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1. Introduction

Several different issues motivate an enhancement of the small cell discovery mechanism [1]:

· Severe interference among synchronization signals/reference signals of densely deployed small cells

· Larger UE effort on inter-frequency small cell identification in multi-carrier operation scenarios

· Larger cell planning effort to avoid PCI collision and PCI confusion in super-dense deployment

· Necessity of efficient mechanism to support the small cell on/off operation if it is introduced
· Expansion of the possibilities for efficient operations in the small cell layer such as
· load balancing/shifting,
· CoMP/ICIC,
· efficient small cell on/off,
· enhance mobility robustness in the small cell layer,
· Enhancement of the inter-frequency measurement mechanism to maintain UE energy efficiency and detection/measurement time requirements.
In the companion contribution [2], a modified PSS/SSS was proposed with a companion discovery signal (CDS) on the previously unused REs accompanying the legacy PSS/SSS. In this contributions, the application of the CDS to the different issues above is discussed. 
In section 2, the CDS is briefly summarized. In section 3, different aspects of efficient small cell operation using CDS are discussed.
2. Brief Summary of the Companion Discovery Signal (CDS) [2]
The CDS is transmitted on the previously unused REs next to the legacy PSS/SSS, i.e. as a companion to the PSS/SSS. This assumes that the cells on the carrier where the CDS is transmitted need to be synchronized. It was shown in [3] that such a DS does not interfere noticeably with any other legacy signals. In one PSS/SSS subframe, at least 4 different cells (one group) can transmit and be reliably detected, as described in the companion contribution [2]. In the following examples, 4 small cells per group will be assumed, but further discovery signal design optimizations may yield a larger number. More cells can be detected by time-multiplexing different groups of cells, as described in section 3. Hence, it will take 10 PSS/SSS subframes, i.e. 50 ms, for a UE to detect 40 small cells.

The CDS can also be used for signal quality measurements [2]. These can be used for instance to rank the signal quality of the different discoved small cells.

3. Efficient Operations of Small Cells Using CDS
3.1. CDS Transmission for Intra-frequency Discovery of Small cells

Timely discovery of many surrounding small cells is important to expand the possibilities for efficient operations in the dense small cell layer such as cell association, CoMP/ICIC, and to enhance mobility robustness in the small cell layer.
The intra-frequency UE procedure to detect small cells using CDS is briefly described below.

1. The UE synchronizes to the serving cell using PSS/SSS/CRS.

2. The UE detects the CDS from other cells on the previously unused REs next to the PSS/SSS of the serving cell.

3. The UE reports the detected CDS and corresponding measurement results to the serving cell.
The serving cell can translate a reported CDS into a small cell identity. The procedure above is illustrated in Figure 1. Note that also the other cells may transmit legacy PSS/SSS/CRS, but the UE doesn’t detect these signals.
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Figure 1: The UE can detect the CDS from other cells on the unused REs next to the PSS/SSS of the serving cell. The detected CDS and corresponding measurements are reported to the serving cell.

To enable timely discovery of many small cells, CDS from different groups of cells can be time-multiplexed. For 40 small cells, for example, 10 PSS/SSS sub-frames, i.e. 50 ms, are needed for all cells to be detected. This is illustrated in Table 1, which shows a period of 50 subframes. In each consecutive PSS/SSS subframe a different group of 4 small cells (G0-G9) is transmitted.
	Subframe
	Small cell group

	0
	G0

	5
	G1

	10
	G2

	15
	G3

	20
	G4

	25
	G5

	30
	G6

	35
	G7

	40
	G8

	45
	G9


Table 1: In a period of 50 subframes (10 PSS/SSS subframes), the CDS of 10 groups of small cells can be multiplexed.
If more or less than 40 small cells should be detected, a different period than 50 ms should be configured. 

Observation 1: By time-multiplexing groups of small cells, a UE can potentially detect 40 different small cells within 50 ms in the intra-frequency case.
3.2. CDS Transmission for Inter-frequency Discovery of Small cells
3.2.1. CDS Transmitted on f2

The inter-frequency UE procedure to detect small cells on f2 using CDS is briefly described below. The UE is served on f1.
1. In a measurement gap, the UE detects a small cell on f2, e.g. the strongest cell, and synchronizes to this cell, using legacy PSS/SSS/CRS.

2. The UE detects the CDS from other cells on f2 on the previously unused REs next to the PSS/SSS of the cell detected in step 1. Also the CDS from the strongest small cell is detected.
3. The UE reports the detected CDS and corresponding measurement results to the serving cell on f1.

