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1 Introduction
In RAN plenary meeting #62, the agreed WID [1] for Small cell enhancement – Physical layer aspects reads:

· Efficient operation with reduced transition time of small cell on/off in single-carrier or multi-carrier operation, with enhanced discovery of small cells

· Can use existing handover, CA activation/deactivation, dual connectivity (if supported) procedures. New L1 procedure for activated Scell operating on/off can further reduce transition time depending on the detailed solutions

· 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.
In RAN1 #76, it was agreed that the enhanced cell discovery procedure is only configured for RRC_CONNECTED mode UEs and can assume the transmission of multiple signals. The transmission of PSS for at least coarse time synchronization, support for RSRP and RSRQ-like measurements and the provision of network assistance to the UE at least for timing related information was also agreed. Other signals that should be present in the discovery burst and the calculation of RSRQ was left for further study.
In this document, we consider the remaining questions related to the design of the discovery burst including which signals other than the PSS should be present and what functions they could be used for.
2 Discussion

2.1 Design Targets

It was identified in the WID that the discovery signal needs to support cell identification, coarse time/frequency synchronization, intra-/inter- frequency RRM measurement of cells and quasi-co-location in order to support small cell on/off operation. To adequately support small cell on/off, 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. Additionally, the discovery signal should have the ability to handle higher interference resulting from very dense small cell deployments and preferably improve the sensitivity of cell detection in noise-limited environments. The discovery signal also should have the ability to support the new L1 procedure on an activated Scell, which is the operational mode with the highest performance gains. To support the new L1 procedure, the discovery signal should enable a cell to turn off and on with much faster transition times than possible with the other small cell on/off mechanisms such as handover or cell activation/deactivation. In order to do this, it is desirable for it to be able to support the provision of CSI feedback by the UE so that data may be scheduled dynamically on a subframe basis. Furthermore, if the discovery signal can enhance the number of available PCIs, it would be beneficial. An ability to operate in an unsynchronized network could also be useful.
In this context, we discuss various possibilities for the design of the discovery signal. In the summary on small cell discovery in [5], it was stated that “efficient small cell discovery procedures can be achieved by enhancing the transmission and/or reception of existing SS/RS, including that of PSS/SSS/CRS, CSI-RS, and PRS”. Thus, there is no necessity to consider entirely new discovery signals. This leaves the following options for discovery signal design. The first class of options 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, e.g., additional SSS sequences as described in [2]. In the following, we present our views on the best choice of signals for the different functionalities to be supported by the discovery burst.
2.2 Functionalities and Signals
2.2.1 Coarse time and frequency synchronization
As indicated above, it has been agreed in RAN1 to transmit the PSS at least for the purpose of coarse time synchronization. The PSS is well suited for this and already serves this purpose. It has been shown in prior studies that the PSS can be used by the UE to bring down time uncertainty to within a couple of microseconds [7]. For coarse frequency synchronization, however, the PSS by itself is inadequate. If the SSS is transmitted together with the PSS, this can improve performance and help reduce frequency uncertainty. Frequency synchronization via the SSS can also be improved if additional SSS sequences are used in the discovery burst as proposed in [2]. This will improve both the number of REs and the span of the signals used in time.
Fine time and frequency synchronization can also be achieved via the CRS. Coarse time synchronization should not rely on the CRS since the structure of the signal is such that there are ambiguities spaced roughly every 10 microseconds. However, once time and frequency uncertainty have been brought well within the span of these ambiguities with the use of the PSS/SSS, the CRS can be used for further reduction of time and frequency error as is currently achievable in LTE. An implementation aspect to consider is that the CRS uses a pseudo-random sequence based on the cell ID which could make its use as a discovery signal in isolation without the PSS/SSS more difficult.
The CSI-RS has been suggested as one of the signals used in the discovery procedure. As far as time and frequency synchronization are concerned, 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 [7]. Such a combination of CSI-RS signals exhibits much better properties in terms of time and frequency synchronization. The use of such a combination of signals can be indicated to the UE by configuring multiple CSI-RS signals within the subframe for the UE and further indicating that they are quasi-co-located with respect to all properties. The UE can then use CSI-RS together depending on the quasi-co-location properties received and improve performance. It should be noted however that the utilizing two or more signals in this manner limits the reuse and flexibility of use for the CSI-RS. Another option is 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 respectively. When the uncertainty is low, the CSI-RS could still potentially be used by itself. A similar implementation aspect, as with the CRS, should be considered which is that the CSI-RS uses a pseudo-random sequence based on the cell ID which makes its use as a discovery signal in isolation without the PSS/SSS more difficult.

