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DLMC – On carrier selection 
1 Introduction
A new GERAN work item for Downlink Multi-Carrier Downlink (work item DMCG) was agreed in [1] at GERAN#55. 
The specification for Downlink Multicarrier will to a large extent re-use what is already available for the already specified feature Downlink Dual Carrier.

One of the new aspects that are introduced by the Downlink Multi-carrier feature is the carrier selection process that is needed to ensure that the MS and the network are aligned in any given radio block period regarding what resources are used for downlink data transfer while at the same time attempting to maximize the downlink throughput, see [1].

Different evaluations have been done in earlier contributions both with theoretical calculations and simulations taken from real network data, see [1] and [2].

This contribution evaluates the different selection methods proposed using real network data to estimate the benefits and drawbacks with each solution.

A way forward for the specification of carrier selection for DLMC is proposed.

2 Background

Need for carrier selection

The use of a wideband receiver is one of the corner stones for the DLMC feature. Due to the limited bandwidth of a wideband MS receiver, in that the bandwidth might not be able to envelope all carriers assigned during a specific radio block period, some functionality of the DLMC feature is needed for the network and MS to determine what carriers to receive, to ensure that they are coordinated in each radio block period.

If this type of functionality is not implemented, the throughput of a DLMC MS will be diminished and resources in the network will be wasted.

Carrier selection methods

Different carrier selection methods proposed within the DLMC work are shortly described below with important differences pointed out to understanding the results presented in this paper.

For more details of each selection method, please see [1] and [2].

Optimum

The ‘Optimum’ method will search through all possible carrier combinations over the radio block period and choose the one that maximizes the number of carriers received for one user.

If there are a multiple of options on how to receive the same number of carriers, either a predetermined rule, or a user specific rule, is needed to ensure the network and MS is coordinated on which carriers to receive.

Example:

Three carrier combinations results in the same maximum number of carriers received (2 carriers): [C1, C3], [C2, C3] and [C3, C4]. The network and MS need to be coordinated on which one out of the three combinations to choose.

Priority based

In the ‘Priority based’ selection, each carrier for each user will be assigned a number. The numbering is used to discard carriers (if needed) for each burst in each radio block period until all remaining carriers can be received by the MS during that radio block period. 

Compared to the ‘Optimum’ selection this approach can be seen as, at first ensure that carriers with higher priority are received; second, receive as many carriers as possible.

This will give a control of the network to distribute which carriers on average will be received for each user. The simplest example would be that the highest priority carrier that will always be received (a single carrier can always be received), see also Figure 3 and Figure 5.

Divide and Conquer

The ‘Divide and Conquer’ algorithm is split into two separate steps; a divide part and a conquer part.

The ‘Divide’ part will divide the carriers into separate groups based on the maximum frequency separation of the carriers in each burst, and the supported MS bandwidth. One to four groups can be formed by this first step.

In the ‘Conquer‘-part each groups is checked separately. Compared to the ‘Optimum’ approach, not all combinations are included in the analysis but only carrier combinations where the same virtual “anchor” is used in all four bursts. The “anchor” represents the lower bandwidth edge of a “virtual” MS bandwidth. The principle is shown in Figure 1.


[image: image1]
Figure 1. Conquer with anchor (purple line) at MAIO=0 and MAIO=1.

The ‘Divide and Conquer’ is similar to the ‘Optimum’ method but it investigates only a limited number of carrier combinations. Out of the limited number of carrier combinations the combination that maximizes the number of carriers received is chosen.

Similar to the ‘Optimum’ approach, some rule is needed to determine which carriers to receive if there are a multiple of options for the same number of carriers.

Previous evaluations

The evaluations on different carrier selection methods have so far focused on average carrier throughput achieved given different bandwidth capabilities of the MS in a single user scenario. I.e. in each of the four bursts in a radio block period carriers have been selected to ensure that the ARFCNs of the selected carriers can fit within the bandwidth capability of the MS in each burst.

The complexity of the selection methods have been evaluated based on number of operations (see [1]) and execution time of algorithm implementations (see [2]). 

The conclusion from the investigations is that both the ‘Priority’ based selection and ‘Divide and Conquer’ results in much lower complexity than the ‘Optimum’ carrier selection.

