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1 Introduction
The Downlink Multicarrier, DLMC, feature was started as a work item at GERAN#55, see [1]. 
In short, the feature enables the allocation of multiple carriers ((2) to a MS in the downlink, while avoiding additional requirements on the MS HW to support the feature, in contrast to the Downlink Dual Carrier feature.
To support the feature, a wideband MS receiver (dual or tri-mode terminal) that envelope multiple carriers is assumed. 

The limit in bandwidth of the wideband receiver might put restrictions on the number of carriers possible to schedule the MS in each radio block period.
This paper analyses the applicability of the feature in three current network deployments in terms of the number of carriers that can be allocated to the MS, and how to choose the carriers to receive.

Two different approaches on choosing which carriers to receive in a given radio block period are described and investigated.
2 Bandwidth limitation
Due to the limited bandwidth of a wideband MS receiver, and that the bandwidth might not be able to envelope all carriers assigned to it during a specific radio block period, some functionality of the DLMC feature is needed in the network and MS to determine what carriers to receive, see [1].
In [2] more detail is given, and scenarios are exemplified. In this document attention is given to analyzing network configurations, given a certain bandwidth limitation, and the different approaches taken to determine which carriers to receive.
3 Network configurations
Frequency allocation and hopping type

Three networks have been analyzed. Two of the networks (A & B) use baseband hopping throughout the network, while the third network (C) uses a mix of baseband and synthesizer hopping. The frequency allocations of the networks investigated are shown in Table 1. The table lists the blocks of contiguous frequencies allocated to the operator. All networks have frequency allocation in two different bands.
Network B and C are allocated contiguous frequency allocations in both frequency bands. In network A, two non-contiguous sub blocks of 10 MHz each is allocated in one of the bands with a sub-block gap of 20 MHz.

Table 1. Network frequency allocation (band #1 ; band #2)
	Network
	Frequency allocation

	A
	25 MHz; 10 MHz, 10 MHz

	B
	20 MHz; 25 MHz

	C
	10 MHz; 10 MHz


MAIO allocation 

Consecutive MAIOs are allocated to the multiple carriers in case of baseband hopping. In the network using synthesizer hopping, the carriers are allocated according to the existing MAIO plan, starting with the lowest MAIO value in the cell, and allocating multiple carriers with increasing MAIO.
Both the allocation of consecutive MAIOs for the baseband hopping case, and the allocation of increasing MAIOs for the synthesizer network are seen most realistic. Other choices of assigning MAIO values will most probably result in more bandwidth restrictions. It should be noted that although MAIOs in the case of synthesizer hopping is chosen with increasing value, they are generally not consecutive.
TRX distribution

The TRX distribution for the three networks is shown in Figure 1. The TRX distribution is based on the concept of channel groups. A channel group is defined as the radio resources common to a set of TRXs at the same BTS, i.e. configured with the same MA. Each channel group is treated separately in each cell. Channel groups of only one TRX (fixed ARFCN) have been omitted. For example, one cell, configured with five TRXs, has two channel groups, one constitutes the non-hopping BCCH carrier, and the other one consists of four hopping carriers. It is then only the four hopping TRX that will be considered from that cell. It can be noted that the Multi-carrier feature will not limit the allocation of multiple carriers across channel groups, but this is a limitation taken in the analysis.
It can be seen that there are allocations of at most 11 TRXs in Network B while the most common configuration, considering all networks is 3-4 TRXs.

[image: image1.png]T T
I Network A
[ Network B | |
I Network C
| | - I
2 3 4 5 6 7 8 9 10 1

Number of TRXs per channel group




Figure 1. TRX distribution for network A, B and C.

4 Analysis

For each number of carriers assigned, only the channel groups configured with the same or greater number of TRXs are included in the data set. 
It should be noted that the HW supported in the cell might be the limiting factor, e.g. four carriers are assigned but there is only three TRX configured in the channel group, in which case that channel group is discarded from the analyzed data set. Thus, for the carriers investigated, different data sets have been used to generate the different figures.
The results are presented in terms of equivalent carrier throughput. I.e. for an allocation of 3 carriers, the resulting throughput might be 2.4 carriers, due to the bandwidth restrictions in the MS.

The investigation is limited to 2-4 carrier reception with a MS bandwidth spanning 5-20 MHz. This is to investigate expected bandwidth supported by dual/tri mode terminals, and a reasonable number of carriers that could be expected to be supported by the MS. 
The analysis is made assuming no changes to the current network planning.
5 Carrier selection
Given an allocation of a number of carriers, there are different ways to choose which carriers to receive, given a set of ARFCNs for each burst. 

