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1. Introduction
efeMTC WID [1] has an objective to improve the UL spectral efficiency:
Improved cell search and/or system information (including MIB and SIB1-BR) acquisition performance

During RAN1 #91 [2], it was agreed to consider the following while designing a new re-synchronization signal to reduce PSS/SSS acquisition time:

· In evaluating improved cell search and/or system information acquisition performance for UEs with apriori information, the following are considered based on the agreed scenarios (B, C, and D)

· Synchronization signal 

· Periodicity, duration, power boosting, bandwidth, and resource usage

· UE complexity impact, UE memory, and DSP complexity

· Combining of synchronization signals

In this contribution, we propose a new re-synchronization signal (a.k.a. the enhanced PSS (ePSS)) and optimize its parameters (period, duration, and bandwidth). We studied its %tile detection times using combining of multiple correlation results. We also studied the computation complexity (operations per second) associated with the ePSS detection and the memory requirements. Finally, we examined its power consumption and compared it to the legacy PSS. 
2. UE Complexity - 6 PRBs vs 1 PRB
As per RAN#1, it was agreed to evaluate UE complexity. Two ePSS designs were evaluated, a 6 PRB x 2ms [3] and a 1 PRB x 12 ms. Figure 1 below shows the basic layout of the 2 ePSS design alternatives. The details of the 1 PRB x 12 ms ePSS designs are described in appendix II but in general, it is similar to the NB-IOT NPSS but uses 4 length-12 cover codes and 3 short ZC sequences.
	[image: image1.png]%90|q 924n0SaY T
sJa11eagns-gt1

1 Sub-frame
1ms

“«—
ANEEEEEEEEEEEEEEEEEEEEEE
ENEEEEEEEEEEEEE i






	Figure 1. The 2 ePSS design alternatives (6 PRBs x 2 ms) vs (1 PRB x 12 ms)


There are several techniques to detect ePSS where a cross-correlation and auto-correlation are the most common. Although results are not presented in this paper, the auto-correlation method was studied and it was determined that the detection performance of the auto-correlation method was not satisfactory so in this paper all the results are based on the cross-correlation method according to the following expression: 
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Where, 
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is the local reference sequence of the tth sample of the nth symbol of the mth sub-frame at the receiver, 
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is the received signal, M is the number of sub-frames constituting the ePSS signal, N is the number of used symbols per sub-frame, and T is the number of samples per symbol. Cross correlation can be performed using sliding correlation or an Overlap and Add technique. The sliding correlation involves very high MOPS, so it is not considered and the Overlap and Add algorithm [4], which is more computationally efficient, was considered. Table 1 summarize the MOPS results and the amount of RAM required for detecting the two ePSS designs.
	Table 1. Computation complexity using Overlap and Add with FFT implemented in DSP

	
	6 PRBs x 2ms
	1 PRB x 12ms

	FFT size
	4096
	128

	Sampling freq (kHz)
	1920
	240

	Freq hypos
	10
	10

	MOPS
	5703 MOPS
	845 MOPS

	RAM (KB)
	300 KB
	115 KB


Note that an additional MOPS of 77 required for down-sampling the 1 PRB ePSS from 1.92 MHz to 240 kHz was included in the 1 PRB ePSS MOPS calculation. Also, the properties of the 4 cover code patterns have been leveraged to reduce the computation complexity required for detecting the 1 PRB ePSS.
It is clear from the above table that the 1 PRB ePSS design requires less MOPS and less RAM when compared to the 6 PRBs ePSS. 

Observation 1: 
The 1 PRB wide re-sync signal design requires significantly less MOPS (6X less) and less RAM (~3X less) in comparison to the 6 PRB design.

The above MOPS calculation was done assuming a full DSP implementation with no hardware accelerators but most CAT-M1 UEs designs will have at least a hardware based 128 point FFT. For UE designs with FFT hardware accelerators, the required MOPS lower significantly. 

Observation 2: 
UE designs with FFT hardware will require significantly less MOPS. 
An alternative 1 PRB wide design where only 1 ZC code is used is also possible. In this design, the order of the cover codes is changed to reduce the auto-correlation (see appendix IV for details and performance). This design would reduce MOPS by 3X vs the above design in appendix II with similar detection performance.  

Observation 2.1:
To reduce MOPS, a 1 PRB wide re-sync signal design using only 1 ZC and 4 cover codes is conceivable.
3. Detection Performance - 6 PRBs vs 1 PRB
This section includes LLS for the single-shot detection performance of the 2 ePSS alternatives. In these simulations, the following assumptions were made:

· Frequency error [-4.5 kHz: 4.5 kHz] with 10 frequency hypos, resulting in an average frequency error (CFO) = 225 Hz

· Transmit diversity with antenna switching every 1 ms

· Coherent combining length of 1 ms

· PSD Boosting
· 164 dB MCL 

PSD Boosting: For the 6 PRBs ePSS, a 4 dB PSD boosting is applied which has been defined by RAN4 to be the maximum, whereas for the 1 PRB ePSS, a 6 dB PSD boosting is applied which has been defined by RAN4 to be the maximum. 
Observation 3: 
The 1 PRB wide re-sync signal can use 2dB more PSD boosting than the 6 PRB design.