Observation: PSS/SSS can be used for coarse time and frequency synchronization. The use of additional SSS in the discovery burst can improve frequency synchronization performance.
Observation: The CRS and CSI-RS can be used for fine time synchronization after obtaining coarse time synchronization using the PSS/SSS. The CRS can be used to improve frequency synchronization performance.
2.2.2 Cell identification

One option for cell identification is to use the legacy PSS/SSS. 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 when considering the performance only over one received subframe. However, it was shown in [6] 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, but when the network is synchronized, even simple cancellation algorithms yield very good performance. It is also important to recognize that the reduced periodicity of the discovery signal also has an impact on cell identification performance.
The transmission of the legacy PSS and SSS has the benefit that legacy UEs may also potentially identify cells transmitting the discovery burst and make measurements on these cells. Other methods can be used to ensure that the cells are not used by legacy UEs for other purposes, e.g., the lack of PBCH or using cell barring to block idle mode UEs. As an example, a legacy UE could be set up to make inter-frequency measurements with measurement gaps that are aligned with the discovery bursts and could return measurements based on these bursts. The network can then decide if the cell must stop on/off operation so that it can serve legacy UEs in the vicinity of the cell.
One method to enhance cell identification capabilities is for the subframe to carry multiple different SSS sequences, e.g., an additional SSS sequence that is different from the main one could be used. The use of the additional SSS has the benefit of extending the cell IDs (by as much as a factor of 168 for each additional SSS) as well as providing greater sensitivity in a noise-limited environment which can help compensate for the negative impact of reduced discovery burst periodicity on performance. Interference limitations may also be alleviated since the use of three or more SSS sequences instead of one in the subframe can provide extra discrimination as shown in [3]. Another benefit of using the SSS is that it lends to a simpler implementation in the UE since the SSS sequences are m-sequences and not pseudo-random.

A further benefit using SSS augmentation is its ability to function well even in an unsynchronized network since it does not depend on positional reuse, i.e., the REs from neighboring cells being silent. In such a network, assistance on the rough expected timing of the discovery burst for a given cell may be provided to the UE. The UE can then use the timing assistance to detect the cell.

In addition to extension of the cell ID space, use of the additional SSS sequences also provides the ability to define a hierarchical system of cell IDs. An example of this is shown in Figure 1 with the use of two additional SSS sequences, labeled SSS1 and SSS2, where the additional sequence SSS1 is used to distinguish between different clusters in different buildings under the coverage area of a macro cell with a single PSS/SSS and SSS2 is used to further distinguish between the floors of each of the buildings. The ability to distribute the cell ID in such a hierarchical manner can provide a powerful tool for management of heterogeneous networks while at the same time simplifying cell planning.
Observation: PSS/SSS can be used for cell identification. Interference cancellation at the UE can be used to improve performance at low SINRs in a synchronized network.

Observation: Additional SSS sequences can extend the cell ID space, provide tools for simplified management of heterogeneous networks, as well as improve cell detection performance.
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Figure 1: Example of a hierarchy of cell IDs labeling geographically separated transmission points and hierarchical clusters of transmission points within one Rel-8 cell.
Another option for cell identification is to use the CRS directly. The pseudo-random sequence used for the CRS is derived using the cell ID and a search for the appropriate sequence based on a set of hypothesized cell IDs can allow the UE to determine the cell. One advantage of the CRS is that the signal is spread across the whole bandwidth. Hence, when the bandwidth of the carrier is much higher than 6 RBs, e.g., 50 RBs, the number of REs available is high. Transmission of the CRS in the discovery burst also has the advantage described earlier of allowing legacy UEs to perform measurements on the cells transmitting discovery signals. Furthermore, it is beneficial for the discovery burst to be transmitted both when the cell is off and it is on. In this context, not transmitting the CRS can impede the ability to transmit the discovery burst with the same format in both on and off states, since the CRS are expected to be transmitted when the cell is on.
Observation: Transmission of CRS along with PSS/SSS can help with legacy UE support and with seamless transmission of discovery bursts in both on and off states.

An option that has been suggested for use in the discovery procedure is the 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 if the network is synchronized. This property allows the CSI-RS to be used with a very high reuse factor, potentially up to 20 (16 if PSS/SSS is present in the subframe), 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. Furthermore, cell planning is required to ensure that two cells with CSI-RS assigned to the same REs are not received with similar powers by the UE. This is because the sparseness of the CSI-RS reduces its robustness to interference. 
It is important to note that the pseudo-random sequences used for the CSI-RS may be initialized using a virtual cell ID rather than the true cell ID. Thus, when the network employs the use of such virtual cell IDs, the UE is essentially detecting this virtual cell ID and reporting it. It is then up to the network to ensure the mapping between the detected virtual cell ID and the true cell ID as necessary. It may also be noted that the use of CSI-RS in general requires some degree of cell planning in order to manage the assignment of CSI-RS locations and zero power CSI-RS, especially if virtual cell IDs are used. It has been suggested that only the PSS and CSI-RS could be used in the discovery burst without transmission of SSS. This would make the mapping of virtual cell IDs to true IDs even more critical in the network. A more robust option would be to transmit the SSS as well so that the Rel-8 cell ID can be detected by the UE if necessary.
Observation: The use of CSI-RS alone for cell identification is not very robust. The use of CSI-RS may be beneficial for certain features such as CoMP. There is a trade-off between robustness, reuse factor and flexibility of use with the CSI-RS. Pseudo-random sequences for the CSI-RS can potentially make implementation more complex when not used in conjunction with PSS/SSS. Greater cell planning may be required in comparison with other options.
Another option for cell identification and other functions 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 of 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. However, the PRS 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. However, the PRS has the same implementation issue with regard to the use of pseudo-random sequences as cited above for the CSI-RS. Also, the transmission of the PRS and the CSI-RS in the same subframe is difficult. Transmission of the CSI-RS within the discovery burst is very useful especially for the new L1 procedure as described in [4].

