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1. Introduction
In RAN1#76, the following agreements were reached on small cell discovery:

Agreements:
· In the enhanced cell discovery procedure, UE can assume multiple signals are transmitted

· UE can assume transmission of PSS (identical to the Rel-8 waveform) at least for coarse time synchronization

· Which other signal(s) the UE can assume are transmitted is FFS
· Possible candidates are one or more instances of SSS, CRS, CSI-RS, and PRS

· Which signals are useful for which purpose is FFS

· In addition to purposes given by the WID, cell multiplexing capability, UE power efficiency, and impact to legacy UE’s measurement can be considered when discussing candidate solutions
· Rel-12 discovery procedure is configured only for RRC_CONNECTED UEs

· FFS: Network assistance is provided to UEs for performing enhanced cell discovery. The information provided includes at least timing related information of discovery signal(s)


Agreements:

· Network assistance related to at least timing associated with discovery measurement is provided to UEs for Rel-12 discovery procedure
· It does not mean that DRS-based measurement reporting based on autonomous UE detection is precluded 

· Accuracy of timing considered for network assistance will be defined by RAN4
· FFS: What is timing information associated with discovery measurement
· FFS: Other information provided

In addition, candidate signals for various purposes of small cell discovery were listed and additional evaluation assumptions for selecting among the candidate signals were agreed. In this contribution, we provide our views on the open issues of small cell discovery, including the selection of candidate signals as well as the required network assistance.
2. Discovery signal options
It has already been agreed that PSS will be part of the discovery signal (DS) transmission, at least for coarse time synchronization purposes. Other candidate signals to be included in the discovery signal burst are SSS, CRS, CSI-RS and PRS. The purposes of DS are listed in the WID [1] as follows:
· Discovery procedure/signal(s) are needed
· Cells operating a cell on/off may transmit discovery signal(s) supporting at least for cell identification, coarse time/frequency synchronization, intra-/inter- frequency RRM measurement of cells and QCL. (Note that QCL is not always necessary or possible depending on the procedure.)
· This includes support of discovery and measurement enhancement(s) in DL and its usage in related procedures.
Additionally, the agreement mentioned above in the introduction lists cell multiplexing capability, UE power efficiency, and impact on legacy UE’s measurement as additional targets.
One additional question also impacting the DS design is whether very tight network synchronization is required to make discovery signal –based cell discovery to work reliably. During the study item evaluations, the cells were assumed to be synchronized within ±3 µs as seen at the UE side, or in some evaluations even within ±10% of the cyclic prefix length. Such tight accuracy has of course certain benefits, such as enabling efficient interference cancellation at the UE side or Tx-side RE muting –based interference avoidance schemes.

Still, in our view such very tight synchronization does not need to be a requirement, even though some level of synchronization should be required to avoid cases where the UE needs to monitor the DS for very long periods in time. For instance, in dual connectivity, due to propagation delays and Tx/Rx imperfections the maximum timing difference between the MeNB and the SeNB in synchronized case was defined as 31.3 µs + X, with X depending on the synchronization accuracy between the MeNB and the SeNB. Something similar could be assumed in the case of discovery signal –based cell discovery.

On the other hand even ±2.5 ms accuracy would still be enough for a discovery signal to fall within a certain measurement gap. Of course, further optimizations for the tightly synchronized case, such as IC or RE muting –based solutions could be considered. It is noted that even though with loose synchronization these solutions are not applicable, also the collisions between DS from different cells are reduced, and averaging over multiple DS instances could be more beneficial than in the colliding DS case.
Observations:

· Tight network synchronization should not be a requirement for discovery signal design.

· Some optimizations, such as SS-IC or RE muting –based schemes could be considered for tightly synchronized network.

In the following we discuss reuse of different existing signals (in addition to PSS) for the discovery signal.