The detection threshold was chosen in both cases to keep the false alarm < 0.1%. The table below shows the single shot %tile detection times for the 2 ePSS alternatives for scenario D with different PSD boosting levels and the combining of 2 ePSS correlation results. 
	Table 2. The %tile detection times at 164 dB MCL for the 2 ePSS alternatives for scenario D

	ePSS alternative
	PSD boosting
	50%tile (ms)
	90%tile (ms)
	99%tile (ms)

	1PRB x 12 ms
	6 dB
	100 (60%tile)
	571
	1580

	6 PRBs x 2 ms
	4 dB
	100 (52%tile)
	678
	1614


It is clear from the table above that the 1 PRB ePSS with 6 dB PSD boosting has a slightly better detection performance than the 6 PRBs ePSS with the 4 dB boosting. 

Observation 4: 
The 1 PRB wide re-sync signal has similar detection performance to a 6 PRB design.

4. Combining Performance
To improve the detection performance, combining of multiple ePSSs is considered in this section. However, combining multiple correlation outputs requires additional memory depending on the ePSS period. Combining ePSSs requires the UE to store all the correlation results for the previous ePSS period so the RAM required depends on the sampling rate and ePSS period. A 6 PRB wide design requires a sampling rate of 1.92 Msps and the 1 PRB wide design requires a sampling rate of 240Ksps so a 1 PRB wide design requires 8X less RAM to do combining.
Observation 5: 
A 1 PRB wide re-sync signal requires 8X less RAM for combining multiple re-sync signals than a 6 PRB wide design

Given the large RAM required for the 6 PRB design, only a 1 PRB is considered for combining. Even a 1 PRB design still requires a fair bit of RAM (see table 3 below) so two types of combining are considered. A “full set” where all the correlation results for the ePSS period and frequency hypotheses are stored, and a 2nd method where only the “Top 500” results per frequency hypothesis were stored.  For memory calculation, 2 bytes were used to indicate the correlation value, and for the “Top 500” an additional 2 bytes were used to store the timing information. The table below shows the memory requirements for the two methods assuming 2 Combines:
	Table 3. Memory requirement (KB) for combining  ePSS’s for a 1 PRB wide design

	ePSS period (ms)
	Full Set
	 Top 500

	50
	240 KB
	20 KB

	100
	480 KB
	20 KB


Based on LLS using the assumptions in appendix I for 100ms ePSS period for scenario D at 164 dB MCL, the following table shows the detection performance for the Full Set method and Top 500 method:
	Table 4. The %tile detection times (ms) for the Full Set and Top 500 methods

	Number of correlation outputs combined
	Full Set Method
	Top 500 Method

	
	50%tile
(ms)
	90% tile
(ms)
	99% tile
(ms)
	50% tile
(ms)
	90% tile
(ms)
	99% tile
(ms)

	No Combining
	159
	1184
	3200
	159
	1184
	3200

	2
	100 (60%tile)
	571
	1580
	100 (58%tile)
	583
	1581

	3
	200 (75%tile)
	456
	1038
	200 (62%tile)
	629
	1384


With a slight degradation in detection performance, as shown in the table above, a UE can just store the highest 500 correlation values for each frequency hypo. This will lead to a significant reduction in the amount of memory required as shown in the above table. 

Observation 6: 
With only a small degradation in detection performance, the memory required to combine can be significantly reduced by storing only the best correlation values for each frequency hypo.

As can also be seen from the above table, the detection performance improves significantly when the UE combines ePSS’s signals across the ePSS period.

Observation 7: 
Combining multiple re-sync signals significantly improves the detection performance.

5. Performance for Different ePSS Periods

This section includes the ePSS detection performance for different ePSS periods. To assess the ePSS detection performance with combining, LLS were conducted assuming an average CFO value of 225 Hz (resulting from 10 frequency hypotheses with a random CFO [-4.5 kHz : 4.5 kHz]), 1 ms coherent combining, and antenna switching every sub-frame. The detection threshold was set so as to guarantee a false alarm rate that is < 0.1%. 
The table below summarizes the 50%, 90%, and 99%tile detection times for eDRX scenario D. Other results for scenarios B and C are shown in appendix III.
	Table 5. The %tile detection times (ms) for different ePSS periods for the 4 hours eDRX scenario D

	Number of correlation outputs combined
	ePSS period = 50 ms
	ePSS period = 100 ms

