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1 Introduction
In [1] and [2] we analyze different operational modes for small cell on/off and identify when small cell on/off provides gains and what properties are needed for the discovery signal to support small cell on/off. Based on these findings, we outline several different use cases and discuss the general design for the discovery signal in [3]. In this contribution, we discuss some specific design options for the discovery signal.
2 Discussion

It was identified in [3] that the discovery signal needs to support the properties of RRM, RLM and coarse time/frequency synchronization in order to support small cell on/off operation. It is also desirable for the discovery signal to support measurements at low SINR, preferably lower than -6 dB. In addition, sparseness of the signal in time is necessary in order to support the ability of the cell to turn completely off for some period of time that is at least in the order of tens of milliseconds. Given the sparseness in time, it is also desirable for the UE to be able to make a meaningful measurement in one instance of the discovery signal rather than having to wait for multiple instances which may occur tens or hundreds of milliseconds apart.
In this context, we discuss here various possibilities for the design of the discovery signal. The first class of options in this regard is to use currently existing signals as the discovery signal. This enables UEs to reuse current functionality to a large extent and also has the potential of creating the least impact to the system design. The second class of options is to use currently existing signals that are augmented in some manner. Finally, the third class of options is to design a completely new discovery signal. This option should probably be used only if the first two options are not capable of satisfying some requirement or use case for the discovery signal. In the following, we discuss some options for the discovery signal in each of the three classes outlined above.
2.1 Existing Signals
2.1.1 PSS/SSS/CRS

Currently, the PSS/SSS and the CRS are used as discovery signals in LTE. The PSS/SSS occupy only 6 PRBs in bandwidth and occupy only two symbols in time. This provides a large processing gain for the PSS/SSS within a time-frequency span that is likely within the coherence time and bandwidth of the channel, to overcome interference and enable the UE to successfully detect the cell ID. Once cell detection has been performed, the CRS provides a wideband signal that can be used to fine tune the time and frequency synchronization estimates as well as to perform radio resource management measurements. The CRS are, of course, used also for demodulation when CRS based transmission modes are used to send data to the UE on the downlink.

The simplest option for a discovery signal that supports small cell on/off would be to use the same PSS/SSS/CRS structure that exists today but with a reduced periodicity. For example, the PSS/SSS/CRS could be transmitted only in one subframe every 40 ms (or some other periodicity such as 80/160/320 ms). Another possibility is for the CRS to also be transmitted in one to four subsequent subframes. If the CRS is transmitted in four subsequent subframes, then there will be a 5 ms period within which the reference signal structure looks exactly like Rel-11 LTE and a 35 ms (or 75/155/315 ms) period in which the Rel-11 reference signals are completely absent.
As mentioned earlier, the advantage of this option is its commonality with current LTE implementations. The performance in terms of cell detection capability at low SINR remains the same as current LTE if no enhancements are made in the UE. However, it was shown in [5] that cell detection performance at low SINR can be significantly improved with the use of interference cancellation at the UE. This would allow performance improvement while keeping the signal structure substantially similar to current LTE. It should be noted that the gains of interference cancellation are more easily realizable mainly in a synchronized network. However, in an unsynchronized network, the signals interfering with PSS/SSS reception can change between transmissions of PSS/SSS. This is different from a synchronized network aligned frame timings where the PSS/SSS/CRS transmitted from different cells interfere with each other. Thus, averaging between different PSS/SSS/CRS occurrences can be used to mitigate interference in unsynchronized network case. However, this would require the UE to receive multiple instances of the PSS/SSS/CRS. For the CRS, this can be achieved by using transmissions in consecutive subframes. For example, the scheme outlined above, where the PSS/SSS/CRS are sent in a 5 ms interval every 40 ms, can be used. However, for the PSS/SSS, such averaging would need the UE to combine reception of multiple instances of the PSS/SSS which may occur tens or hundreds of milliseconds apart. This would be undesirable since it would slow down the measurement process at the UE significantly. To avoid this, the PSS/SSS would need to be sent over a longer period than 5ms, say 10 or 15 ms, in each occurrence of the discovery signal which would then be followed by a longer off period lasting tens or hundreds of milliseconds. 
Observation: PSS/SSS/CRS with reduced periodicity can be used as a discovery signal. Interference cancellation at the UE can be used to improve performance at low SINRs in a synchronized network.