The serving cell can translate a reported CDS into a small cell identity. The procedure above is illustrated in Figure 2. Note that also the other cells on f2 may transmit legacy PSS/SSS/CRS, but the UE doesn’t detect these signals.
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Figure 2: The UE can detect the CDS from other cells on f2 on the unused REs next to the PSS/SSS of the strongest cell that it detects on f2, during a measurement gap. The detected CDS and corresponding measurement results are reported to the serving cell on f1.
The time-multiplexing of CDS for intra-frequency discovery of small cells on f2 should also take inter-frequency discovery into account. UEs on other carriers, for example a macro carrier f1, can be assumed to perform cell search, detection and measurements on f2 only in their configured measurement gaps. The 6 ms measurement gaps of different UEs may be configured with different time offsets, but the gaps of one UE occur with a period of 40 ms or 80 ms.
The time-multiplexing of CDS could be designed such that 

1) the time for small cell discovery for intra-frequency UEs is minimized, as described in section 3.1, and

2) the time for small cell discovery for inter-frequency UEs is minimized.

The second criterion, for inter-frequency UEs, can be achieved by making sure that in each measurement gap, a new group of small cells can be detected, for any measurement gap configuration.
A time-multiplexing scheme that achieves this is illustrated in Table 2, continuing the example from Table 1 and assuming that UEs are configured with a 40 ms measurement gap period. During the first 50 ms period, all 10 groups of small cells transmit their CDS, using time-multiplexing. In the following 50 ms periods, the pattern is repeated, with all groups being transmitted within a period. Hence, an intra-frequency UE can detect the cells in all 10 small cell groups within 50 ms, just as in section 3.1. 

Consider a UE (UE1 in Table 2) with measurement gap configuration such that it can receive the PSS/SSS and CDS in subframes 0, 40, 80, etc. In the four first 50 ms periods, UE1 can detect the small cell groups G0, G8, G6, G4 and G2. After four 50 ms periods, the transmission of small cell groups within the 50 ms periods is cyclically shifted one step, so that G9 is transmitted in subframe 200 instead of G0. This transmission pattern is repeated for another four 50 ms periods. Due to the cyclic shift, UE1 can detect the small cell groups G9, G7, G5, G3 and G1 in the following five measurement gaps. All small cells are detected within 10 measurement gaps, which equals 400 ms.
Consider another UE (UE2 in Table 2) with measurement gap configuration such that it can receive two PSS/SSS in a single measurement gap. For this UE, it can detect all small cells within only 5 measurement gaps, which equals 200 ms. In a network where also the layers (f1 and f2) are synchronized, all UEs can be configured so that their measurement gaps contain two PSS/SSS.
	Subframe
	Small cell group
	Discovery in UE1’s measurement gaps
	Discovery in UE2’s measurement gaps

	0
	G0
	G0
	G0

	5
	G1
	- (no gap)
	G1

	…
	…
	…
	..