	
	50%

(ms)
	90%

(ms)
	99%

(ms)
	50%

(ms)
	90%

(ms)
	99%

(ms)

	No Combining
	130
	1100
	2400
	159
	1184
	3200

	2
	50 (62%tile)
	408
	1212
	100 (60%tile)
	571
	1580

	3
	100 (72%tile)
	331
	987
	200 (75%tile)
	456
	1038


We notice from the above table that the %tile detection times are generally shorter for ePSS period = 50 ms than the 100 ms case with and without combining but not significantly better for the 90th and 99th percentiles when 3 ePSS are combined. This leads to the observation that short ePSS periods are not needed if ePSS combining can be assumed. 
Observation 8: 
Re-sync periods <100ms do not significantly improve detection times if re-sync signals are combined by the UE.  

We notice also that the ePSS detection times are significantly shorter than the legacy PSS detection times as shown in Table 5. 
	Table 6. The %tile detection times for the legacy PSS

	
	50%tile (ms)
	90%tile (ms)
	99%tile (ms)

	ePSS 50 ms with 2 combines
	50 (62%tile)
	408
	1212

	PSS detection time (ms)
	880
	2400
	4800


Note: ePSS is 1PRB, 2 ePSSs combined, eDRX=4 hours (scenario D), and 50ms period
Observation 9: The 1 PRB wide re-sync signal’s detection times are significantly shorter than the legacy PSS’s.
6. ePSS Resources used

Table 7 shows the percentage of resources used for different ePSS periods for a 5 MHz system.

	Table 7 Percentage of resources used for different ePSS periods

	ePSS period (ms)
	Resource usage 

	50
	1%

	100
	0.5%

	200
	0.25%


Note: above doesn’t include PSD boosting
It was shown in the previous section that shorter ePSS periods will lead to shorter %tile detection times. However, shorter ePSS periods will come at the cost of higher resource usage. Hence, it should be up to the network to configure the ePSS period according to the network load.

Proposal 1: To control resources used, the re-sync signal period should be configurable.
7. ePSS Power Consumption

This section contains the battery life evaluation for synchronization via ePSS vs synchronization via legacy PSS/SSS. The following figure illustrates the synchronization operation for the different scenarios using the legacy as well as the ePSS signal. Depending on the sleep cycle, some scenarios will require the UE to decode the PBCH after and some will not.  
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	Figure 2. The ePSS detection for legacy PSS and the ePSS for different eDRX sleep cycles


Keeping in mind that, for 164 dB MCL, multiple correlation outputs will need to be combined as described earlier.  The figure below shows an example of the UE behaviour when 3 correlation outputs corresponding to 3 ePSSs are combined:
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	Figure 3. The ePSS detection with the combining of 3 correlation outputs for scenario D


Based on LLS with assumption from [2], the following PBCH decode time at 164 dB MCL using a correlation decoder was obtained and used for this evaluation:
	Table 8. The 50%tile PBCH detection time

	PBCH 50%tile detection time (ms) 
	100


For this battery life evaluation, the 50%tile acquisition time for the ePSS (period = 100 ms) with 2 ePSSs non-coherently combined was used. The following table shows the power consumption that resulted from using the ePSS when compared to the legacy PSS/SSS (P(cons, ePSS)/P(cons, PSS)).
	Table 9. The ePSS power consumption relative to the legacy PSS

	Sleep Cycle (Scenario)
	Power consumption

 (P(cons, ePSS)/P(cons, PSS))

	20.48 Sec (B)
	5%

	327.68 Sec (C) 
	8%

	14400 Sec (D) 
	31%


We notice from Table 9 that there are significant power savings for the different eDRX cycles by using the ePSS when compared to the legacy PSS.
Observation 10: 
A re-sync signal provides significant power saving over legacy PSS.

Another advantage of a 1 PRB wide design is that NB-IOT UEs can also decode it and obtain the significant power consumption and reduced latency benefits. Given many commercial systems will support both NB-IOT and eMTC, a single re-sync signal can be used for both, thus minimizing system resources. 

Observation 11: The 1PRB re-sync signal could also be used by NB-IOT UEs to improve detection performance. 

Proposal 2: 
Specify a 1 PRB wide re-sync signal using cover codes and short ZC sequences.

8. Conclusions
Observation 1: 
The 1 PRB wide re-sync signal design requires significantly less MOPS (6X less) and less RAM (~3X less) in comparison to the 6 PRB design.

Observation 2: 
UE designs with FFT hardware will require significantly less MOPS. 
Observation 2.1: 
To reduce MOPS, a 1 PRB wide re-sync signal design using only 1 ZC and 4 cover codes is conceivable.

Observation 3: 
The 1 PRB wide re-sync signal can use 2dB more PSD boosting than the 6 PRB design.

Observation 4: 
The 1 PRB wide re-sync signal has similar detection performance to a 6 PRB design.

