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1.  Introduction
As have been discussed in [1], it is foreseen that LTE carriers/bands are added in the future to meet capacity needs, hence resulting in coexisting different UE band capability and multiple carriers/bands having different coverage throughout the network. In UMTS managing such “collage” of carriers/bands under coexisting UE capability has been troublesome, regarding optimisation of parameters such as the neighbour list and Qoffset. The LTE standard should readily support such multi-band/carrier scenarios, minimising the OAM complexity. As have been discussed in [1], a viable strategy would be to limit the carriers that UEs can camp on, hence having a dominant/subordinate (D/S) cell configuration (see [1] for details). Under the D/S configuration, cells (carriers) are classified as dominant or subordinate, that is, those having all the control channels including the Sync. CH, PCH, and BCH for self-contained operation, or those having only the essential control information (e.g., Sync. CH and partial system information) needed to accomodate RRC_CONNECTED users, respectively. Consequently, UEs can camp only on dominant cells, while using either a dominant or subordinate cell for data delivery.

In LTE, load balancing is essential because of the shared channel nature. That is, the user throughput is in principle inverse proportional to the number of active UEs in the cell, and the loading directly impacts on the user perception. Hence, balancing loading among the available bands/carriers is more important in LTE, than it has been in Release 99 WCDMA. Load balancing can, in general, be classified into camp load balancing and traffic load balancing. The camp load balancing is to distribute IDLE users among the bands/carriers such that upon activation, the loading of the bands/carriers would be balanced. The traffic load balancing is to balance the loading of actively transmitting users, using redirection for example. With the D/S configuration, since cells for camping are limited, the camp load balancing becomes less important. However, the traffic load balancing is indispensable to fully utilise the subordinate cells. This paper studies various techniques for load balancing, and discusses which schemes shall be supported in LTE, with an aim to efficiently support D/S configuration.

Note that this paper is a sequel to [1] and is an update of [2].
2. Considerations
2.1  UE bandwidth capability

In RAN1#46bis in Seoul, the miminum UE capability has been changed to 15 MHz from 10 MHz [3]. With the minimum UE capability of 15 MHz, a peculiar characteristic of LTE is that the best cell to be selected for a UE depends on the cell bandwidth, loading, and the UE bandwidth capability. An example is shown in Fig. 1, where three cell layers (carriers) having 20, 10, and 5 MHz bandwidth are considered. In the example, the current loading of cells has the order A > B > C. According to the amount of residual resources, it seems that cell A should be preferred over cell C and B, hence resulting in the order of preference A > C > B for cell selection. This is true for a 20 MHz capable UE as the UE has the capability to utilise the residual resouces in any of the cells A, B, and C. However, for a 15 MHz capable UE, cell A is not preferable as it can only utilise 3/4 of the cell bandwidth in A due to its capability, hence resulting in the order of preference C > B > A. (Note that the operator may have a different preference, e.g., B > A > C considering that cell C is 5 MHz.) Although the change of the minimum capability to 15 MHz diluted such observation compared to when the assumption was 10 MHz, the 5 MHz difference between 20 MHz capable and 15 MHz capable UEs is still considerable and does not alleviate the problem. Therefore, the best cell depends on the cell bandwidth, loading, and the UE bandwidth capability (as well as the operator policy). Thus, to optimise cell selection in LTE, all these factors should be considered.

This can be accomplished either by the UE acquiring knowledge on the bandwidth and loading of each cell, or by the network knowing the UE bandwidth capability. The UE capability can be known to the network either by making the UE report its bandwidth capability upon request, or by preserving this information in the network, e.g., in MME during RRC_IDLE. However, because the bandwidth capability is radio specific, preservation in MME may not be desirable from architecture (i.e., AS/NAS separation) perspective.
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Fig. 1.  Best cell selection depends on UE bandwidth capability.

2.2  Measurements

For the cell selection to be reliable, the UE should measure the relevant cells, consuming however, the battery. The LS from RAN1 [4] suggested that in LTE, a 10 MHz capable UE operating on a upper/lower half of a 20 MHz cell does not need to measure the other half for frequency reconfiguration. Although the 15 MHz update [3] has swept such scenarios, whether the similar assumption holds on the cells belonging to the same band needs to be questioned. If measurements are dispensable, cell selection/reselection and redirection procedures can be simplified considerably. However, the need for measurements depends not only on the carrier frequency of the cells to be measured, but also on the network deployment. For instance, the operator may place a radio booster (amplifier) near the cell edge to extend the coverage of a certain carrier/band (Fig. 2). In another example, the coverage may be different between the layers due to differences in inter-cell interference resulting from layer discontinuity in certain layers (Fig. 3). Thus, the cell coverage can be different for each carrier/band, even if they are of the same eNB. Consequently, measurements (or measurement reports) should be configurable by the network, depending on which cells shall be measured or reported.
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Fig. 2.  Example case where coverage difference is caused by radio boosters.
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Fig. 3.  Example case where coverage difference is caused by layer discontinuity.