	35
	G7
	-
	-

	40
	G8
	G8
	G8

	45
	G9
	-
	G9

	50
	G0
	-
	-

	55
	G1
	-
	-

	…
	…
	…
	…

	80
	G6
	G6
	G6

	85
	G7
	-
	G7

	…
	…
	…
	…

	95
	G9
	-
	-

	100
	G0
	-
	-

	…
	…
	…
	…

	120
	G4
	G4
	G4

	125
	G5
	-
	G5

	…
	…
	…
	…

	150
	G0
	-
	-

	155
	G1
	-
	-

	160
	G2
	G2
	G2

	165
	G3
	-
	G3

	…
	…
	…
	…

	195
	G9
	-
	-

	200
	G9
	G9
	G9

	205
	G0
	-
	G0

	210
	G1
	-
	-

	…
	…
	…
	…

	240
	G7
	G7
	G7

	245
	G8
	-
	G8

	250
	G9
	-
	-

	…
	…
	…
	…

	280
	G5
	G5
	G5

	285
	G6
	-
	G6

	…
	…
	…
	…

	300
	G9
	-
	-

	…
	…
	…
	…

	320
	G3
	G3
	G3

	325
	G4
	-
	G4

	…
	…
	…
	…

	350
	G9
	-
	-

	…
	…
	…
	…

	360
	G1
	G1
	G1

	365
	G2
	-
	G2

	…
	…
	…
	…

	400
	G0
	G0
	G0

	…
	…
	…
	…


Table 2: Example showing the transmission of CDS from 40 small cells, which are divided into 10 small cell groups (G0 to G9). In each PSS/SSS subframe a small cell group transmits CDS with a period of 50 subframes. After four such periods (see subframe 200), the sequence of small cell groups is cyclically shifted, so that all groups can be received in ten consecutive measurement gaps, for UE1. UE2 receives two PSS/SSS per gap and therefore receives all small cell groups within only five gaps. Note that ‘-‘ in the table indicates that the PSS/SSS is outside the UE measurement gaps.
Even though the transmission pattern within the 50 ms periods is cyclically shifted after four periods, an intra-frequency UE can still detect all cells within a 50 ms period. Note that an inter-frequency UE with any gap offset can detect all small cells within 400 ms.
A UE does not need to be informed of the CDS transmission pattern if it performs detection and measurement of a small cell group based on a single CDS sample (a single PSS/SSS subframe), which was seen as sufficient in [2]. 
If more or less than 40 small cells should be detected, a different period than 50 ms should be configured. For instance, if there is only a single cluster with 10 small cells under a macro, then, for an intra-frequency UE, all of them could be detected within 3 PSS/SSS subframes, i.e. 20 ms, assuming 4 small cells per group. Consequently, an inter-frequency UE with any measurement gap configuration could detect all 10 small cells within 3 consecutive gaps, i.e. 120 ms.

Observation 2: By appropriate time-multiplexing and cyclic shift of small cell groups, a UE can potentially detect at least 4 different small cells per measurement gap in the inter-frequency case. 40 small cells could be detected within 400 ms, assuming a 40 ms gap period.
Observation 3: An inter-frequency UE that receives two PSS/SSS per measurement gap can potentially detect 8 different small cells per measurement gap.
3.2.2. CDS Transmitted on f1 as a Beacon or Carrier Indicator
Frequent inter-frequency measurements for UEs in a macro cell on f1, to assist offloading to small cells on other carriers results in too high UE power consumption, in particular if there are multiple layers of small cells. Therefore, improved energy efficiency for the inter-frequency measurement mechanism is an important requirement for small cell discovery. 
In one scenario, small cells on f2 are capable of transmission on f1 that is synchronized to the macro cell on f1. For this scenario, the small cells on f2 could also transmit CDS on f1, next to the macro PSS/SSS. This transmission has several options, for example

· all small cells on other carriers than f1 transmit the same CDS on f1 as a beacon, to indicate the presence of small cells on other layers, or

· all small cells on the same layer transmit the same CDS on f1, but small cells on different layers transmit different CDS. This option would mean that the CDS on f1 acts as a carrier indicator, which indicates both the presence of a small cell on other carriers, but also on which carriers.
If the CDS on f1 is transmitted next to each macro PSS/SSS, i.e. every 5th subframe, small cells on f2 can be timely detected, also by UEs on f1 with DRX. If 4 different CDS can be transmitted and reliably detected in the same PSS/SSS subframe, then a carrier indicator could indicate the presence of 4 different small cell layers. It is important to note that the transmission of CDS on f1 does not interfere with the macro cell transmission, as shown in [3]. 
The UE procedure for this case is as for the intra-frequency discovery described in section 3.1.
The improved inter-frequency measurement mechanism is illustrated in Figure 3. 
a) As a UE moves through the macro cell on f1, its inter-frequency measurements are turned off. This improves the UE energy efficiency. The UE monitors CDS on f1, which has little impact on power consumption.

b) When the UE detects CDS on f1 and reports it to the serving macro, the macro turns on the UE’s inter-frequency measurements on f2. It can then detect cells in the small cell cluster on f2, for instance using the CDS transmitted on f2. 
c) The UE is offloaded to a small cell on f2.
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Figure 3: A macro UE on f1 does not perform inter-frequency measurements (in position a) until it detects CDS on f1 (in position b). Then the UEs inter-frequency measurements are turned on, and it can be offloaded to f2 (in position c).
When the CDS on f1 acts as a carrier indicator, the macro could configure the UE to do the inter-frequency measurements on only the carriers indicated by the carrier indicator to further reduce the UE power consumption and reduce the offloading delay.
Observation 4: The UE power consumption from inter-frequency measurements can be greatly reduced by using CDS on f1 as a beacon or carrier indicator.
3.3. CDS Transmission from Dormant cells to Support Small Cell on/off
Dormant cells can transmit CDS just like active cells, as described in the previous sections. The CDS uses only a small number of REs and it is transmitted in a small fraction of the OFDM symbols. In the example in section 3.2 with 40 small cells, a small cell transmits a CDS every 50th subframe, i.e. on 2 out of 700 OFDM symbols (normal CP FDD). In the OFDM symbols where the CDS is transmitted, it uses only 8 REs. If further power saving for dormant cells is required, a prolonged CDS transmission period for dormant cells can be introduced. 
The detection using CDS relies on that the UE has already obtained synchronization using PSS/SSS. Therefore, if a dormant cell is stand-alone it should transmit PSS/SSS. For a dormant cell in a cluster, it does not have to transmit PSS/SSS if there are other small cells (active or dormant) in the cluster that transmit PSS/SSS that a UE can use to obtain synchronization before performing detection based on CDS.
Since active and dormant cells transmit CDS in the same way and the UE detection and measurement of active and dormant cells is the same, small cell detection for small cell on/off is simplified. It is up to the network to keep track of which cells that are on and which are off.