In the remainder of this paper, evaluations will be focused on the ‘Priority based’ and ‘Divide and Conquer’ methods with no further consideration on the complexity of each algorithm.

3 Evaluation criteria

The different carrier selection methods are investigated in different aspects to better understand their advantages and drawbacks.

Three aspects are shown: 

· Throughput in a single user scenario
· Throughput in a multi-user scenario
· Throughput dependence on resource assignment
It is only the single user and multiple-user scenarios that are evaluated by simulations.
Single user scenario
The single user throughput has earlier been evaluated in [1] and [2]. The evaluation has taken cell configuration(s), assigned X carriers, and evaluated the average carrier throughput achieved, given a certain carrier assignment (i.e. which X carriers of the available carriers in a given cell have been assigned) and MS bandwidth capability. I.e. “carrier throughput” is to be understood as the average number of carriers over which the MS can receive payload.
No consideration has been taken to TS assignment (which TS on the X carriers are assigned by the network), or multiplexing with other users on the same resources.

Dependence on resource assignment
A DLMC MS will be assigned a number of carriers (≥2) and a number of TS on each carrier. The total number of TS that a MS can support in the DL will be signaled from the MS to the network in its capability signaling.

For DLDC, the support of the feature and the baseband resource capability is signaled by the Multislot Capability Reduction for Downlink Dual Carrier IE. It allows a MS that supports DLDC to signal a support an equivalent of of a 1.x carrier throughput. ‘Equivalent carrier throughput’ in this respect refers to the use of a maximum number of DL TS per carrier, according to its multislot class. For example, if the maximum number of DL TS per carrier (according to the multislot class) is 5, and a ‘Multislot capability reduction for Downlink Dual Carrier’ of 3 TS is signaled, the total number of DL TS that the MS can process is 5*2-3 = 7 TS, i.e. 7/5 = 1.4 carriers (compared to single carrier case). A similar indication of the processing power of the MS (i.e. total number of TS that a MS can support in the DL) will be needed for the Downlink Multi Carrier feature.

Considering the indication of the processing power in conjunction with the carrier selection method, it would be beneficial to assign a maximum number of TS for the carrier(s) received with a higher probability. This is indicated by Figure 2.

5 TS (maximum according to the MS’s multislot class) are assigned on carrier 1 (C1) while 2 TS are assigned on carrier 2 (C2). The decision on the assignment of resources can be taken by the network based on the probability of a carrier being selected for downlink payload transfer. In this case, it is assumed that C1 can always be selected while C2 can only be selected on average in every other radio block period. The resulting average throughput is thus 5*1+2*0.5=6 radio blocks per TTI.


[image: image2]
Figure 2. Carrier probability and TS assignment

It shall be pointed out that it is only with ‘Priority based’ method that the network would be in control of the probability for the carriers to be selected.
Multi-user scenario
Typically in a live network, there will be users multiplexed on the same radio resources for packet switched services. Thus, it is of importance to understand the performance achieved with different carrier selection processes in case of multiplexing.

In Figure 3, a two user multiplexing scenario is shown where the carrier selection is the opposite for the two users, i.e. MS1 always receives on C1 while MS2 always receives on C2. The carrier that is received 50% of the time is C2 for MS1 while it is C1 for MS2. This type of opposite carrier selection for the different users can be achieved with the ‘Priority based’ method.
Assuming a simple scenario where the network always has data in its buffer to both MSs and their scheduling weights in each TTI are equal for each TS, the throughput achieved for MS1 (and MS2) would be 3*1+2*0.5*0.5+2*0.75=5 radio blocks per TTI
. However, assume that MS2 is assigned the same resources, and is using the same carrier prioritization as MS1 (i.e. the carriers are selected identical for both MSs), the resulting throughput would be 3 radio blocks per TTI.


[image: image3]
Figure 3. Carrier probability and TS assignments for MS1 and MS2.

4 Results

Single user throughput

In Figure 4 single user throughput is shown for the two selection methods. This is similar to the throughput evaluation shown in [1], but also the ‘Divide and Conquer’ method has been added to the set.