Two alternative approaches have been used in this evaluation.

Both alternatives make no assumptions on the channels assigned in the cell, but are analyzed only based on the carrier configurations considered (MAIO, MA, HSN).
The following parameters are used in the evaluation:

1. Three carriers are assigned the MS, using MAIO = [0, 1, 2].

2. The MA includes the five ARFCNs = [35, 40, 45, 60, 70].

3. A HSN is assumed to generate a sequence of S = [2,0,4,3] during the studied radio block period.

This leads to MAI = mod(S + MAIO, N) where N=5 in this example.

Table 2. ARFCNs and inter-carrier frequency separation during the investigated radio block period.

	Burst
	ARFCNCarrier 1
	ARFCNCarrier 2
	ARFCNCarrier 3
	Maximum
inter-carrier
separation

	1
	45
	60
	70
	25

	2
	35
	40
	45
	10

	3
	70
	35
	40
	35

	4
	60
	70
	35
	35


It can be seen that the inter-carrier separation is different depending on the burst, and that depending on the bandwidth of the MS there could be different carriers received.

Optimized carrier selection
The most straight forward approach, but also the more complex of the two, is to go through all possible combination of carriers given a certain MS bandwidth. The allocation that maximizes the number of carriers received in each radio block period is chosen.
In the following paragraphs the description of a search principle for determining the carrier to receive is described. It should be noted that since this is an optimum search, different implementations will lead to identical results (in terms of the number of carriers received), and the below description should only be seen as one possible implementation. 

First it is checked if all carriers can be received in all four bursts. This is only to compare the maximum BW of the MS with the maximum inter-carrier separation for all bursts.
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If all carriers can be received in a burst, no further investigation is needed for that burst.

Secondly, the case of a single carrier received is not covered since any configuration with one carrier can be received, and it is not a matter of computational complexity to determine which one (for example to have a pre-determined rule to decide which one).

All other combinations are mapped to a unique number. The number is based on a bitmap showing the individual carriers that can be received, but further modified by the number of carriers received in order to ensure that configurations with greater number of carriers received are mapped to a greater number.
The number of combinations to investigate per burst is assumed to be at most [image: image4.png]2(#carr) — 2



. This is based on a virtual placement of the IBW and placing each carrier on the upper and lower band edge respectively. For the uppermost and lowermost carrier only the uppermost and lowermost band edge needs to be investigated respectively.
The process is illustrated in the figure below for the third burst in the radio block, and an assumed IBW of 6 MHz (30 ARFCNs). With three carriers the number of combinations are  [image: image6.png]


.

It can be noted that for burst 1 and 2 the maximum inter-carrier separation is smaller than the IBW of the MS, and thus full reception of all carriers is possible.


[image: image7]
Figure 2. Placement of IBW when using different carriers as bandwidth edge.
To determine the unique number for each carrier configuration a simple mapping to binary numbers, converted to decimal is done, illustrated by the table below
Table 3. Mapping of configurations.
	Conf.
	#Carr.

received
	Binary

Mapping
[carrier 1 

carrier 2

carrier 3]
	Unique

decimal

representation

	1
	2
	[1 0 1]
	5

	2
	2
	[0 1 1]
	3

	3
	2
	[1 0 1]
	5

	4
	2
	[0 1 1]
	3


To determine which carriers to receive over the radio block, the largest common number in all four bursts is chosen.

It should be noted that there is a pre-determined limitation to the number of combinations for each configuration of carriers. In this case only combinations 3, 5, 6 are possible, i.e. [011], [101] and [110].
Table 4. Combinations for each burst.
	Burst
	Combinations

	1
	6,5,3*

	2
	6,5,3*

	3
	5,3

	4
	6,5


* Since all three carriers can be received
As can be seen, carrier configuration 5, i.e. carrier 1 and carrier 3 can be received in all four bursts.

More complexity is added with increased number of carriers. An example of a 4 carrier configuration is also illustrated in the Annex.
Carrier prioritization

A simpler method is to have a pre-determined carrier prioritization. I.e. both the MS and network need to know which carrier(s) to discard when the carrier allocation’s frequency span is wider than what is supported by the MS.

