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On Carrier Selection for Downlink Multi-carrier
1 Introduction

At GERAN #55 it was agreed to open a work item to specify downlink multi-carrier for GERAN, to further extend the peak throughput gains afforded by the DCDL feature already specified in Rel-7, see [1].
The Downlink Multi-carrier feature assumes a wideband MS receiver capable of enveloping multiple GSM/EDGE carriers. Due to frequency hopping and the limited bandwidth of the MS receiver, for one or more FNs during a given radio block period the MS receiver may not be able to accommodate all carriers assigned to it. In that case a rule has to be set up for both the BS and the MS to determine which carrier subset could be allocated for that radio block period.
This document analyzes the complexity and peak throughput performance of existing carrier selection methods, and of a newly proposed carrier selection method which aims at achieving high peak throughput with very low computation complexity.

2 Carrier Selection Methods Proposed in [2]
In [2] two carrier selection methods were discussed, namely “optimized carrier selection” and “carrier prioritization”. 

The former one is to “go through all possible combination of carriers given a certain MS bandwidth”, and choose “the allocation that maximizes the number of carriers received in each radio block period”.
And the latter one is to prioritize the carriers assigned to the MS (e.g. in descending order of MAIO). For each FN of a radio block period, there is a loop to discard the carrier with the lowest priority until the maximum carrier separation is not greater than the MS receiver bandwidth. Then the remaining carriers are fed to the operation for the next FN. The carriers left when all four FNs have been looped through are finally selected, except when only one carrier is left in the middle of the discarding process, in which case that carrier is selected and nothing more needs to be done.
It should be noted that the “optimized carrier selection” method is optimized for peak throughput at the cost of very high complexity. With n assigned carriers, there are at most 
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 carrier combinations, hence the complexity (in terms of run time) is 
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. On the other hand, with the “carrier prioritization” method, for a specific FN there is an outer loop to test whether the carrier with the lowest priority should be discarded, and an inner loop to go through the current carrier set to find the maximum carrier separation. For each step of the outer loop, the number of steps needed by the inner loop is (in the worst case) successively n, n-1, …, 2, 1. Therefore the overall complexity is 
[image: image3.wmf])

(

)

1

2

...

)

1

(

(

2

n

O

n

n

O

=

+

+

+

-

+

.
3 Performance of Existing Carrier Selection Methods
3.1 Basic Assumptions
The first set of assumptions was taken from section 5 of [2] and outlined in Table 1.
Table 1.  Basic assumption set 1
	Parameter
	Value
	Comment

	MA
	{35, 40, 45, 60, 70}
	

	Length of MA (N)
	5
	

	Assigned MAIOs
	{0, 1, 2}
	

	HSN
	10
	

	MS receiver bandwidth
	{25, 30, 35}
	In #ARFCNs


To see a wider picture of the difference between carrier selection methods, they were also evaluated against another, more complex set of assumptions as shown in Table 2.

Table 2.  Basic assumption set 2
	Parameter
	Value
	Comment

	MA
	{1, 7, 13, 19, 25, 31, 37, 43, 49, 55, 61, 67, 73, 79}
	

	Length of MA (N)
	14
	

	Assigned MAIOs
	{0, 1, 3, 4, 6, 7, 8, 10, 12, 13}
	

	HSN
	10
	

	MS receiver bandwidth
	{25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75}
	In #ARFCNs