It can be seen that the two methods perform similar for Network A and C, still with the ‘Divide and Conquer’ method being superior. For Network B ‘Divide and Conquer’ excels more clearly compared to ‘Priority based’.
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Figure 4. Average single-user carrier throughput. 4 carrier assigned. 
Multi-user carrier throughput
In the following section different levels of user multiplexing is evaluated.

NOTE: The throughput is evaluated on a carrier level, with no consideration to the TS assignments. I.e. a carrier will either be selected or not, but no consideration on which TS are assigned on the selected carrier has been taken into account (see Section 3.2).
When users are multiplexed there is an important difference between the two carrier selection methods with regards to network controlled carrier selection process.

As the name implies, the ‘Priority based’ methods gives the network control over which carriers to prioritize for each user. For ‘Divide and Conquer’ this is not the case since the carriers selected are the ones that result in the maximum number of carriers received and is an immanent part of the specified algorithm and thus not changeable by the entities involved. 

To provide a better understanding of how the priority is set for different carriers, the notation of ‘Prio’ is introduced. It is always assumed that the carriers investigated use the same HSN and MA, and thus only differ in their assigned MAIO values. It is also assumed that the MAIO list, corresponding to a set of assigned carriers, consists of MAIOs ordered in ascending values. ‘Prio’ in this case determines how the carriers are prioritized. A positive value means that the MAIOs are prioritized in an ascending circular order with MAIO while a negative value means that the MAIOs are prioritized in a descending circular order with MAIO. The value of ‘Prio’ determines the circular shift to be applied, with ‘1’ meaning ‘no shift‘.

Some examples on how ‘Prio’ is applied for a case of four carriers assigned MAIO=[0,2,4,7] is shown in Table 1.

Table 1. Prioritization of carriers depending on ‘Prio’-value. Highest prio indicated by 1, lowest by 4.

	Prio
	Carrier prioritization (C1, C2, C3, C4)

	1
	1, 2, 3, 4

	-1
	4, 3, 2, 1

	3
	3, 4, 1, 2

	-3
	2, 1, 4, 3


Figure 5 shows the carrier distribution for two different priority vectors for the ‘Priority based’ and the ‘Divide and Conquer’ method.
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Figure 5. Carrier distribution for different ‘Prio’.
It can be seen that with ‘Priority based’ approach, carrier 1 can always be selected using Prio=-1, while carrier 4 can always be selected with Prio=1. For ‘Divide and Conquer’ this is not the case, where instead a more evenly distributed carrier probability is seen.

It can be noted that for ‘Divide and Conquer’ it has not been proposed to have the carrier numbering influence the carrier selection, apart from the case of only one carrier received where a “predetermined rule should be used to select one carrier from within the assigned MAIO set”, see [2].

Besides, with ‘Divide and Conquer’ there will occur multiple carrier combinations resulting in the same number of received carriers, in which case a unique selection principle is needed. This could either be a predetermined rule in the specifications, or a carrier numbering based rule set by the network.

For Prio=1 (assigned to MS1) and Prio=-1 (assigned to MS2) it is clear that the Priority based carrier selection gives the least overlap of selected carriers between the two users on average, while ‘Divide and Conquer’ provides a more even distribution amongst the assigned carriers. The consequences of having more overlap of the selected carriers between the users is that the BSS will have to multiplex the payload sent on the corresponding TS to a greater extent thereby reducing the maximum throughput that can be realized for each user.
Further, it should be noted that if the same predetermined rule (with no network control to make it user specific) is used by ‘Divide and Conquer’ for both users, there would be a full overlap of the selected carriers in each radio block period. Hence, in the evaluation in this paper prioritization of carriers has been included also for ‘Divide and Conquer’. This does not impact the method itself that will still select the carrier combinations resulting in the maximum number of carriers received. It is only when there are a multiple of options to receive the maximum number of carriers that the prioritization of carriers come into play.

2-user multiplexing

In the following section a multiplexing case with two users is assumed, with four carriers assigned. The throughput is evaluated both per user and also as total throughput of both users.