3. Traffic load balancing
With the D/S configuration in place, effective means for traffic load balancing is indispensable. Table 1 lists possible mechanisms. In Alternatives 1 and 2, the accessing cell is selected and redirected by the network, whereas in Alternative 3, the UE selects the cell to access considering the selection probability indicated in system information. The proposition of 2.1 implies that the UE capability should be reported (or preserved) for Alt.1 and 2, whereas the cell bandwidth and loading should be known to the UE in Alt.3. Moreover, the proposition of 2.2 yields that the network should be provided with the choice of commanding the UE to perform measurements or not, upon (or preceding) redirection in Alt.1 and 2, and during RRC_IDLE in Alt.3. As such, each alternative is subdivided into two cases by whether UE measurements are utilised or not. Note that, w/o measurements in Alt.1 and 2 means that the redirection is blind, that is, the UE does not measure the redirected cell prior to transition. In Alt.3, w/o measurements means that the UE pre-selects the cell to access, considering the selection probability included in the system information of the camped cell, but does not measure the pre-selected cell. The camped cell is measured however for cell reselection (e.g., S-criteria).
TABLE 1.  Possible mechanisms for traffic load balancing.
	Solution
	Alt.1: Redirection during RRC_CONNECTED (i.e., cell change order or forced handover)
	Alt.2: Redirection upon RRC establishment
	Alt.3: Accessing cell pre-selection (using selection probability system info)

	
	w/o measurements
	w/ measurements
	w/o measurements
	w/ measurements
	w/o measurements
	w/ measurements

	Description
	UE is redirected by the network after RRC establishment with the dominant cell.
	UE is redirected by the network upon RRC establishment. This can be done at various stages:

Alt.2-1: Paging

Alt.2-2: RA response

Alt.2-3: Conn. Setup
	UE camps on a dominant cell, but in addition, pre-selects the cell to access, considering the selection probability of each cell layer indicated in system info. The selection probability can be set considering the cell bandwidth, loading, and market penetration of different UE capabilities.

	Decision
	Network
	Network
	UE

	Extra delay upon conn.  setup
	None
	None
	None
	Considerable delay due to measurements if they are performed upon redirection.
	None
	None

	UE battery consumption
	Low
	Medium
	Low
	Medium
	High (needs to reselect both camping/accessing cells, although this may be limited by S-criteria)

	Extra system info
	None
	None
	Selection probability and frequency code number needs to be broadcast for each layer.

	OAM complexity
	Low
	Low
	High

	Procedure efficiency
	Redundant as the UE first establishes RRC connection with the dominant cell.
	No redundant procedure
	No redundant procedure

	Remarks
	A reverting mechanism is needed in case of redirection failure.
	Measurement gaps need to be configured.
	A reverting mechanism is needed in case of redirection failure.
	Sophistication is needed to reduce measurements, delay, and OAM complexity.
	
	Reselection criteria needs to be designed for camping and accessing cell selections.

	Necessity
	Needed
	Needed
	FFS


Alternative 1 is considered necessary as it is useful for purposes other than traffic load balancing. For example, the operator may wish to force certain UEs to transit to a different layer regarding the mobility and layer discontinuity, SLA, or retention priority. The redirection procedure can be used to move such UEs. However, the use of Alternative 1 upon connection establishment should be avoided as it takes redundant procedures. In this respect, Alternative 2 is preferable and hence is considered necessary. Alternative 2 is especially efficient for moving UEs to a cell that does not require measurements (e.g., to a cell of the same band), although sophistication is necessary for the procedure incorporating UE measurements, such that the connection setup delay, UE measurement load, and OAM complexity are tolerable. Alternative 3 is advantageous in reducing the delay and simplifying the procedure of connection setup, even when the camping and accessing cells belong to different bands. Nevertheless, the need to setup and broadcast selection probabilities for each layer, and the measurement complexity during RRC_IDLE burden on this alternative and imply that further study is necessary.
4. Camp load balancing
Although the D/S configuration diminishes the importance of camp load balancing, some mechanism should be available in case multiple dominant cell layers are configured (as in Scenario 2 in [1]). The cell selection timing in LTE is considered to be similar as in UMTS (listed in Table 2). An effective mechanism is needed, regarding mainly cases 1 and 2 listed in Table 2.
TABLE 2.  Cell selection timing in UMTS.

	
	Case
	Selection criteria
	Applicable load balancing  mechanism
	Remarks

	1
	Cell reselection in IDLE
	Best quality cell in the neighbour list
	Qoffset, neighbour list
	· This factor increases as NW coverage increases.

· More applicable to high mobility, low usage users.

· Setting Qoffset and neighbour list imposes significant work load on OAM.

	2
	RRC connection release (call termination, RAU)
	Redirected cell by RRC or best quality cell in the neighbour list
	Redirection by RRC
	· This factor increases as NW coverage increases.

· More applicable to low mobility, high usage users.

· Easier in terms of OAM than 1.

	3
	Recovery from out of coverage
	Best quality cell of band/carrier in stored info
	
	· Minor case as this factor reduces as NW coverage matures.

· However, would not be extinct as certain cases, e.g., moving out of a tunnel, will remain.