For each assignment of a carrier the prioritization need to be signaled to the mobile 

In the analysis it is assumed that carrier allocations are discarded based on MAIO, from high to low. I.e. highest prioritization is given to the carrier with lowest MAIO.
In the following example, the prioritization of carriers is done according to the carrier numbering.
As for the optimized carriers selection approach the first thing to do is to see if all carriers can be received within the IBW of the MS. This is true for burst 1 and 2. For burst 3 and 4, the least prioritized carrier (Carrier 3) is discarded, and it is again checked whether or not the remaining carriers can be received within the IBW. This is illustrated in the table below.

Table 5. Discarding the lowest prioritized carrier.
	Burst
	ARFCNCarrier 1
	ARFCNCarrier 2
	ARFCNCarrier 3
	Maximum

inter-carrier

separation
	# carriers that can be received

	1
	45
	60
	70
	25
	3

	2
	35
	40
	45
	10
	3

	3
	70
	35
	Discarded
	35
	1*

	4
	60
	70
	Discarded
	10
	2


* Even after discarding carrier 3, the maximum inter-carrier separation is larger than the IBW (30) of the MS, implying that also carrier 2 need to be discarded.
Thus, in this example, only one carrier can be received in the investigated radio block period.
As shown in Section 6 the priority based approach will result in a lower throughput (depending on scenario) compared to optimum carrier selection, but also significantly reduced complexity. The approach also allows the reception of carriers to be treated on a burst-by-burst basis by the MS instead of across a radio block period. I.e. the IBW can be tuned to receive all carriers possible to receive in each burst. This will still ensure that we receive the maximum number of common carriers during the radio block period (since the same prioritization applies to all bursts).
The computational complexity is increased linearly with the number of carriers.

6 Results

In this section results are shown from the three network scenarios. 
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Figure 3. Carrier throughput for 2-4 carrier allocation, at different MS BWs assumed. Network A.
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Figure 4. Carrier throughput for 2-4 carrier allocation, at different MS BWs assumed. Network B.
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Figure 5. Carrier throughput for 2-4 carrier allocation, at different MS BWs assumed. Network C.
As can be seen, there is a difference between network A and network B in the number of carriers that can be supported, although the total operator allocation in both networks is the same. Network C shows little limitation by the bandwidth of the MS, even at lower BW figures, except for the 4 carriers allocation where 2-2.5 carriers on average are supported at 5 MHz MS bandwidth.
Worth noting is that it is not straight forward to get an absolute comparison between the different number of carriers. Especially this is seen for Network C where the configuration with three carriers is seen to outperform the configuration with four carriers. This is due to the difference in data set used, as highlighted in Section 4.
The obvious, and expected, trend for all networks is that the wider the MS bandwidth, the more probable it is to support a certain allocation.

The carrier throughput in Network A is close to, but does not reach full throughput at larger BW. This is due to a non-contiguous allocation in one of the bands that spans the MA for some cells up to 38 MHz, see Figure 6.
In network B at 20 MHz bandwidth the probability to receive all carriers allocated is close to optimum, irrespective of number of carriers chosen. At lower MS BWs there is a larger variety with approximately 1.5 carriers received, irrespective of carriers allocated at MS BW of 5 MHz. This can, to a large extent, be explained by the maximum frequency spread in the MA, which in Figure 6 can be seen to be above 5 MHz for around 95% of the channel groups.
In network C the high throughput is reached, already at low MS BW. With MS BW (10 MHz there are no carrier restrictions (due to the frequency allocation of the network)
It should be noted that a reduction in number of carriers do not translate into a lost transmission opportunity for the network since transmission to other users, allocated on the same resources is possible, as exemplified in [1].
The difference between the optimum and priority based carrier selection is also somewhat different between network A, B and C. For network A and C there is reasonably small difference between the two algorithms, while larger difference is seen for network B. Still, both options follow the same trend, and are identical in the case for two carriers allocated to the MS. 
To further understand the results, the frequency span covered by the MA in all channel groups is shown in Figure 6. It can be seen that the characteristics of the networks are different, but that both Network A and B roughly has a probability of covering 90% of the channel group allocations with a bandwidth of 17-18 MHz, while the corresponding figure for Network C is 7 MHz.
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Figure 6. Maximum MA spread in frequency for network A and B.

7 Conclusion
The paper analyzes the applicability of the DLMC feature in three current network deployments in terms of the number of carriers that can be allocated to the MS, and how to choose the carriers to receive.
It is assumed that there are no changes done to the current network planning.