Table 2. Simulation assumptions - 2-user multiplexing.
	Parameter
	Value

	Prio
	MS1: 1

MS2: -1

For ‘Priority based’ selection a different ‘Prio’ is always applied to each user while for ‘Divide and Conquer’ either a different ‘Prio’ or the same ‘Prio’ is applied to each user (denoted as ‘with priority’ or ‘without priority’ respectively in Figure 6)

	 # carriers
	4


The resulting carrier throughput in this two user scenario is shown in Figure 6. The throughput per user for both users (MS1 and MS2) is shown.
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Figure 6. Throughput for user multiplexing – 2 users; 4 carriers.

It can be seen that the maximum throughput per user is now around 2 carriers, since 4 carriers are assigned and 2 users are sharing the resources. 

It also becomes clear that the Priority based method provides the largest throughput gains of the two methods in a multi-user scenario. 

It is worth noting that if no differentiation is made between the carriers selected for the two users (Prio MS1 = Prio MS2 = 1) in the ‘Divide and Conquer’ method (also denoted as ‘Divide and Conquer without priority’), the difference between ’Priority based’ and ‘Divide and Conquer’ becomes even larger. 

The conclusion from the above is that:

· Irrespective of carrier selection approach it is advisable to use a carrier numbering, or similar, that is under network control per user, to allow for spreading the carrier selected amongst multicarrier MSs.
· The ‘Priority based’ approach excels compared to ‘Divide and Conquer’ in a multiplexing scenario due to the possibility of assigning different carrier prioritization for different users.

4-user multiplexing

To further understand the difference between the two methods when multiplexing users, a 4 user case has been simulated assuming the ‘Prio’ as shown in the table below.  

Table 3. Simulation assumptions - 4-user multiplexing.
	Parameter
	Value

	Prio
	MS1: 1

MS2: -1

MS3: 3

MS4: -3

For ‘Priority based’ selection a different ‘Prio’ is always applied to each user while for ‘Divide and Conquer’ either a different ‘Prio’ or the same ‘Prio’ is applied to each user (denoted as ‘with priority’ or ‘without priority’ respectively in Figure 7)

	 # carriers
	4


The throughput for each user is shown in Figure 7.
[image: image7.png]Average carrier throughput per user [#carriers]

11

== === Divide and Conquer without priority, MS1-4

Divide and Conquer with priority, MS1-4
Priority, MS1-4

10 15
Bandwidth [MHz]

20




Figure 7. Per user throughput, multiplexing – 4 users; 4 carriers.

The total throughput across all users is shown in Figure 8
.
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Figure 8. Throughput for all users, multiplexing – 4 users; 4 carriers.
It is seen that as for the two user case, the ‘Priority based’ selection is superior compared to ‘Divide and Conquer’ (‘with priority’ or ‘without priority’). 

One interesting phenomenon that is visible when prioritization is used for ‘Divide and Conquer‘ is – the throughput is, as expected improved compared to using no priority, but decreased when increasing the MS bandwidth from 5 MHz to 10 MHz. This is not an intuitive behavior but can be explained by the figure below.

Since the ‘Divide and Conquer’ method is primarily focused on finding the carrier set that maximizes the number of carriers received, with no concern on the priority (see Section 2.2.3), the phenomenon can best be seen by looking at two different number of maximum carriers received: 1 and 2.

The case of only one carrier being received is experienced with higher probability for 5 MHz MS bandwidth, while the case of two carriers received is more probable for a 10 MHz MS bandwidth.

Now, assume that the carriers are being prioritized according to the simulation assumptions, with the highest prioritized carrier according to Table 1: 

· MS1: 1

· MS2: 4

· MS3: 3

· MS4: 2

When only one carrier can be received the prioritization will ensure that different carriers are chosen by different mobiles, maximizing the total throughput. For MS1, C1 will be chosen, for MS2, C4, and so on.

However, given that two carriers can be received, due to increased MS bandwidth, in this example C1 and C4, the prioritization does not matter (if assuming we do not have multiple options on how to receive two carriers) since the method prioritize finding the maximum number of carriers, and thus all four MSs will receive on these two carriers, leaving C2 and C3 “empty”. The multiplexing rate on C1 and C4, is also increased since all users now share the same resources.