Observation 5: 
A 1 PRB wide re-sync signal requires 8X less RAM for combining multiple re-sync signals than a 6 PRB wide design.
Observation 6: 
With only a small degradation in detection performance, the memory required to combine can be significantly reduced by storing only the best correlation values for each frequency hypo.

Observation 7: 
Combining multiple re-sync signals significantly improves the detection performance.

Observation 8: 
Re-sync periods <100ms do not significantly improve detection times if re-sync signals are combined by the UE.  

Observation 9: 
The 1 PRB wide re-sync signal’s detection times are significantly shorter than the legacy PSS’s.

Proposal 1: 
To control resources used, the re-sync signal period should be configurable.
Observation 10: 
A re-sync signal provides significant power saving over legacy PSS.

Observation 11: 
The 1 PRB wide re-sync signal could also be used by NB-IOT UEs to improve detection performance and battery life. 

Proposal 2: 
Specify a 1 PRB wide re-sync signal using cover codes and short ZC sequences.
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Appendix I
LLS Assumptions
	Parameter
	Value

	BS TX antenna configuration
	2 Tx

	BS power
	46 dBm per TX port

	System BW
	10 MHz

	Band
	Band 8 (900 MHz)

	Channel model 
	ETU

	Doppler spread 
	1 Hz

	UE RX antenna configuration
	1 Rx

	UE NF
	9 dB

	PSD Boosting
	+6 dB 1PRB design

 +4 dB 6PRB design

	Carrier frequency offset
	[-4.5 kHz : 4.5 kHz]

	Coupling loss
	164 dB MCL


Appendix II
(1 PRB x 12 ms) ePSS Design

The (1 PRB x 12 ms) ePSS signal employs a similar design to NB-IOT with a dual layer design of a base Zadoff-Chu sequence and cover codes to minimize the detection complexity. A length 11-ZC sequence is used to fill 11 consecutive subcarriers of a 1 PRB symbol in frequency domain. This sequence is repeated in 12 consecutive symbols (we avoid the first 2 symbols in a subframe) and a length 12-cover code is applied across the 12 symbols. The figure below shows the constructed ePSS signal with 3 ZC sequences (with roots {2, 5, 10}) and the following 4 cover codes:
	Cover code 1
	[-1  1 -1 -1 -1  1  1 -1  1 -1 -1  1]

	Cover code 2
	[-1  1 -1 -1 -1  1 -1  1 -1 -1 -1 -1]

	Cover code 3
	[-1  1  1 -1  1  1  1  1  1 -1 -1 -1]

	Cover code 4
	[1 -1 -1  1  1  1 -1 -1 -1  1 -1 -1]


The cover codes were chosen such that they have good autocorrelation properties as well as low cross correlation between each other.
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The figure below shows the autocorrelation property of this ePSS signal
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Appendix III The ePSS Detection Performance for Scenarios B and C

	The %tile detection times for different ePSS periods for eDRX scenario B

	Number of correlation outputs combined
	ePSS period = 50 ms
	ePSS period = 100 ms

	
	50%

(ms)
	90%

(ms)
	99%

(ms)
	50%

(ms)
	90%

(ms)
	99%

(ms)

	No Combining
	0 (53%tile)
	380
	1266
	10
	587
	1600

	2
	50 (70%tile)
	273
	766
	100 (74%tile)
	308
	825

	3
	100 (82%tile)
	218
	710
	200 (82%tile)
	342
	856


	The %tile detection times for different ePSS periods for eDRX scenario C

	Number of correlation outputs combined
	ePSS period = 50 ms
	ePSS period = 100 ms

	
	50%

(ms)
	90%

(ms)
	99%

(ms)
	50%

(ms)
	90%

(ms)
	99%

(ms)

	No Combining
	131
	1100
	2400
	159
	1184
	3200

	2
	50 (62%tile)
	408
	1212
	100 (62%tile)
	495
	1260

	3
	100 (76%tile)
	279
	766
	200 (76%tile)
	442
	1000


Appendix IV
1 PRB ePSS Design with 1 ZC

An alternative 1 PRB wide design where only 1 ZC code is used is also possible. In this design, the order of the cover codes is changed to reduce the auto-correlation. This design would reduce MOPS by 3X vs the design in appendix II but the performance need further study.  The figure below exemplifies the design:
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The figure below shows the autocorrelation property of this ePSS signal:
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The following table summaries the performance of this 1 PRB design based on LLS with assumptions from appendix I:

The %tile detection times for scenario D
	Number of correlation outputs combined
	ePSS period = 100 ms

	
	50%’tile
(ms)
	90%’tile
(ms)
	99%’tile
(ms)

	No Combining
	115
	955
	2025

	2
	100 (58%tile)
	584
	1440

	3
	200 (71%tile)
	542
	1450
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