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1 Introduction

Carrier aggregation is one of the key components for the ITU-R submission of LTE-Advanced and is currently being discussed in multiple WGs. For RAN4, one issue regards how to improve the spectrum utilization for contiguous carrier aggregation, see [1]. In this contribution we discuss the alternatives to make progress on this item. 
2 Carrier aggregation alternatives
According the agreed deployment scenarios [2], contiguous carrier aggregation may be used for the downlink channel bandwidths 2x20, 4x20 and 5x20 MHz. There are essentially three options for accommodating contiguous carrier aggregation, which we discuss below. 
2.1 Deploying Rel-8 component carriers

A basic solution would be to deploy the defined component carriers of Rel-8, as illustrated in Fig 1. 
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Figure 1. Example of carrier aggregation with four 20 MHz Rel-8 component carriers.
The advantage here is a small impact to specifications, in the sense that the deployments and requirements supported for Rel-8 could, to a large extent, be reused. However, the drawbacks are significant with regards to implementation complexity and spectrum utilization. 
Simply placing the carriers next to each other according to Rel-8 will not result in the component carrier center frequency spacing being a multiple of 300 kHz, which is requested for low-complexity implementations and backward compatibility [3]. 
The guardbands of the component carriers imply that large chunks of unused spectrum will be present in between component carriers. This is not an acceptable way of utilizing the spectrum. Moreover, it has also been noted (see [1] and references therein) that the spectrum utilization of a single Rel-8 component carrier could be above 90%, which itself suggests that further improvements should be considered on each component carrier respectively. However, if plain Rel-8 carriers are reused, there is no possibility for such enhancements.

2.2 Increasing the number of component carriers
Another option was given in [4], where component carriers with Rel-8 bandwidth numerology are positioned as densely as possible while at the same time fulfilling the 300 kHz multiple carrier spacing condition. This implies that a number of empty subcarriers will be located between the component carriers, see Fig 2. For component carriers comprising 100 RBs, there will be 19 such unused subcarriers, which gives the component carrier spacing 18.3 MHz.
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Figure 2. Four 20 MHz Rel-8 component carriers placed densely on a 300 kHz grid.
The dense positioning of the component carriers makes the guardbands at the band edges very large. Table 1 shows for the cases 2x20, 4x20 and 5x20 MHz the resulting guard band assuming component carriers of 100 RBs.  

Table 1. Guardband for different bandwidths.
	Channel bandwidth [MHz]
	Guardband [MHz]

	2x20
	1.8425

	4x20
	3.5425

	5x20
	4.3925


The only way to improve the spectrum utilization subject to maintaining Rel-8 transmission bandwidth configurations would then be to increase the number of carriers in the system and deploy smaller carriers in addition to reduce the resulting guardband. These extra carriers should then have the transmission bandwidth configurations from Rel-8, i.e., 6, 15, 25, 50, 75 or 100 RBs. 
2.2.1 Addition of two component carriers
A separate smaller component carrier could be deployed in addition on each side. Fig. 3 illustrates the principle for the 4x20 MHz case. 
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Figure 3. Two additional narrow band component carriers inserted in an 80 MHz channel. 
Table 2 shows the possible configurations under the assumptions that all the component carriers are separated by a multiple of 300 kHz and are located as densely as possible and that 1 extra smaller component carrier is deployed on each side in a symmetric way, i.e., in total 2 carriers are added.

Table 2. Spacing between component carriers (in multiples of 300 kHz), the total number of resource blocks, resulting guardband and spectrum utilization.
	Channel bandwidth [MHz]
	m
	n
	No. of RBs
	Guardband [MHz]
	Spectrum utilization

	2x20
	32
	61
	2*6+2*100=212
	0.7025
	95.4%

	4x20
	32
	61
	2*6+4*100=412
	2.4025
	92.7%

	4x20
	35
	61
	2*15+4*100=430
	0.6925
	96.75%

	5x20
	32
	61
	2*6+5*100=512
	3.2525
	92.16%

	5x20
	35
	61
	2*15+5*100=530
	1.5425
	95.4%


2.2.2 Addition of one component carrier

The existing component carriers could be moved such that one smaller extra component carrier could be deployed on one side in an asymmetric way. Fig. 4 illustrates the principle for the 4x20 MHz case. 
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Figure 4. One additional narrow band component carrier inserted in an 80 MHz channel.
Table 3 shows the possible configurations under the assumptions that all the component carriers are separated by a multiple of 300 kHz and are located as densely as possible and that the channel bandwidth is located such that the remaining guard bands on the edges are of equal size.

Table 3. Spacing between component carriers (in multiples of 300 kHz), the total number of resource blocks, resulting guardband and spectrum utilization.
	Channel bandwidth [MHz]
	m
	n
	No. of RBs
	Guardband [MHz]
	Spectrum utilization