3.2 Results
Figure 1 and Figure 2 show the peak throughput and run time for the first set of assumptions, respectively.

Peak throughput is defined as the number of selected carriers per radio block period, averaged over all possible FNs (i.e. 
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“Run time” is the time it takes for a carrier selection method to run in the simulator, so what is of interest here is the comparison of run times between carrier selection methods, not the absolute values themselves.
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Figure 1.  Peak throughput for assumption set 1, comparison between optimized carrier selection and carrier prioritization
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Figure 2.  Run time for assumption set 1, comparison between optimized carrier selection and carrier prioritization
Figure 3 and Figure 4 show the peak throughput and run time for the second set of assumptions, respectively.
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Figure 3.  Peak throughput for assumption set 2, comparison between optimized carrier selection and carrier prioritization
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Figure 4.  Run time for assumption set 2, comparison between optimized carrier selection and carrier prioritization
3.3 Discussions
3.3.1 Flat Peak Throughput
It can be seen from Figure 1 that for the carrier prioritization method, increasing the receiver bandwidth from 25 to 30 does not result in any increase of the peak throughput. The same phenomenon also occurs in Figure 3. This can be explained by describing the carrier prioritization method as follows,
	1. Suppose n carriers are assigned, denoted by the MAIO set {a1, a2, …, an} which has already been sorted in descending order of priority. Further suppose the MS receiver bandwidth is RECV_BW (in #ARFCNs). Initially all n carriers are selected.
2. Calculate the ARFCNs of the currently selected carriers. For the 1st FN, there are n ARFCNs: f1, f2, …, fn.

3. Find the maximum carrier separation (i.e. minimum required MS receiver bandwidth) 
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 for MAIO subset {a1, a2, …, ak} for k = 1, 2, …, n.
The following inequality should hold,


[image: image10.wmf])

(

...

)

2

(

)

1

(

max

max

max

n

f

f

f

D

£

£

D

£

D


4. Update the selected carriers to be {a1, a2, …, am} such that
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except when 
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5. Apply step 2-4 to the 2nd, 3rd, and 4th FN successively.


It is quite clear from step 4 above that varying RECV_BW but keeping it inside the range 
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 will not change the result of carrier selection.
As an example, the maximum carrier separations for assumption set 1 are plotted in Figure 5 (only the first 51 radio block periods are plotted, for the sake of simplicity). For radio block period 1, the required MS receiver bandwidth is 15 for two carriers, and 35 for three carriers. Hence it makes no difference whether the MS receiver bandwidth is 25 or 30, since they both fall in the range [15, 35), resulting in the selection of two carriers.
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Figure 5.  Maximum carrier separation for the carrier prioritization method, assumption set 1, first 51 radio block periods
3.3.2 Trade-off between Peak Throughput and Complexity
With assumption set 1, the carrier prioritization method reduced the run time by up to 21%, but at the same time the peak throughput was also decreased by up to 26%, comparing to the optimized carrier selection method.

With assumption set 2, the carrier prioritization method reduced the run time by up to 93%. The peak throughput was however decreased by up to 64%, comparing to the optimized carrier selection method.

Hence it is desirable to find a solution which has a run time comparable to the carrier prioritization method and on the other hand has a peak throughput comparable to the optimized carrier selection method.

