designing WUS sequence, negative impact on legacy NSSS detection should be avoided. In this section, we give the evaluation results of the impact of our proposed sequence for WUS on legacy NSSS detection.
Simulation setup
· At the transmitter side: two transmit signals are simulated, one is legacy NSSS, and the other one is our proposed sequence for WUS.
· At the receiver side: Legacy NSSS detection receiver is adopted in the UE.
Simulation results for MCL=164 dB are given in Figure 10.
[image: ]
[bookmark: _Ref505092243]Figure 10: Impact on legacy NSSS detection when WUS and NSSS are both transmitted
As expected, when the transmit signal is legacy NSSS, the detection probability increases with increasing number of repetitions, as shown in Figure 10. In contrast, when the transmit signal is replaced with our proposed sequence for WUS, no matter how large the number of repetitions is, the NSSS detection probability is always zero. Hence, it proves that our proposed sequence for WUS has little impact on legacy NSSS detection.
Observation 14: The proposed differential sequence for WUS has little impact on legacy NSSS detection.
Conclusions
In this paper, the detailed sequence design and corresponding evaluations for power saving signal are provided. The following proposals and observations are made.
Proposal 1: Do not consider NSSS-like ZC sequence for WUS of idle mode paging.
Proposal 2: The length of the WUS sequence can be adapted according to different operation modes and LTE control region size.
Proposal 3: The WUS is generated as: 
· Step 1: Generate an L-length ZC sequence, denoted by d, as the equation below. The root index ‘u’ can be an integer within [1, L-1]. 
‘L’ is 113 (3 OFDM symbols for PDCCH) or 131 (2 OFDM symbols for PDCCH) or 139 (1 OFDM symbol for PDCCH) in in-band deployment and is 151 otherwise.

· Step 2: Extend the sequence d to L1-length through cyclic extension, and denote the new sequence as S. 
 ‘L1’ is 120 (3 OFDM symbols for PDCCH) or 132 (2 OFDM symbols for PDCCH) or 144 (1 OFDM symbol for PDCCH) in in-band deployment and is 156 otherwise.
· Step 3: Divide the sequence S into k sub-sequences and each sub-sequence includes 12 consecutive elements of S in turn. Denote the sub-sequences as x1 ~ xk.
‘k’ is 10 (3 OFDM symbols for PDCCH) or 11 (2 OFDM symbols for PDCCH) or 12 (1 OFDM symbol for PDCCH) in in-band deployment and is 13 otherwise.
· Step 4:  a 12-length sequence (x0) is predefined as the initial sequence and do the accumulated multiplication with  x0 ~ xk to generate new sequences y0 ~ yk, which satisfies:

· Step 5: Resource mapping. The sequences y0 ~ yk are mapped to the available OFDM symbols in a subframe respectively.
Proposal 4: When generating the subframes for the power saving signal, the NRSs on these subframes shall be generated and mapped in the same way as in other valid subframes.
Proposal 5: Puncturing is adopted to handle the overlapping between the power saving signal and NRSs, i.e., for WUS resource elements overlapping with NRS, the corresponding sequence element is not used for the power saving signal but counted in the mapping process.
Proposal 6: WUS shall convey information to differentiate POs and (if introduced) UE groups.
Proposal 7: WUS repetitions shall be distinguishable from one another.
[bookmark: _GoBack]Proposal 8: For the power saving signal, use symbol-level scrambling mechanism of Rel-14 NPDCCH and its sequence initialization to convey cell ID, UE group ID, and WUS timing information.
Proposal 9: The root index of ZC with sequence length L for WUS is associated with the cell ID, and is given by:

Proposal 10: X=1, which means the UE shall not assume that the transmissions of the WUS in a given subframe use the same antenna port, or ports, as the WUS in any other subframe.
Proposal 11: The transmit diversity pattern of the WUS is not signaled to UE.
Proposal 12: UE shall not assume that the WUS is transmitted on the same antenna port as any of the downlink reference signals or synchronization signals. 
Proposal 13: For 144 and 154 dB, use the detection latency as the main performance metric when comparing different WUS sequence designs.
Proposal 14: For 164 dB, use the false alarm rate and missed detection rate as the main performance metrics when comparing different WUS sequence designs.

Observation 1: The correlation characteristics of NSSS-like ZC sequence is affected since UE has to detect the WUS in the time domain in receiver.
Observation 2: NSSS-like ZC sequence may not be successfully detected under frequency offset.
Observation 3: The differential sequence based on ZC can keep the good correlation characteristics of ZC in receiver, no matter how large the frequency offset is.
Observation 4: Using a differential sequence for WUS allows low-complexity processing in the UE receiver.
Observation 5: If WUS does not convey information to differentiate POs or UE groups (if introduced), the UE may experience false alarm by detecting the power saving signal for other POs or UE groups when searching for its own power saving signal.
Observation 6: The UE’s blindness situation during the WUS detection is much improved compared with that during the NSSS detection. Thus, it is not necessary that WUS shall convey information in the same way as NSSS.
Observation 7: If the WUS repetitions are not distinguished, UE may detect WUS at wrong timing position and may suffer from serious inter-cell interference.
Observation 8: Conveying information through scrambling sequence is very flexible.
Observation 9: Transmit diversity can improve the detection performance of the proposed power saving signal significantly, i.e. about 50% reduction on detection latency.
Observation 10: In general, if the power saving signal supports synchronization function, it can reduce the power consumption of UE standby by 10% ~ 80% compared with the legacy mechanism, depending on the (e)DRX cycle and coverage. 
Observation 11: In general, if the power saving signal does not support synchronization function, it can reduce the power consumption of UE standby by 0.4% ~ 35% compared with the legacy mechanism, depending on the (e)DRX cycle and coverage.
Observation 12: The WUS supporting synchronization function provides more power saving gain than not supporting synchronization.
Observation 13: In general, the power reduction brought by power saving signal is more obvious when the (e)DRX cycle is shorter.
Observation 14: The proposed differential sequence for WUS has little impact on legacy NSSS detection.
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