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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.

The document is an update of [4] with changes to the carrier selection method called Divide and Conquer. The selection method is implemented as defined in [5], and is from hereon called ‘Fast Divide and Conquer’ as called in [2]. 
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].

2.1.1 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.

2.1.2 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 2 and Figure 3.

2.1.3 Fast Divide and Conquer

In the ‘Fast Divide and Conquer’, see [2], each carrier is assigned a number, and the carriers are stepped through in order of increased assigned number. A number of carriers with contiguous numbering are grouped if all carriers can be received in all bursts of a radio block.
A group with maximum number of carriers is chosen as the selected carriers. If there are a multiple of carrier groups with the same number of carriers, the one with the lowest carrier number in it is chosen.

[image: image1]
Figure 1. Fast divide and conquer

The ‘Fast Divide and Conquer’ can be described to, out of a limited number of carrier combinations, maximize the number of carriers received.

Complexity evaluations

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

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

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

3 Evaluation criteria

The different carrier selection methods have earlier been investigated in primarily in a single user scenario, apart from the earlier version of this paper, and [2], where the throughput is evaluated in a multiplexing scenario. Also this paper will focus on the performance in a multiplexing scenario.
The throughput will be evaluated on a carrier level, and there no consideration to the TS assignments of each carrier.

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 2, 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: image2]
Figure 2. Carrier probability and TS assignments for MS1 and MS2.

4 Results 
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
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. This is to some extent true also for ‘Fast Divide and Conquer’ but the priority only “kicks in” if there are two or more groups with the same number of maximum carriers in it. I.e. algorithm will in first hand select the group with the maximum number of carriers. 

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. In the scenarios where legacy MSs are multiplexed, no prio is assigned (since only one carrier is assigned). 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 3 shows the carrier distribution derived from a number of cell configurations for two different priority vectors for the ‘Priority based’ and the ‘Fast Divide and Conquer’ method.
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Figure 3. 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 ‘Fast Divide and Conquer’ this is not the case, where instead a more evenly distributed carrier probability is seen.

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 ‘Fast 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 will most probably result in the BSS having 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.
4.1.1 2-user multiplexing

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

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

	Prio
	MS1: 1

MS2: -1

	 # carriers
	4


The resulting carrier throughput in this two user scenario is shown in Figure 4. 
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Figure 4. Throughput of all users– 2 users; 4 carriers.
It can be seen that it is only at high BW supported by the MS that almost full throughput (4 carriers) is achieved. It can also be noted that the Priority based method provides the largest throughput gains of the two methods. 

4.1.2 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 for both methods.  

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

	Prio
	MS1/2/3/4: 1/-1/3/-3

	 # carriers
	4


The throughput for all users user is shown in Figure 5.
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Figure 5. Throughput of all users – 4 users; 4 carriers.
It is seen that as for the two user case, the ‘Priority based’ selection is superior compared to ‘Fast Divide and Conquer’. 

One interesting phenomenon that is visible when prioritization is used for ‘Fast 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 ‘Fast Divide and Conquer’ method is primarily focused on finding the carrier set that maximizes the number of carriers received 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: image6]
Figure 6. Example of resource utilization for ‘Divide and Conquer’.

4.1.3 8-user multiplexing

A similar behavior as with the 4 user case is seen when multiplexing 8 users, as shown in Figure 7 still only using 4 carriers.

The simulation assumptions are shown in the table below.

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

	Prio
	MS1/2/3/4/5/6/7/8: 1/2/3/4/-1/-2/-3/-4

	 # carriers
	4
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Figure 7. Throughput of all users – 8 users; 4 carriers.
Figure 8 shows the performance if keeping the number of users to 8 but extending the number of carriers to 8 as well.
Table 5. Simulation assumptions - 8-user multiplexing.
	Parameter
	Value

	Prio
	MS1/2/3/4/5/6/7/8: 1/2/3/45/6/7/8

	 # carriers
	8
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Figure 8. Throughput of all users – 8 users; 8 carriers.
The same trend of the results is kept as seen in other configurations.

In Figure 9, 50% of the DLMC users are exchanged to legacy MS supporting only 1 carrier.
Table 6. Simulation assumptions - 8-user multiplexing. 50/50% DLMC/legacy MS.
	Parameter
	Value

	Prio DLMC
	MS1/2/3/4: 1,-1,7,-3

	Leg MS carr assignment
	MS1/2/3/4: 8,6,-2,-4

	 # carriers
	8
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Figure 9. Throughput of all users – 8 users; 8 carriers. 50/50% DLMC/legacy MS.
It can be seen that also in this case the throughput of Priority based carrier selection is superior to the ‘Fast Divide and Conquer’.