2.2.3 RRM Measurements

A number of the observations made in the previous section about cell identification, especially regarding signal structure and reuse are applicable to RRM measurements as well since the cell identification process essentially involves some form of signal strength measurement in the first place. From the point of view of the signal to be used for RRM measurements, many options are viable including, the main and additional SSS sequences, the CRS and potentially the CSI-RS (in a synchronized network). 
The use of the CSI-RS has some potential advantages as discussed in [2]. 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 Rel-8 cell ID.
Such advantages also exist for the multiple SSS option. Here, the number of cell IDs is increased and different transmission points under the same cell can have different Rel-12 cell IDs (PSS/SSS/SSS1/SSS2), but the same Rel-8 cell ID (PSS/SSS) as described earlier. The ability to have such a hierarchical solution can provide advantages beyond just a single feature and for the operation of the network as whole. It should be noted that the use of multiple SSS is advantageous even if measurements are performed on the CSI-RS. For example, the UE could measure an RSRP/RSRQ measurement on a CSI-RS and report the associated Rel-12 cell ID defined by the multiple SSS which can potentially simplify management and planning in the network and mapping of the measurements.

Finally, the CRS could be used for measurements as in Rel-8 to Rel-11, but the CRS is tightly linked to the Rel-8 cell ID. Hence, it doesn’t present as many options for the case of multiple transmission points operating under the same logical cell.

Observation: The multiple SSS option provides greater flexibility for RRM measurements than the CRS. The mutiple SSS option can also work in unsynchronized networks and simplify network planning.

2.2.4 Quasi-co-location
Provision of QCL relationships between different signals in the discovery burst and between signals in the discovery burst and other reference signals that may occur in other bursts containing data transmissions can assist the UE in minimizing the time taken to receive data on a cell that was previously off. For example, if CSI-RS is used for measurements, it would be helpful to provide the UE information about the channel parameters in respect to which the signal CSI-RS is quasi-co-located to the PSS and SSS. Regardless of the choices made on the signals for various functions, the ability to provide such QCL information should be supported.
It is also important in enabling fast on/off to note that the UE could be configured to provide CQI feedback based on signals in the discovery burst. This is especially useful for the faster on/off procedures such as the new L1 procedure on an activated SCell. The QCL information is also useful in this regard.
Proposal: Provision of information by the network regarding QCL parameter relationships between different signals within the discovery burst and between signals within the discovery burst and in other subframes should be supported.

2.3 Discovery Burst
Considering the discussion and observations from the previous section, we present some proposals for the signals and functionalities to include in the discovery burst in this section where the burst could consist of multiple subframes. We first define a discovery burst as follows:
Definition: A discovery burst is a burst of N >= 1 subframes that occurs every M subframes and may contain multiple signals.

The values of N and M could be configurable. For instance N could be 1 subframe and M could be 160 subframes. 
Proposal: The discovery burst should contain the PSS, SSS, additional SSS sequences, the CRS and the CSI-RS.

Proposal: Cell identification and RRM measurements should be based at least on the PSS and multiple SSS sequences.
Figure 2 shows an example of a discovery burst that contains the PSS/SSS, one port of CRS, 20 possibilities for CSI-RS and in addition consists of additional SSS sequences that are different from the main SSS. Clearly such a combination of signals within a discovery burst can ensure that all the design criteria for discovery signals and procedures can be met. The PSS/SSS/CRS and additional SSS can ensure cell identification and time/frequency synchronization. The additional SSS can allow for more cell IDs as well as improve sensitivity of cell detection and can also be used to perform RRM measurements. The CSI-RS can also be potentially used for RRM measurements and in addition, be used for provision of feedback when using the new L1 procedure in an activated Scell as described in [4]. 

[image: image2]
Figure 2: Proposed discovery burst containing multiple signals
3 Conclusion
In this contribution, several aspects on discovery signal design were discussed and the following was proposed. 
· Proposal: The discovery burst should contain the PSS, SSS, additional SSS sequences, the CRS and the CSI-RS.

· Proposal: Cell identification and RRM measurements should be based at least on the PSS and multiple SSS sequences.
· Proposal: Provision of information by the network regarding QCL parameter relationships between different signals within the discovery burst and between signals within the discovery burst and in other subframes should be supported.
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