SSS and CRS

The legacy signals (with a longer periodicity) are obviously the most straightforward way of designing discovery signals. This would allow the reuse of existing implementations and specifications to a large extent and is of course already a well-proven mechanism. In particular, a discovery signal based on PSS/SSS/CRS enables the reuse of existing PSS/SSS detectors, including the possibility of very low complexity implementations utilizing down to 0.96 MHz reception bandwidth for PSS/SSS detection as well as allowing taking advantage of the PSS and SSS special properties in lowering the complexity of the cross-correlation computations. Additionally, full reuse of cell detection verification functionality, RRM measurements and QCL properties is enabled. Finally, use of PSS/SSS/CRS would not require very tight synchronization or very accurate timing assistance information.
The main drawback of relying on the existing signals is that in a synchronized network the signals are colliding all the time, reducing the cell detectability at least in low load conditions. Additionally, utilizing PSS/SSS samples from multiple subframes may not provide significant performance improvements, since the interference may be highly correlated in a low mobility environment where channel fading provides only minor interference diversity benefits (note that the signals are the same except between subframe 0 and 5). It is noted however, that in practice with multiple transmit antennas the correlated fading in different time instances might be to some extent mitigated by use of transmit diversity schemes such as precoding vector switching. However, this has not been evaluated.

However, if the cell multiplexing capability is really a problem with PSS/SSS and CRS, some enhancements can be considered and have already been proposed and evaluated. The first mechanism is PSS/SSS interference cancellation at the UE side which a Release 11 UE might already be capable of. The other mechanism is PSS/SSS muting: Different cells might transmit their PSS/SSS in different symbols or in different subframes, while the other possible PSS/SSS RE locations could be muted. This would effectively provide some reuse factor for DS, while still enabling complete reuse of existing cell search implementations. In section 3, we have provided our simulation results on the performance of the legacy signals with and without IC as well as with PSS/SSS muting. Based on these results, the detection probabilities seem sufficient.
Observations:

· SSS and CRS together with PSS enable full reuse of existing cell search implementations, including all existing search complexity reduction mechanisms.
· Detection performance of PSS/SSS/CRS –based discovery signals can be sufficient with SS-IC and/or with PSS/SSS-muting –based mechanisms.

CSI-RS

The other option is to utilize CSI-RS in addition to PSS. In this case, if there is no SSS and CRS, CSI-RS should provide support at least for exact cell identification and RRM measurements. The benefit of CSI-RS in a tightly synchronized case is the large number of different CSI-RS patterns and thus the very high reuse factor. This enables good cell detection performance in highly interference-limited conditions as has been demonstrated through evaluations during the study item.
Unfortunately, utilizing CSI-RS as the discovery signal would come with several significant drawbacks. First problem is the poor time and frequency synchronization capability of the signal: It has already been mentioned e.g. in [3] that the autocorrelation properties of CSI-RS are extremely problematic from cell search point of view due to the ambiguous side peaks with roughly 5.56 µs spacing as illustrated in Figure 1. Hence, if there is an initial timing uncertainty larger than ±2.78 µs, the UE can not possibly determine the exact timing without ambiguity. It is noted that this problem arises basically due to the frequency-domain CSI-RS RE spacing of 12 subcarriers and can not be solved by UE implementation. Furthermore, it is obviously not feasible to assume that all signals that the UE might need to detect would fall within the same ±2.78 µs window considering network synchronization errors and propagation delays. Hence, having extremely accurate timing assistance information would not be feasible for solving this problem. The frequency synchronization capabilities of CSI-RS on the other hand have already been thoroughly studied during the earlier QCL and NCT studies, and CSI-RS have been deemed insufficient for this purpose.
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Figure 1. Autocorrelation profile for CSI-RS with 10 MHz bandwidth. The spacing between the ambiguous correlation peaks is 5.56 µs.
It was already agreed that the UE may assume presence of PSS for coarse time synchronization. However, it is far from clear that this would be sufficient for resolving the CSI-RS timing ambiguities either: PSS is designed such that it can be detected with low complexity detectors utilizing only 0.96 MHz bandwidth. In this case, the time resolution is already more than one microsecond. Factoring in multipath and other uncertainties, it is not clear that the CSI-RS autocorrelation problems can be overcome. CSI-RS could be possibly used in addition to PSS/SSS/CRS, however this would defeat the main benefit of CSI-RS, i.e. high reuse factor.
Another drawback is the related UE detection complexity. There is a large number of different patterns (up to 20 per subframe) and additionally 504 different scrambling sequences. It is not feasible for the UE to search through all possible patterns and scrambling code hypotheses. Thus, some network assistance information would be required to indicate a subset of CSI-RS patterns and/or scrambling sequences. Such network assistance information would be always needed since CSI-RS detection is not feasible without it, and would thus basically mandate configuring this information to the eNBs transmitting the assistance information. This would have the drawback of increasing network planning efforts.
The other aspect related to UE complexity is that CSI-RS as a discovery signal would effectively mandate using higher bandwidths also for inter-frequency cell search. As mentioned before, the existing cell search procedure can be performed with a low bandwidth and thus with low complexity. However, CSI-RS for two transmit antennas contains only 12 REs within a 6 PRB bandwidth which may not be sufficient for reliable cell detection. Therefore, the UE would need to use a larger detector bandwidth.
Finally, whether CSI-RS can be used for RRM measurements is not very clear either. This issue has already been discussed in RAN1 and RAN4 during the Release 11 CoMP studies, and at that point it was concluded that CSI-RSRP measurements would not be supported. The studies done at that time by RAN4 [4] indicated that at least the measurement duration should be extended compared to the usual 200 ms assumed in the performance requirements. The discovery signal is supposed to be transmitted with a long periodicity and thus, given that even more samples would be needed with CSI-RS, the measurement duration could increase significantly.
Observations:

· CSI-RS have a poor autocorrelation profile for cell search purpose.
· It is not obvious that the UE can get accurate enough initial timing from PSS to remove the timing ambiguities.
· It is not realistic to assume that all signals that the UE may need to measure fall within the same ±2.5 µs reception window.

· CSI-RS would require the UE to search using a reception bandwidth much higher than 0.96 MHz supported by PSS/SSS.
· CSI-RS require heavy assistance information to avoid significant increase in the UE detection complexity.

As a conclusion, our view is that CSI-RS cannot work as a discovery signal.
PRS
PRS has also been proposed to be used together with PSS or together with PSS and SSS. PRS has a reuse factor of 6 and also a very high processing gain, enabling good detection probability. However, similar to CSI-RS, PRS requires rather heavy assistance information and also increased UE complexity for the cell search, as the UE may need to search through a large number of different scrambling codes.

To conclude, in our view PSS together with SSS and CRS (with increased periodicity) provides a sufficiently well performing solution for discovery signals. If there is a need to improve the cell detectability even further, PSS/SSS muting could be considered further. It could also be left for further study whether CRS is transmitted only in one subframe containing also PSS and SSS, or whether CRS could be transmitted over multiple subframes within one discovery burst in order to provide improved cell verification and RRM measurement performance.

Proposals:

· Discovery signal comprises SSS and CRS in addition to PSS.
· RE muting schemes could be further studied for PSS/SSS.
3. Simulation results on PSS/SSS/CRS performance

To further evaluate whether legacy signals might provide sufficient detection probability, simulations were run using the methodology and evaluation assumptions listed in [2] and further agreed in RAN1#76. An interference profile comprising 10 strongest cells and a residual AWGN term was obtained from a system simulator for scenario 2a with 1 cluster per macro cell and 10 cells per cluster. This interference profile was plugged in to an extended link-level simulator to measure how many cells were detected. Detailed link-level assumptions are listed in Appendix A; essentially the agreed assumptions were followed.

