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1 Introduction

For LBE-based LAA downlink transmission, a UE needs to detect the start of a DL transmission burst and achieve synchronization before it could correctly demodulate the physical channels. The possible options for LAA cell detection and synchronization are proposed in [1] and updated during the email discussion:

Proposal:

· Consider the following options for detecting transmissions from a serving cell at the start of the DL transmission burst or during a DL Tx burst: 
· Option 1: detection of initial signal, which starts before the first data/control OFDM symbol of the DL transmission burst
· Ex 1: CRS/SSS/PSS in 3 OFDM symbols
· Ex 2: SSS/PSS in 2 OFDM symbols
· Option 2: detection of CRS at least in the first OFDM symbol with CRS in a TTI in any DL TTI within the DL transmission burst
· Option 3: detection of a common DCI transmitted over PDCCH or EPDCCH in any or first DL TTI of the DL transmission burst
· Option 4: detection of a common signaling transmitted in any or first DL TTI of the DL transmission burst
· Option 5: detection of a UE-specific DCI transmitted over PDCCH or EPDCCH in any DL TTI of the DL transmission burst
· Note that the options above may not be mutually exclusive
· In the above options, FFS how fine synchronization is achieved if the TTI contains CRS only in the first OFDM symbol or contains no CRS (if supported)
· E.g. in the first subframe of a DL transmission burst, or in the first subframe after a UE comes out of DRX
In this contribution, the feasibility of the above candidate options for UE to detect the transmissions from the serving cell/LAA cell detection is discussed, how to achieve fine synchronization after cell detection is discussed as well. 
2 LAA cell detection and synchronization
The issues of LAA cell detection at the start of the DL transmission burst or during a DL transmission burst from UE perspective are addressed first. Enabling the UE to detect the start of a DL transmission burst allows UE to take advantage of all reference signals known to be present in subframes of the DL burst. This has implications on the design and performance of AGC, synchronization, channel estimation and CSI.
2.1 Cell detection at the start of a DL transmission burst 
The following options could be considered for cell detection at the start of a DL transmission burst. 

Option 1: detection of initial signal 
Assume the initial signal, which could be followed by PDCCH/EPDCCH, is transmitted at the beginning of each transmission burst and occupy two or three OFDM symbols, e.g., SSS/PSS in 2 OFDM symbols or CRS/SSS/PSS in 3 OFDM symbols. More specifically, the initial signal could be a part of the LAA DRS which at least includes SSS/PSS. Since the LAA DRS design shall allow the UE to be able to detect the presence of DRS based on a single DRS occasion, the same requirement could be reused for the initial signal so the UE shall be able to detect the presence of initial signal based on a single initial signal occasion. One candidate structure of initial signal contains two OFDM symbols, which has 4 Rel-8 PSS sequences repeated in frequency in one symbol and 4 Rel-8 SSS sequences repeated in frequency in another symbol in the central 25 PRBs, since one-shot cell detection cannot achieved by legacy PSS/SSS [2]. According to the simulation results in [2], the detection of the proposed initial signal is reliable and it can be used to indicate the start of a DL transmission burst. Also, the initial signal could be used for AGC setting and as an additional signal to help maintain synchronization for PDCCH/EPDCCH detection.
More specifically, it was shown in [2] that at a -3 dB SNR, the detection probability is 91.6% for the legacy PSS/SSS, while 99.5% for 4 times repetition. At a -6 dB SNR (concerned SNR for the DRS detection), the detection probability is 85.4% for the legacy PSS/SSS, while 98.9% for 4 times repetition. 
Observation 1: Initial signal with repeated PSS/SSS sequences in frequency domain is reliable for cell detection at the start of a DL transmission burst.
Option 2: detection of CRS in one OFDM symbol
Here we evaluate the performance of CRS blind detection. Considering that the first and the last subframes of a DL transmission burst may be partial subframes, the UE shall not assume CRS is present in 4 OFDM symbols in one subframe. So in this evaluation, detection of CRS in one OFDM symbol with the antenna configuration of 2T2R/1T2R and the bandwidth of 20MHz/10MHz/5MHz is assumed. The evaluation metrics include false alarm probability and miss detection probability, the former one is the conditional probability of erroneous detection of the CRS sequence of the serving cell when input is not this CRS and the latter one is the conditional probability of erroneous detection of this CRS when this CRS is present. For false alarm, one case is that the input for CRS detection is noise or data from neighbour cells, another case is that the input for CRS detection is other CRS from a neighbour cell which may occur if the Pcells of one operator are timing aligned and the configuration of CRS is colliding for neighbour cells. Both of the two cases are evaluated and ideal AGC setting is assumed in the simulation. 
· Case 1: the input is noise or data from neighbour cells
For this case, a timing offset of -2 μs or a frequency offset of 500 Hz is introduced as UE may only achieve coarse synchronization when it performs CRS blind detection. Simulation results can be found in the Figure 1-1 to Figure 1-6 in the appendix. The required SNRs when the probability of miss detection and false detection are both less than or equal to 1% are summarized in Table 1.
Table 1: Required SNR (dB) for CRS blind detection in Case 1 
	Case
	Freq/time offset
	20M
	10M
	5M