Observation 5: Dormant cells can transmit CDS in the same way as active cells with very low power consumption. This enables fast detection and fast small cell on/off operation.

3.4. PCI Collision and Confusion Resolution

One use case for a small cell discovery signal is to solve problems with PCI collision and confusion in dense small cell deployments. By letting small cells with the same PCI transmit different CDS, PCI collisions can be detected and PCI confusions can be resolved. 
3.5. CoMP
Candidates for the CoMP measurement set may be detected and initially measured using CDS. CoMP is typically used with DM-RS based transmission, for example TM10. Therefore, CSI-RS based measurements should be used. The CSI-RS configuration of the UE can be reconfigured to include measurements of a cell that has been detected and measured using CDS. This procedure is illustrated in Figure 5. The CoMP operation with the other cell can be rapidly initiated already when the other cell has been detected and measured using CDS, i.e. even before the UE has started CSI-RS based measurements and reporting.
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Figure 5: After the UE has reported the discovery and measurement result of a cell (the “other cell”), the serving cell may choose to include it into the CoMP measurement set. Then the UE should be configured to measure and report CSI also from the newly detected cell. With timely discovery, the CoMP operation can be initiated at an early stage.
Observation 6: Cells detected by CDS can readily be included in legacy CoMP operations. The CoMP operations can be initiated directly after discovery for a fast CoMP setup.
3.6. Cell Association (Load Balancing)
3.6.1. Intra-frequency Cell Association
Legacy intra-frequency handover relies on that the UE can detect the PSS/SSS of the target cell. Therefore, cell association based on legacy handover is not suitable for cells detected only using CDS. Instead, CoMP-based cell association can be used, as described in section 3.5, for instance using transmission/reception point selection. Hence, the UE can always detect legacy PSS/SSS for the serving cell, but the cell that serves the data traffic can be any cell detected with CDS.
Observation 7: CDS based discovery enables CoMP based intra-frequency cell association.
3.6.2. Inter-frequency Cell Association
Also legacy inter-frequency handover relies on that the UE can detect the PSS/SSS of the target cell. Therefore, inter-frequency cell association could be performed as outlined in the bullets below and illustrated in Figure 6.
1. The UE performs inter-frequency measurements on f2. It detects the legacy PSS/SSS of a cell on f2, e.g. the strongest cell, and the CDS of a weaker cell. The UE performs CRS-based RSRP/RSRQ measurements on the strongest cell and CDS-based measurements on the weaker cell. The UE may also detect and measure the CDS of the strongest cell on f2 but it does not detect the legacy PSS/SSS of the weaker cell.
2. The UE sends the legacy inter-frequency measurement report to the serving cell on f1 together with a report on the CDS based detection and measurement. 

3. The serving cell on f1 translates the received CDS into small cell identities. The serving cell decides that the UE should be offloaded to f2.

4. The serving cell on f1 initiates a handover to the strongest cell on f2. The serving cell could include the discovery report of the weaker cell on f2 in the handover request, to assist rapid setup of CoMP operations on f2.
5. The strongest cell on f2 admits the UE, but also immediately initiates CoMP operations with the weaker cell on f2, based on the discovery report obtained from the serving cell on f1. Note that the CoMP operations are initiated before the handover is completed, in order to facilitate rapid intra-frequency load balancing as soon as the UE is handed over.

6. Directly after handover to the strongest cell on f2, the UE is configured for CoMP operations with the weaker cell on f2. From here, the procedure is as for CoMP, as described in section 3.5.
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Figure 6: Example procedure on how a UE detects a weaker cell on f2 using the CDS during inter-frequency measurements. Fast inter-frequency cell association is achieved by early initialization of CoMP with the weaker cell. 
Observation 8: The UE needs to be handed over to a cell on f2 for which it can detect legacy PSS/SSS. However, the CDS based discovery can assist rapid cell association (load balancing) on f2 using CoMP. 
Proposal 1: A serving cell should be able to include CDS based discovery reports in a handover request, in order to facilitate a rapid setup of CoMP operation after handover.
3.7. ICIC
The required level of measurement accuracy for ICIC for a dense small cell layer is implementation specific. In some cases, a simple neighbor detection would be sufficient whereas other implementations could benefit from higher accuracy in neighbor cell measurements. This should be further studied.
4. Conclusion
In this contribution, it was shown that it is possible to use the companion discovery signal (CDS) to solve the issues that motivate an enhanced small cell discovery mechanism. Further detailed studies are needed to show the performance and efficiency of these solutions.
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