We simulated PSS/SSS/CRS –based schemes without IC, with PSS/SSS IC for 2 strongest cells and with PSS/SSS muting scheme where the muting reuse factor was three and the muting patterns were randomly allocated to the cells (note that more optimal muting pattern allocation would most likely improve the results further). The probabilities of detection for the four strongest cells are shown in Table 1. We show the results for the case where all four cells are within an RSRP gap of {6, 9} dB, and also for the case where there is no RSRP gap (similarly to the results in [2]). The results with a 9 dB RSRP gap are also illustrated in Figure 2. We believe the most important results are those with a realistic RSRP gap as those results illustrate the detectability in cases where the cells actually might need to be detectable from network operation point of view.
Table 1. Probabilities of detection with PSS/SSS/CRS for the four strongest cells in SCE scenario 2a.
	
	
	Detection probability, 1 sample
	Detection probability, 2 samples

	RSRP gap
	Scheme
	1st cell
	2nd cell
	3rd cell
	4th cell
	1st cell
	2nd cell
	3rd cell
	4th cell

	6 dB
	No IC
	0.95
	0.75
	0.62
	0.53
	0.96
	0.79
	0.67
	0.60

	
	SS-IC
	0.99
	0.95
	0.90
	0.80
	0.99
	0.96
	0.92
	0.83

	
	Muting
	0.97
	0.86
	0.76
	0.70
	0.98
	0.88
	0.79
	0.72

	9 dB
	No IC
	0.95
	0.70
	0.54
	0.43
	0.96
	0.75
	0.59
	0.49

	
	SS-IC
	0.99
	0.94
	0.87
	0.76
	0.99
	0.96
	0.90
	0.80

	
	Muting
	0.97
	0.84
	0.72
	0.63
	0.98
	0.86
	0.76
	0.66

	All cells
	No IC
	0.95
	0.52
	0.28
	0.15
	0.96
	0.56
	0.32
	0.18

	
	SS-IC
	0.99
	0.89
	0.74
	0.54
	0.99
	0.91
	0.79
	0.59

	
	Muting
	0.97
	0.76
	0.59
	0.46
	0.98
	0.78
	0.63
	0.49
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Figure 2. Probabilities of detection for six strongest cells in case of RSRP gap of 9 dB.
4. Network assistance information

If SSS and CRS would be adopted in addition to PSS for the discovery signal, basically the only assistance information that is needed could be rough timing information in order to avoid long continuous searches at the UE side. However, even this timing information could be given similarly to the configuration of measurement gaps, while the network would make sure that the discovery signals are actually transmitted within the configured time period / gap. Note that, related to this, RAN2 and RAN4 have been discussing burst-based measurement gap patterns that could be applicable here. In addition to the configured gaps, some assistance information might or might not be required for PSS/SSS muting, depending on whether and how it is supported.
It should be noted that further assistance information could be beneficial, though not absolutely required, from UE cell search point of view: Currently during the cell search process, the UE has to test for different CP lengths and for different duplex modes by doing multiple hypothesis testing on the relative position of SSS compared to PSS. The search complexity required by the UE to do this could be alleviated by signaling to the UE the CP length and duplex mode assumption, used on the carrier that is to be searched.
Observations:

· The only assistance information that may be needed is configuration of time periods (similar to measurement gaps) during which the DS transmission may be assumed to happen.
· Additionally, some assistance may be needed for PSS/SSS muting solutions (if adopted).

5. Conclusion 
In this contribution we have discussed various options for the discovery signal design. Our proposals are as follows:
Proposals:

· Discovery signal comprises SSS and CRS in addition to PSS.
· RE muting schemes could be further studied for PSS/SSS.
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Appendix A – Extended link simulation assumptions
	Parameter
	Value

	Antenna configuration
	1x2

	Channel model 
	EPA, 3 km/h

	Carrier frequency
	3.5 GHz

	Interference model
	10 cells modelled explicitly, other cells and thermal noise modelled as AWGN
Full buffer traffic in all cells

	PCI allocation
	Random

	RSRP gap
	{6,9} dB

	Frequency offset
	Uniformly distributed ±500 Hz

	Time offset
	Uniformly distributed ±3 µs + propagation delay

	Probability of false alarm
	Less than 0.001 under noise-only input

	Simulation length
	10000 UE drops