	2T2R

(2 CRS)
	(0us, 0Hz)
	-11.3
	-8
	-4.8

	
	(0us, 500Hz)
	-11.3
	-8
	-4.6

	
	(-2us, 0Hz)
	-11
	-7.8
	-4.4

	1T2R

(1 CRS)
	(0us, 0Hz)
	-8
	-3.6
	0.6

	
	(0us, 500Hz)
	-8
	-3.6
	0.7

	
	(-2us, 0Hz)
	-7.6
	-3.4
	0.8


In Table 1 it is observed that negative timing estimation error may have 0.2~0.4 dB performance loss and frequency estimation error introduces negligible performance degradation. However, the required SNR for 1T2R case with 5 MHz bandwidth may be as high as 0.8 dB. 

· Case 2: the input is CRS from a neighbour cell
For this case, the timing offset or frequency offset is not considered since the impact is little according to the results of Case 1. The simulation results of CRS miss detection can be found in the Figure 2-1 and Figure 2-2 and the results of CRS false detection can be found in the Figure 2-3 and Figure 2-4 in the appendix. The required SNRs when the probability of miss detection and false detection are both less than or equal to 1% are summarized in Table.
Table 2: Required SNR (dB) for CRS blind detection in Case 2 

	Case
	Freq/time offset
	20M
	10M
	5M

	2T2R

(2 CRS)
	(0us, 0Hz)
	-8.3
	-5.2
	-1.9

	1T2R

(1 CRS)
	(0us, 0Hz)
	-6.6
	-2.1
	1.5


In Table 2 it is observed that for case 2, about 3 dB performance loss for 2T2R, 1~1.5 dB performance loss for 1T2R compared to case 1, the main reason of the deterioration is the presence of colliding CRS from a neighbour cell which increases the detection threshold. From Figure 2-3 and Figure 2-4 it is also observed that the false detection probability increases if the received I/N of the neighbour CRS increases since the cross correlation of CRS is not good.
Note that extra 2 dB margin shall be considered for implementation, which means the required SNR should be at least 3.5 dB to fulfill all the evaluated cases. On the other hand, the geometry of LAA UEs on a single carrier with LBT detection threshold of -62 dBm under heavy traffic load scenario is evaluated in system level simulation and the SINR CDF curve is shown in Figure 3. It is observed that the percentage of the UEs with a SINR smaller than 3.5 dB is about 20%. So 20% of UEs have the risk of not being able to detect DL transmission burst based on CRS in one OFDM symbol. The proportion will be larger if multiple-carrier transmission is assumed since all the carriers shall share the same power.
Therefore, detection of CRS in one OFDM symbol should not be assumed as a reliable method for cell detection.

Observation 2: Detection of CRS in one OFDM symbol is NOT reliable for cell detection.
Option 3: detection of a common DCI transmitted over PDCCH/EPDCCH 
The implementation complexity of detection of a common DCI transmitted over PDCCH/EPDCCH in any DL TTI of the DL transmission burst is higher than the blind detection of CRS. From demodulation point of view, the UE shall perform AGC setting and fine time and frequency synchronization before the detection of the common DCI at the start of a DL transmission burst, which means it shall determine the presence of CRS first. In this case, the required SNR of correct detection of the common DCI will be higher than or at least equal to the required SNR of CRS blind detection.
Another method is that the UE may assume CRS is always transmitted, AGC setting and fine synchronization as well as PDCCH/EPDCCH blind detection is performed in every DL TTI. This method introduces extra implementation complexity and using the signal at CRS REs in every TTI for fine synchronization without determining the existence of CRS may lead to the loss of synchronization.
The third method is that PDCCH/EPDCCH blind detection is performed based on coarse synchronization, however, the detection of the common DCI in this case impacts on the fine synchronization and the scheduled UE-specific PDCCH/EPDCCH/PDSCH, which should have a high reliability.
From blind detection complexity point of view, if the candidate starting points of a DL transmission burst in one subframe is larger than 1, e.g. 2 candidate starting points, then the number of blind decoding will be increased (e.g. doubled). If the number of blind decoding is halved for each candidate starting point, the number of blind decoding in one subframe could keep the same but the blocking probability increases. 
Observation 3: Detection of a common DCI transmitted over PDCCH/EPDCCH should not be used for cell detection considering complexity and performance.
Option 4: detection of a common signaling 
Such a common signaling could be carried in PDCCH/EPDCCH to indicate the starting points in any or first DL TTI of the DL transmission burst, so the implementation complexity and performance is similar to option 3 if it is transmitted on LAA Scell and similar to legacy PDCCH/EPDCCH blind detection if it is transmitted on Pcell. This signaling indicating the starting point of the first (partial) subframe may be transmitted in the subsequent subframe after the eNB obtains the transmission opportunity on Scell, which may require additional buffering capability for almost one subframe of the UE and highly increase UE cost.