As expected the BW limitation of the MS will put restrictions on how often all carriers can be received. However, for a MS supporting 20 MHz BW (supported from for example LTE), close to full reception was seen for all scenarios investigated. For Network C the maximum contiguous allocation was 10 MHz in each of the two bands in the allocation, and thus maximum reception was achieved with MS BW ( 10 MHz. 
It is important to notice that if a carrier needs to be discarded due to BW limitations at the MS, the radio resources can be used by another allocation, thus, not wasting scheduling opportunities.
The three diverse networks allocations have been chosen to include both baseband hopping and synthesizer hopping, as well as allocations in multiple bands, with both contiguous and non-contiguous allocations. It is the belief of the sourcing companies that most network configurations will experience less limitations than seen for Network A and B but that the networks constitute an example of the diversity of allocations possible in different GERAN networks.
Two alternative methods to determine what carriers to be received during a certain radio block period has been investigated and it has been shown that a sub-optimum method can perform reasonably close to an optimum search, with reduced complexity. It can be noted that also in this regard, differences are seen in the different networks investigated.
It is proposed to adopt the priority based approach as a working assumption in the work of DMCG.
Proposed WA: The carrier selection process shall be based on a carrier priority based approach.
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9 Annex

Optimum carrier selection

In the following section, the example provided in Section 5.1 is expanded to a four carrier use case to roughly illustrate how the complexity increases with increased number of carriers. 

The methodology chosen is described in Section 5.1.
Table 6. Inter-carrier frequency separation during radio block period.
	Burst
	ARFCNCarrier 1
	ARFCNCarrier 2
	ARFCNCarrier 3
	ARFCNCarrier 4
	Maximum 

inter-carrier 

separation

	1
	45
	60
	70
	35
	35

	2
	35
	40
	45
	60
	25

	3
	70
	35
	40
	45
	35

	4
	60
	70
	35
	40
	35


Table 7. Assumptions

	Parameter
	Value

	IBW
	30 ARFCNs (6 MHz)

	#Carr
	4

	#Conf. per burst
	6 (2*4-2)


Table 8. Possible binary configuration of carriers (excl. 1 and 4 carriers)

	#Carriers
	Binary 

Mapping
[carrier1

carrier2

carrier3

carrier4]
	Unique 

decimal

representation

	2
	[1 1 0 0]
	(2-2)*16+12 = 12

	
	[1 0 1 0]
	(2-2)*16+10 = 10

	
	[1 0 0 1]
	(2-2)*16+9 = 9

	
	[0 1 1 0]
	(2-2)*16+6 = 6

	
	[0 1 0 1]
	(2-2)*16+5 = 5

	
	[0 0 1 1]
	(2-2)*16+3 = 3

	3
	[1 1 1 0]
	(3-2)*16+14 = 30

additional 2 carrier configurations also supported

6, 10, 12

	
	[0 1 1 1]
	(3-2)*16+7  = 23

additional 2 carriers configurations also supported

3, 5, 6

	
	[1 0 1 1]
	(3-2)*16+11 = 27

additional 2 carrier configurations also supported

3, 9, 10

	
	[1 1 0 1]
	(3-2)*16+13 = 29
additional 2 carrier configurations also supported

5, 9, 12


It can be seen from Table 6 that it is only burst 2 that can cover all carriers (Maximum inter-carrier separation ≤ 30).
In the table below the supported configurations for each burst are listed
Table 9. Configurations supported in each burst
	
	Configurations

	
	1
	2
	3
	4
	5
	6

	Burst
	1
	30, 12, 10, 6
	9
	6
	29, 12, 9, 5
	30, 12, 10, 6
	29, 12, 9 ,5

	
	2
	No restrictions. All carriers can be received.

	
	3
	27, 10, 9, 3
	23, 6, 5, 3
	27, 10, 9, 3
	6
	9
	23, 6, 5, 3

	
	4
	12
	27, 10, 9, 3
	29, 12, 9, 5
	27, 10,9,3
	29,12,9,5
	3


Sorted into the possible values one can see that 9, i.e. carrier 1 and carrier 4 is the common carrier reception.
Table 10. Configurations sorted for each of the four bursts.
	
	1
	2
	3
	4

	30
	X
	X
	
	

	29
	X
	X
	
	X

	27
	
	X
	X
	X

	23
	
	X
	X
	

	12
	X
	X
	
	X

	10
	
	X
	X
	X

	9
	X
	X
	X
	X

	6
	X
	X
	X
	

	5
	X
	X
	
	X

	3
	
	X
	X
	X
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