	2x20
	32
	61
	6+2*100=206
	1.2725
	92.7%

	2x20
	35
	61
	15+2*100=215
	0.4175
	96.75%

	4x20
	32
	61
	6+4*100=406
	2.9725
	91.35%

	4x20
	35
	61
	15+4*100=415
	2.1175
	93.38%

	4x20
	38
	61
	25+4*100=425
	1.2175
	95.63%

	5x20
	32
	61
	6+5*100=506
	3.8225
	91.08%

	5x20
	35
	61
	15+5*100=515
	2.9675
	92.7%

	5x20
	38
	61
	25+5*100=525
	2.0675
	94.5%


2.3 Increasing the number of resource blocks of a component carrier
As has been proposed in [1] and evaluated in [5] and [6], a simple way to improve the spectrum utilization is to extend the Rel-8 component carriers with extra RBs for LTE-Advanced, see Fig. 3. The maximum number of RBs of a component carrier is 110 [3] and all physical channels are already defined up to this number. 
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Figure 5. Illustration of a single component carrier with extra inserted RBs for LTE-Advanced. 
Table 4 lists the possible configurations, assuming the component carriers are separated as densely as possible by a multiple of 300 kHz and that the extra RBs are inserted symmetrically on each component carrier, respectively.  
Table 4. Spacing between component carriers (in multiples of 300 kHz), number of unused subcarriers between component carriers and resulting spectrum utilization.
	
	Number of RBs in  a component carrier

	
	100
	102
	104
	106
	108

	n
	61
	62
	63
	64
	65

	No. of unused subcarriers between component carriers
	19
	15
	11
	7
	3

	Spectrum utilization
	90%
	91.8%
	93.6%
	95.4%
	97.2%


Table 5 contains the resulting guardbands for different component carrier bandwidths. It should be noted that a 20 MHz LTE carrier has 0.9925 MHz guardband and in most cases, we actually obtain larger guardbands than that. 
Table 5. Guardbands in [MHz] for different component carrier bandwidths.
	Channel bandwidth [MHz]
	Number of RBs in  a component carrier

	
	100
	102
	104
	106
	108

	2x20
	1.8425
	1.5125
	1.1825
	0.8525
	0.5225

	4x20
	3.5425
	2.9125
	2.2825
	1.6525
	1.0225

	5x20
	4.3925
	3.6125
	2.8325
	2.0525
	1.2725


3 Discussion

The alternative described in Sec. 2.1 of deploying Rel-8 carriers does not appear reasonable considering it will not facilitate the 300 kHz spacing condition, nor will the spectrum utilization be acceptable. The 300 kHz spacing was already generally supported during the discussions at RAN4#51. Hence this alternative should be discarded for contiguous carrier aggregation.
Comparing the spectrum utilization for the concepts in Secs. 2.2 and 2.3, Table 2 shows two cases with guardbands smaller than 1 MHz, i.e., 0.6925 and 0.7025 MHz. This is significantly less than the guardband of Rel-8 (i.e., 0.9925 MHz) and is very challenging for implementations and we do not regard these two alternatives as a priority. 
It can also be noted from Table 5 that for 4x20 MHz, 108 RBs per carrier gives 1.0225 MHz guardband and 97.2% spectrum utilization, whereas the 4x20 MHz solution from Table 2 would give 0.6925 MHz guardband but only 96.75% spectrum utilization. In [6], we showed that 108 RBs per component carrier is feasible in 4x20 MHz bandwidth and it will therefore also be feasible in 5x20 MHz since the guardband becomes larger in that case, see Table 5. In Table 3, the configurations of primary interest are having guard bands 1.2725 MHz with 92.7% spectrum utilization and 1.2175 MHz with 95.63% spectrum utilization. Comparing with Table 4, these spectrum utilization values are lower than 93.6% and 97.2%, which are the corresponding configurations having guardband larger than 1 MHz. Thus the concept of adding extra component carriers is inferior to the utilizing existing component carriers with up to 110 RBs, in terms of supported guardbands and spectrum utilization.

In addition to the above properties, when introducing additional component carriers, the overhead will increase if each carrier will carry its own control signalling, acquisition- and broadcast channel (PDCCH SCH, PBCH etc.). This is true in particular for component carriers with a low number of RBs, e.g. 6 and 15 RBs, which were used for the approaches in Sec. 2.2. Hence, there will be a significant impact on overall spectral efficiency of the system by the approaches in section Sec. 2.2. This is in contrast to the solution of Sec 2.3, where increasing the number of resource blocks does not imply a proportional increase in channel overhead. This is due to that RAN1 has already developed the control channel structures up to 110 RBs.  It is therefore desirable to have as many resource blocks as possible per component carrier to minimize the relative overhead and increase the overall spectrum efficiency. 
From an implementation perspective, it is more complex to add complete component carriers than to add RBs to an existing carrier. From a UE perspective, more carriers imply that the UE will have to monitor more PDCCHs, which are detected by blind decodings in its CCE search space. The number of such blind decodings is directly related to the power consumption of the UE and it is desirable to minimize the number of blind decodings, i.e., the number of component carriers. The solution of Sec. 2.3 offers less channels to monitor and consequently also less blind decodings.   
Moreover, the added extra component carriers will be have to be much narrower than 20 MHz. Since Rel-8 UEs will not be capable of carrier aggregation, Rel-8 UEs allowed to camp on these narrow carriers, will thus experience unnecessarily low bandwidth transmissions. If instead extra resource blocks are inserted on existing carriers, all Rel-8 UEs would enjoy up to 100 RBs transmissions.  

4 Conclusions
We analysed solutions for optimising the spectrum usage in contiguous carrier aggregation taking into account the overall spectrum utilisation and overhead, as well as the implementation complexity and backwards compatibility.  

Based on the analysis in this contribution we have shown that the best solution for improving the spectrum utilization and achieving low complexity implementation is to utilize component carriers wider than 100 RBs. 
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