Another proposal for carrying such a common signaling is reusing the resource of PCFICH/PHICH in any or first DL TTI of the DL transmission burst, e.g., a new ZC sequence. However, the sequence detection performance is related to the resource number used to carry the sequence, so it is hard to say if the performance of the possible new sequence only using PCFICH/PHICH resource is acceptable. Also, this method requires much standards effort.
Observation 4: Detection of a common signaling should not be used for cell detection considering buffering capability/performance/standards effort.
Option 5: detection of a UE-specific DCI transmitted over PDCCH/EPDCCH
The implementation complexity and performance of detection of a UE-specific DCI is similar to option 3 except that a UE shall not assume the presence of a DL transmission burst unless it is scheduled during the transmission burst and the UE-specific DCI is correctly detected. The benefit of this method is that no additional signaling/DCI is required. However, without being aware of the existence of DL transmission burst, the maintaining synchronization shall rely on the RS embedded only within subframes where UE are scheduled, which increases the risk of losing synchronization on the Scell. It would be difficult for scheduling implementation to ensure that UEs receive dedicated DCI often enough to ensure maintaining synchronization, since that would also depend on specific UE implementations.
Observation 5: Detection of a UE-specific DCI is not sufficient for cell detection considering complexity, performance and the risk of losing synchronization.
Based on the above discussion, we have the following proposal:
Proposal 1: Initial signal should be considered for cell detection at the start of a DL transmission burst.
· Repeat PSS/SSS sequences in frequency domain over two OFDM symbols.
2.2 Cell detection during a DL transmission burst
As discussed during the email discussion, the DRX is configured by eNB and the UE can be kept waking up by scheduling implementation. If one UE is configured with DRX and it has urgent traffic to receive, e.g with high QoS or low latency requirement after it comes out of DRX, Pcell may be more suitable for this type of traffic and the eNB scheduling should ensure the transmission opportunity. In addition, since the discontinuous transmission length on the unlicensed cell is restricted to around 4~13 milliseconds, it may not be long for the DRX-wake-up UE to be scheduled in the next transmission burst. Therefore, cell detection during a DL transmission burst may not be an important requirement. 

Proposal 2: Cell detection after the first TTI of a DL transmission burst needs not be considered.
2.3 Synchronization 
This section discusses how/whether fine synchronization could be achieved after cell detection if: 
· Option 1: all the TTIs in DL transmission burst are normal subframes 
· Option 2: all the TTIs in DL transmission burst are MBSFN subframes 
· Option 3: parts of the TTIs in DL transmission burst are normal subframes
· Option 4: none of the TTIs in DL transmission burst is a normal subframe

Obviously the synchronization requirement of Option 1 will be fulfilled if the same requirement is fulfilled by Option 3. For Option 2, CRS is transmitted only in the first OFDM symbol in every DL subframe. Since the frequency offset estimation requires at least two paired RS REs with a certain time distance, two CRS symbols in two DL subframes may be used. Theoretically, the longer the time distance between the two paired REs, the smaller the Nyquist frequency. With 1 ms time distance (which is the smallest time distance for CRS in this case), the maximum frequency offset is 500 Hz which seems too small to cover the possible frequency offset on an LAA Scell. Another possibility of Option 2 for achieving or maintaining synchronization is similar to Option 4, e.g., using DMRS embedded in the PDSCH if UE is scheduled with transmission or relying on earlier bursts (e.g. DRS) if UE is not scheduled with transmission. However, the estimation accuracy of DMRS depends on how many PRBs are scheduled and a long time between scheduling periods increases the risk of losing synchronization.
For Option 3, the worst case is that only one of the DL TTIs or even only the first partial subframe in the transmission burst is a normal subframe, so the synchronization performance based on CRS in one subframe or one slot is evaluated. 10 MHz and 5 MHz bandwidth and 2T2R antenna configuration with 2 CRS ports are assumed for the results shown below assuming a single subframe (1 ms) or slot (0.5 ms).
· Fine timing synchronization 
Simulation results can be found in Figure 4-1 and Figure 4-2 in the appendix for 5 MHz and 10 MHz bandwidth, respectively. It is observed that the estimated timing error can be restricted within ±0.8 μs and most of the users can achieve a timing performance of ±2 μs for 5 MHz; For 10 MHz bandwidth, most of the users can restrict the timing error within ±0.1 μs. Therefore, fine timing synchronization can be achieved by one subframe or even by two CRS symbols in one slot in 5 MHz when the antenna configuration is 2T2R.