In [2] dynamic simulations were also carried out using a user arrival process and users with different block sizes to be transferred. The aspect to show in these evaluations is that the optimum load on the carriers will not be constant in time and for example a user with an empty Tx buffer will change what the “optimum” prio vector is for the remaining active users. In this paper, this effect is evaluated by randomizing a probability of having data to send for each MS, i.e. the % of DL radio blocks for which there will be payload to send on the assigned carriers. The buffer indication is applied per user per radio block period, and thus if a user has data to send it applies to all the carriers assigned to that user.
Table 7. Simulation assumptions - 8-user multiplexing. 50/50% DLMC/legacy MS. Different probability of data to send.
	Parameter
	Value

	Prio DLMC
	8 users:
1,2,3,4,5,6,7,8

16 users:

1,2,3,4,5,6,7,8,-1,-2,-3,-4,-5,-6,-7,-8

32 users

1,2,3,4,5,6,7,8,-1,-2,-3,-4,-5,-6,-7,-8, 1,2,3,4,5,6,7,8,-1,-2,-3,-4,-5,-6,-7,-8

	Probability of data to send
	25%, 50%, 75%, 100%

	 # carriers
	8
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Figure 10. Throughput of all users – 8 (top) / 16 (middle) / 32 (bottom) users; 8 carriers. 100% DLMC and different assumptions on probability of data to send.
It can be seen that the difference between the two methods do change. One interesting aspect is that it seems the ‘Fast Divide and Conquer’ will not reach maximum throughput irrespective of the number of users multiplexed. At for example 5 MHz MS BW the throughput seems limited to 5.8 carrier (at least with the 16 different priorities assigned to the users evaluated in here). At 8 user multiplexing and low probability of having data to send for all users (starts to resemble a single user scenario) the ‘Fast Divide and Conquer’ is superior compared with the Priority based approach. But in all other investigated scenarios the Prio based approach excels.
4.1.4 Comparison with GP-130651
Similar evaluations as done in this paper have been carried out in [2]. Also in this paper a conclusion is drawn that the Priority based method is superior in a multi-user scenario where all users are DLMC and assumed to have full data buffers. 

However, in both a mixed scenario between DLMC users and legacy users, and a dynamic traffic scenario where the carriers are assigned at TBF setup, and kept throughout the TBF the ‘Fast Divide and Conquer’ is seen to be superior.

The sourcing companies provide some comments to these evaluations here.

Furthermore, the sourcing companies would like to stress the importance of evaluating the two methods in a diverse network configuration where a significant number of different realistic cell configurations are used as a basis for the evaluation. In the results in [2] only a single MA is used for the evaluation (the equivalent of a single cell evaluation) which is not seen as sufficient.
Mixed scenario between DLMC users and legacy users

In this static traffic scenario the 8 users (4 DLMC and 4 legacy) in [2] (Figure 3 and Figure 4) have been assigned in priority according to the figure below. A more intense color represents a higher prioritized carrier.

[image: image13]
Figure 11. Carrier prioritization from [2].
This type of assignment of resources does far from provide an even multiplexing factor across the PS carriers. Especially carriers 2, 3 and 4 will have high multiplexing rate, while at low MS BW (when only one, or a small number of carriers can be supported by the DLMC MSs), carriers 6,7 and 8 will with high probability go empty, even if all 8 users have data in their Tx buffer.

It is believed that a more reasonable assignment would be to try and spread out the multiplexing rate across the resources. One such assignment is shown in Figure 12 (the same as used in Figure 9 above).


[image: image14]
Figure 12. Carrier prioritization as in Table 6.
Although the criterion to have each legacy user assigned on a carrier being the second highest priority carrier of a DLMC user is followed both in Figure 11 and Figure 12 (also mentioned in [2]), the overall multiplexing is quite different.

The resulting performance from the two different proposals is shown in Figure 13. As can be seen, both methods benefit from the carrier prioritization in Table 7 with Prio based approach reaching maximum throughput irrespective of MS BW (lower figure).
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Figure 13. Total user throughput with propriety from [2] also in Figure 11 (top) and from Table 7 (below)
 Dynamic traffic/user model
In [2] a dynamic traffic model is used to compare the two carrier selection proposal. The model is described in how MSs arrive in the system and how carriers are assigned. It is however not fully clear how this works in the respective cases. 
It is for example stated that all carriers with a load lower than max carrier reuse is assigned to a user at the time it enters the system. The default settings in the simulator are 0% legacy MS penetration, and thus it would be expected that all carriers are assigned all users (i.e. if one carrier reaches max carrier reuse, they all do). It would be good to get a clarification from the sourcing company of [2] if this understanding is correct.

After all carriers are assigned, a random priority is chosen from the assigned carriers. The assignment is restricted to increasing carrier number (using a wrap-around of carriers using a modulus operator on the number of carriers). This gives the result that the assignment of resources to a new MS is done without any regard to already assigned resources. This is not considered a realistic channel assignment. If this is a misunderstanding of the description of the dynamic model, clarification on the model used would be appreciated.
5 Discussion

The paper has focused on simulations in a multi-user scenario comparing the two carrier selection methods ‘Priority’ based and ‘Fast Divide and Conquer’. 
The assignment include both DLMC only assignments with 2,4, 8, 16 and 32 users assigned across 4 or 8 carriers, and multiplexing with legacy MSs using a 50/50% DLMC/legacy MS penetration. Aspects of the Tx buffer status has also been investigated using 25%, 50% and 75% probability of buffer with data to be transmitted. It has been shown that the ‘Priority’ based approach is superior in almost all scenarios investigated but one, which is the case of 25% probability of a filled Tx buffer when having 8 users assigned over 8 DL carriers. The ‘Fast divide and conquer’ is in this scenario superior (Figure 10 (top), solid lines). In the evaluations with probability of Tx data to send all users are assumed to have a constant probability.
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. 

6 Conclusion

The paper has focused on simulations in a multi-user scenario comparing the two carrier selection methods ‘Priority’ based and ‘Fast Divide and Conquer’. The ‘Priority’ based approach has shown to excel in almost all scenarios investigated.

The paper has also included some comments to the evaluation provided in [2].
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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