Another important aspect that needs to be considered is inter-RAT balancing. Without a deliberate mechanism, all UEs capable of LTE are likely to select LTE depending on the implementation. However, the RAT selection should consider the UE capability, SLA, loading, etc., and as such, needs to be disciplined. The inter-RAT balancing could be resolved by camp load balancing, as well as by traffic load balancing (e.g., usage of a procedure similar to inter-RAT cell change order). To avoid U-plane interruption incurred by inter-RAT transitions during packet transfer, it is preferable that the UE selects the appropriate RAT during IDLE and between packet transfers in the ACTIVE mode whenever possible.  (The increasing use of heartbeat signalling by applications is expected to keep many UEs in the ACTIVE state for long periods of time, and for this reason both traffic load balancing and camp load balancing are foreseen as necessary.)
Table 3 lists possible mechanisms for camp load balancing. Solutions 1 and 2 are effective for cell reselections in RRC_IDLE, and hence more applicable to high mobility, low usage users. In contrast, Solution 3 is effective for low mobility or high usage users, having less need for reselection or more occasions for redirection upon release, respectively. As such, the overall effectiveness of Solutions 1, 2 and 3 depends on the subscriber behaviour. Solutions 1, 2 and 3 have been supported in UMTS, and seem also effective for LTE, although to what extent the neighbour list would be useful in LTE is yet unclear and needs further study. Solution 4 [5] is beneficial in that the UE capability can be handled appropriately by the network. The UE specific Qoffset can also apply to inter-RAT relations, hence preventing UEs concentrating in a certain RAT. The UE specific Qoffset would be a viable inter-RAT solution, given that the measurement quantities of different RATs are comparable, i.e., uses the same scale. Note that the Qoffset must be valid even after the UE reselects another RAT, and as such, the relevant legacy 3GPP specifications will have to be updated accordingly. Solution 5 is similar to Alternative 3 (Table 1) for traffic load balancing, and has some benefits as listed in Table 3. Nevertheless, the system information overhead and UE battery consumption detracts from the benefits. Since Solutions 1-4 provide sufficient mechanisms for camp load balancing (including inter-RAT), there seems no outstanding reason to support Solution 5.
From the brief discussions above, it seems that Solutions 1-4 should be supported in LTE. However, we should try to simplify the mechanisms, as the D/S configuration and traffic load balancing should reduce the duty of camp load balancing, except for inter-RAT.
TABLE 3.  Possible mechanisms for camp load balancing.
	Solution
	1: Qoffset
	2: Neighbour list
	3: Redirection upon RRC release
	4: UE specific Qoffset [5]
	5: Selection probability system info

	Description
	· Use Qoffset to equalise (or even bias) measurements among different layers.
	· Use neighbour list to indicate overlaid dominant cells.
	· The cell (or cell layer) to camp on is directed by RRC release message.
	· UE specific Qoffset for inter-freq / inter-RAT relations is set in RRC_CONN and/or IDLE. A group of UE can be addressed to apply it.
	· UE selects the cell to camp on according to the selection probability system info.

	Pros
	· Path loss difference can be suppressed.
	· Layer discontinuity can be resolved.
	· UE capability can be considered.

· Possible to balance among all cell layers.
	· UE capability can be considered.

· Possible to balance among all cell layers.

· Roaming and NW sharing cases can be resolved.
	· Possible to balance among all cell layers.

· UE capability (in terms of market penetration) can be reflected on the selection probabilities.

	Cons
	· UE capability cannot be considered.

· OAM complexity
	· UE capability cannot be considered.

· OAM complexity
	· Measurements and system info retrieval upon RRC release may cause missed paging if a new packet arrives immediately.
	· Relevant lagacy specs will have to be updated, such that the UE specific Qoffset is relfected in cell reselection.
	· System info overhead

· Consumes UE battery

	Remarks
	· Supported in UMTS
	· Supported in UMTS
	· Supported in UMTS
	· New in LTE
	· Supported in Japanese PDC

	Necessity
	Needed
	Needed
	Needed
	Needed
	FFS


5.  Conclusions

Cell selection and load balancing for LTE have been discussed, in the context of D/S configuration proposed in [1]. Two considerations were addressed regarding cell selection:

· The cell bandwidth, loading, and the UE bandwidth capability should be considered to optimise cell selection.

· The need for measurements upon redirection (or accessing cell pre-selection) depends not only on the carrier frequency of the cells to be measured, but also on the network deployment (e.g., radio boosters in certain layers and layer discontinuity). Hence, UE measurements upon redirection (or accessing cell pre-selection) shall be configurable by the network.
Regarding load balancing, our conclusion is that the mechanisms for traffic load balancing similar to those in UMTS, such as redirection during RRC_CONNECTED and upon RRC establishment, are essential in D/S configuration, and should be supported in LTE. Moreover, similar mechanisms for camp load balancing as in UMTS, i.e., Qoffset, neighbour list, and redirection upon RRC release, should be supported in case multiple dominant cell layers are configured, although the D/S configuration should diminish elaboration into camp load balancing. Considering the applicability for inter-RAT balancing, the UE specific Qoffset should also be supported. NTT DoCoMo and T-Mobile invite further comments from other operators and vendors to progress the study and standardisation regarding load balancing in LTE.
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