· Fine frequency synchronization
Simulation results of frequency offset estimation based on one shot measurement can be found in Figure 5-1 and Figure 5-2 in the appendix for 5 MHz and 10 MHz bandwidth respectively. The 5% and 95% of the CDF of frequency error for different SNR is summarized in Table 3. 

Table 3: Frequency estimation error for one-shot measurement 

	Case
	SNR (dB)
	5% and 95% of CDF (Hz)

	
	
	10 MHz
	5 MHz

	1 ms
	-8
	(-180, 180)
	(-300, 300)

	
	-4
	(-80, 80)
	(-140, 140)

	
	0
	(-50, 50)
	(-75, 75)

	0.5 ms
	-8
	(-270, 270)
	(-420, 420)

	
	-4
	(-120, 120)
	(-200, 200)

	
	0
	(-70, 70)
	(-100, 100)


The frequency error will impact on the demodulation of PDCCH/EPDCCH/PDSCH. Assume the fine frequency synchronization requirement is ±100 Hz for SNR ≥ -4dB since normally QPSK modulation type is used at low SNR range, from Table 3, the requirement is not fulfilled in some of the evaluated case. If one CRS port is configured, the performance will be further degraded especially for 5 MHz with one slot.
The performance of frequency error estimation could be improved by averaging which makes use of the historical frequency offset values, e.g., a filter which use a coefficient to weight the historical results and to lighten the instantaneous results. The corresponding results are shown in Figure 6-1 and Figure 6-2 and the 5% and 95% of the CDF of these frequency error values is summarized in Table 4.
Table 4: Frequency estimation error with filter 

	Case
	SNR (dB)
	5% and 95% of CDF (Hz)

	
	
	10M
	5M

	1 ms
	-8
	(-100, 100)
	(-190, 190)

	
	-4
	(-45, 45)
	(-90, 90)

	
	0
	(-25, 25)
	(-45, 45)

	0.5 ms
	-8
	(-150, 150)
	(-245, 245)

	
	-4
	(-65, 65)
	(-110, 110)

	
	0
	(-35, 35)
	(-55, 55)


However, the case of estimation based on CRS in one slot is still not able to fulfill the synchronization requirement for 2T2R configuration when the bandwidth is 5 MHz. Further considering the possibility of one CRS port configuration, an initial signal is helpful to achieve fine synchronization in partial subframe.
Since the averaging operation obviously improve the performance of frequency synchronization, normal subframes should be transmitted in the DL transmission burst to make sure the CRS is sufficient to maintain synchronization, especially for the case that UE is slept for a long time.
Proposal 3: Normal subframes should be transmitted in the DL transmission burst to help UE maintain synchronization.
3 Conclusion
In this contribution, the feasibility of the candidate options for LAA cell detection and synchronization is discussed and the following observations are made:

Observation 1: Initial signal with repeated PSS/SSS sequences in frequency domain is reliable for cell detection at the start of a DL transmission burst.
Observation 2: Detection of CRS in one OFDM symbol is NOT reliable for cell detection.
Observation 3: Detection of a common DCI transmitted over PDCCH/EPDCCH should not be used for cell detection considering complexity and performance.
Observation 4: Detection of a common signaling is not sufficient for cell detection considering buffering capability/performance/standards effort.
Observation 5: Detection of a UE-specific DCI should not be used for cell detection considering complexity, performance and the risk of losing synchronization.
The following proposals are made:

Proposal 1: Initial signal should be considered for cell detection at the start of a DL transmission burst.
· Repeat PSS/SSS sequences in frequency domain over two OFDM symbols.

Proposal 2: Cell detection after the first TTI of a DL transmission burst needs not be considered.
Proposal 3: Normal subframes should be transmitted in the DL transmission burst to help UE maintain synchronization.
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Appendix
Appendix A: CRS blind detection in one OFDM symbol when the input is noise or data from neighbour cells
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Appendix B: CRS blind detection in one OFDM symbol when the input is CRS from a neighbour cell
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Appendix C: The geometry of LAA UEs on a single carrier with LBT detection threshold of -62dBm under heavy traffic load scenario
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Figure 3

Appendix D: Timing synchronization performance 
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Appendix E: Frequency synchronization performance (one-shot measurement) 
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Appendix F: Frequency synchronization performance (with filter) 
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