2.1.2 CSI-RS

The CSI-RS has the lowest density in a PRB of any of the currently defined reference signals with only 2 REs per RB thus severely limiting its processing gain. However, the CSI-RS can be defined with zero power so that interference to CSI-RS transmitted from other cells is minimized. This property allows the CSI-RS to be used with a very high reuse factor, potentially up to 20, which can serve to reduce the interference at the UE and thus still produce high SINRs. 
It should be noted though that using the CSI-RS in this manner to create reuse between different cells to enhance cell discovery also reduces the flexibility to use them in other ways such as for obtaining feedback associated with beamforming methods. In addition, the RE structure for CSI-RS is such that the ability to resolve time and frequency errors is somewhat limited. For instance, its ability to resolve frequency errors is very poor since each CSI-RS signal only occupies two consecutive OFDM symbols in a subframe. In order to combat this issue, the use of two CSI-RS signals together was proposed in [6]. Such a combination of CSI-RS signals exhibits much better properties in terms of time and frequency synchronization. But, the use of two signals in this manner further limits the reuse and flexibility of use for the CSI-RS. Instead it is preferable to use the CSI-RS in combination with other existing signals such as the PSS/SSS/CRS. It should be noted that this is necessary mainly when the time and frequency uncertainty are high, e.g., greater than around 2 microseconds and 100 Hz. When the uncertainty is low, the CSI-RS could still potentially be used as a discovery signal.

The use of the CSI-RS has some potential advantages as discussed in [3]. Since multiple CSI-RS configurations can be defined for a single cell, the use of the CSI-RS as a discovery signal can be useful in applications such as CoMP. In this scenario, a UE could make measurements on different transmission points and these measurements could be used in determining which transmission points to use for a potential CoMP transmission to a UE. In general, such use cases can be enabled by not forcing the reference signal used for discovery to be a strict one-to-one mapping with the cell ID (except, of course, when the cell ID is reused in a spatially distant cell). Extensions of the CSI-RS, such as that described above, may be considered to enable detection at SINRs that are lower than -6 dB. 

Observation: The CSI-RS can be used as a discovery signal when the system is synchronized and the time and frequency uncertainty are expected to be low. The use of CSI-RS may be beneficial for certain features such as CoMP.
2.1.3 PRS
Another option for the discovery signal based on existing signals is to use the PRS defined in Rel-9 for positioning using observed time difference of arrival (OTDOA) measurements. Unlike, the PSS/SSS, this signal is already defined for very low periodicities. The signal has also been defined so that a reuse factor of 6 can be achieved, which can boost the SINR on the signal as compared to the PSS/SSS/CRS when the subframe carrying the PRS is not used for any PDSCH transmissions. It should be noted that the CRS can also achieve a reuse factor of 6 if only one port is used. The PRS also has twice the number of REs as the CRS with 2 ports configured. Thus, the PRS has enough REs within an RB to enable cell detection, measurements as well as fine time and frequency synchronization.
Observation: The PRS has the necessary characteristics to serve as a discovery signal.

2.2 Augmentation of Existing Signals

One option for the discovery signal is to augment existing signals. The use of two CSI-RS configurations per cell, as discussed above, is an example of such augmentation. Any of the existing reference signals could be extended within a subframe in order to increase their processing gain within a subframe. For instance, the PSS/SSS currently occur only in two symbols in subframe 0 and 5. In order to create a more robust discovery signal, they could be transmitted in more symbols within the subframe in which the discovery signal occurs. This would allow for detection of the signal at lower SINR especially, if some reuse factor is built into the extension of the signal. For example, the PSS/SSS could appear in a different pair of symbols for cells in different reuse groups. The CRS or CSI-RS could also be similarly extended.

Such augmentation would make sense when accompanied by the suspension of data transmissions within the subframe carrying the discovery signal. The PRS are already designed for not having any data transmissions within the subframe and use up all the available REs in the subframe in order to create adequate processing gain and a reuse factor of 6. Hence, the PRS don’t benefit from the type of augmentation discussed above unless it is done across multiple subframes or across a different set of PRBs for different cells.
Observation: Existing signals may be augmented to create a discovery signal with improved performance.

2.3 Definition of a New Signal

The final option is to define an entirely new reference signal for the purpose of discovery. Given the number of existing reference signals and the fact that cell discovery is an inherent part of the core functionality of LTE and for auxiliary functionality such as positioning, our view is that this is unnecessary.
Observation: Given the rich suite of existing signals in LTE, the definition of a completely new discovery signal seems unnecessary.
3 Conclusion
In this contribution we have discussed several aspects for the discovery signal design. Based on the discussion we make the following observations
· Observation: PSS/SSS/CRS with reduced periodicity can be used as a discovery signal. Interference cancellation at the UE can be used to improve performance at low SINRs in a synchronized network.
· Observation: The CSI-RS can be used as a discovery signal when the system is synchronized and the time and frequency uncertainty are expected to be low. The use of CSI-RS may be beneficial for certain features such as CoMP.
· Observation: The PRS has the necessary characteristics to serve as a discovery signal.

· Observation: Existing signals may be augmented to create a discovery signal with improved performance.

· Observation: Given the rich suite of existing signals in LTE, the definition of a completely new discovery signal seems unnecessary.
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