[image: image9]
Figure 9. Example of resource utilization for ‘Divide and Conquer’.

8-user multiplexing

A similar behavior as with the 4 user case is seen when multiplexing 8 users, as shown in Figure 10 and Figure 11.

The simulation assumptions are shown in the table below.

Table 4. Simulation assumptions - 8-user multiplexing.
	Parameter
	Value

	Prio
	MS1: 1

MS2: 2

MS3: 3

MS4: 4

MS5: -1

MS6: -2

MS7: -3

MS8: -4

For ‘Priority based’ selection a different ‘Prio’ is always applied to each user while for ‘Divide and Conquer’ either a different ‘Prio’ or the same ‘Prio’ is applied to each user (denoted as ‘with priority’ or ‘without priority’ respectively in Figure 9)

	 # carriers
	4
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Figure 10. Per user throughput, multiplexing – 8 users; 4 carriers.
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Figure 11. Throughput for all users, multiplexing – 8 users; 4 carriers.
5 Discussion

The paper has focused on simulations in a multi-user scenario comparing the two carrier selection methods ‘Priority’ based and ‘Divide and Conquer’. It has been shown that although the ‘Divide and Conquer’ in general outperforms the ‘Priority’ based approach when having a single user assigned multiple carriers, the ‘Priority’ based approach will excel as soon as multiple users are assumed, which is assumed to be the most common case for the feature to operate in.

It should be noted that no throughput loss on cell level is seen irrespective of the carrier selection method chosen for DLMC, assuming legacy MSs are multiplexed on the same resources. I.e. the difference seen in throughput, in the figures above, only impacts the throughput achievable for MSs in DLMC configuration.

The reception mode in all simulated scenarios has been assumed to be in contiguous mode, i.e. all carriers received cannot be spread more than the maximum carrier separation supported by the MS. In non-contiguous reception, this requirement applies instead for each of the two groups of carriers, effectively increasing the bandwidth of the MS, see [3]. For the ‘Priority based’ approach a simple extension to non-contiguous reception can be applied with significant gains in throughput and basically no impact on complexity, see [3]. It is however not clear how the ‘Divide and Conquer’ method is extended to non-contiguous reception.

The ‘Divide and Conquer’ as proposed in [2] seems only to consider the case of multiple carriers being assigned the same HSN and MA. This is the case where the cyclic property of MAIOs is valid, and where the division into separate MAIO-groups can be done. A common use-case for DLMC would however be one assigned carrier on the BCCH layer, and another set of carriers in the hopping layer. It is not clear how to apply the ‘Divide’ part in this case. However, it is the sourcing companies’ view that removing the Divide part from ‘Divide and Conquer’ will not have significant impact on complexity, nor will it have negative impact on performance. 

It should be noted that when considering the ‘Priority based’ approach there is no limitation that depends on, or arises from. carrier configurations that include other carriers than from the same MA (for example a BCCH carrier).

6 Conclusion

The paper has focused on simulations in a multi-user scenario comparing the two carrier selection methods ‘Priority’ based and ‘Divide and Conquer’. It has been shown that although the ‘Divide and Conquer’ in general outperforms the ‘Priority’ based approach with a single user assigned multiple carriers, the ‘Priority’ based approach will excel as soon as multiple users are assumed, which is assumed to be the most common case for the feature to operate in.

Analysis has also been provided on the applicability in diverse carrier assignments that will occur when using the DLMC feature, as well as how the method works in non-contiguous reception mode. In both aspects the ‘Priority’ based approach can be applied with no limitations, while it is unclear how the ‘Divide and Conquer’ approach should be extended.

Based on the information provided in this paper the following working assumption is proposed:

WA1: ‘Priority based’ carrier selection shall be specified for DLMC. 
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� On some TS only one MS is assigned and it is always selected (for example TS 2,3,4 on C1 for MS1), i.e. 100% selection. Some TSs are shared between MS1 and MS2 where one MS is selected all the time while the other is selected every other time, i.e. one of the MSs will be selected 25% of the time and the other 75% of the time (for example TS0,1 on C1 where MS1 will be selected 75% of the time and MS2, 25% of the time)
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