4 The Divide and Conquer Approach
4.1 Concept Description
If there is only one FN in each radio block period, the optimized carrier selection could be done in a very simple way, as depicted in Figure 6, where 4 MAIOs {0, 1, 2, 4} are assigned out of the MA {1, 10, 19, 28, 37, 46}, and the MS receiver bandwidth is 25. Given an ordered list of ARFCNs, one could test for each MAIO how many carriers can be enveloped, by adding the MS receiver bandwidth to the corresponding ARFCN. In this example, to maximize the peak throughput the selected subset of MAIOs should be {0, 1, 2}.
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Figure 6.  An example of optimized carrier selection assuming a one-FN radio block period
Worth noting is that the selected MAIOs here are consecutive in the ordered list of assigned MAIOs. As indicated in section 2.2 of [3], 
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For a given 
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 is basically fixed. Hence it is beneficial to select the MAIOs such that they are consecutive (two numbers between a wrap, e.g. N-1 and 0, are considered consecutive) in the ordered list of assigned MAIOs.
In the case of four FNs per radio block period, the problem is that the MAIO placement may differ between FNs in case the ARFCNs are listed in an ascending order for each FN. Therefore the naive approach of applying the above idea for each FN and taking an intersection does not work. This is illustrated in Figure 7, where for FN 1 or 4, the optimized selection is {0, 1, 2}, but when putting all four FNs together the optimized selection is {2, 4}.
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Figure 7.  An example of frequency hopping during one radio block period
To allow reusing the idea in Figure 6, the first step can be to divide the assigned MAIOs into several groups by looking at the maximum and minimum ARFCNs of each FN. For instance, for the 1st FN in Figure 7, since 
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, MAIO 0 and 4 are mutually exclusive. Similarly MAIO 0 and 1, 1 and 2 are mutually exclusive, respectively. Hence the assigned MAIOs are divided into three groups: {0}, {1} and {2, 4}, as shown Figure 8. It should be noted that there are at most four groups, regardless of the number of assigned carriers (i.e. the scale of the problem).
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Figure 8.  Dividing the assigned MAIOs into groups
The next step is to respectively apply the idea in Figure 6 to the three groups, this time looking at four FNs simultaneously for each MAIO. Figure 9 illustrates the processing of MAIO 2 in group {2, 4}.
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Figure 9.  Optimized carrier selection within a specific group of MAIOs
The selected subset of MAIOs is then the one identified from within any group with the maximum size. It should be noted that for those groups with only one element, e.g. {0} and {1} in Figure 8, nothing needs to be done, except that if no MAIO subset with a size greater than one can be found, a predetermined rule should be used to select one carrier from within the assigned MAIO set.
4.2 Complexity Analysis
In the “divide” part one needs to loop through the n ARFCNs for each FN to find out the maximum and minimum ones, hence the complexity is 
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The “conquer” part contains
· An outer loop to traverse each group. Since the number of groups is at most four (i.e. a constant), the complexity does not scale with n.

· An inner loop to traverse each MAIO in a specific group, taking it as an anchor to find the maximum number of MAIOs that can be enveloped by the MS receiver bandwidth. To test which other MAIO fits in the bandwidth another loop needs to be constructed, so the complexity is 
[image: image25.wmf])

(

2

n

O

. But for an ordered MAIO list, a straightforward implementation would certainly use a bisection method, thus reducing the complexity to 
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Therefore the overall complexity is not greater than 
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 which is the same as that of the carrier prioritization method.
4.3 Performance Characterization
Figure 10 to Figure 13 repeat the results shown in Figure 1 to Figure 4, except that the performance of the “divide and conquer” method is added, where an 
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 implementation has been used.
It can be seen that with assumption set 1, the peak throughput of the “divide and conquer” method completely matches that of the optimized carrier selection method. With assumption set 2, for some receiver bandwidth configurations, the “divide and conquer” method achieves lower peak throughput than the optimized carrier selection method, but it still remarkably outperforms the carrier prioritization method.

As could also be seen in Figure 11 and Figure 13, the run time of the “divide and conquer” method is almost the same as that of the carrier prioritization method.
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Figure 10.  Peak throughput for assumption set 1, comparison between optimized carrier selection, divide and conquer, and carrier prioritization
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Figure 11.  Run time for assumption set 1, comparison between optimized carrier selection, divide and conquer, and carrier prioritization
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Figure 12.  Peak throughput for assumption set 2, comparison between optimized carrier selection, divide and conquer, and carrier prioritization
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Figure 13.  Run time for assumption set 2, comparison between optimized carrier selection, divide and conquer, and carrier prioritization
5 Conclusions
This contribution proposes a “divide and conquer” carrier selection approach which reduces the carrier selection problem in Downlink Multi-carrier to several smaller problems that each has a computation complexity of only 
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. The overall complexity is well comparable to the carrier prioritization method proposed in [2].

An investigation was carried out for the optimized carrier selection method, the carrier prioritization method and the “divide and conquer” method, evaluating the peak throughput performance and the run time of each method. Both a simple frequency hopping scenario taken from [2] and a more complex one were considered.
The “divide and conquer” approach had shown in both scenarios to have a low run time comparable to the carrier prioritization method and a high peak throughput comparable to the optimized carrier selection method, thus achieving a much better trade-off between performance and complexity than the other two methods.
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