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1 Introduction
The requirements for LTE-Advanced [1] include the support of larger transmission bandwidths than in LTE. Moreover, there should be backwards compatibility so that an LTE UE can work in LTE-Advanced networks. 
In this contribution, we discuss the introduction of carrier aggregation to LTE-Advanced as a means to meet these requirements and outline a possibility for increasing the spectrum utilization by synchronizing the aggregated carriers, both in time and frequency.  

2 Advantages of carriers aggregation related to IMT-Adv requirements 
Basically, there are two main approaches for complying with the above requirements; to define new wider transmission bandwidth modes in LTE, or, to use carrier aggregation. The latter would mean that the LTE-Advanced transmission band should be comprised of aggregated constituent ‘LTE carriers’. Hence, LTE-Advanced would be seen as a multi-carrier extension of LTE. Thereby, an LTE UE could access any of the individual LTE carriers while an LTE-Advanced terminal can transmit and receive on spectrum resources from several LTE carriers. There are several aspects that point towards carrier aggregation solutions: 
1. Spectrum aggregation, where non-contiguous spectrum resources can be used, has been identified as an important feature in numerous contributions on LTE-Advanced technologies presented at the RAN IMT-Advanced workshop and at RAN1#53. Although this may come with increased complexity,  it could be provided through carrier aggregation. 
2. A second benefit is that carrier aggregation provides for bandwidth scalability, which is beneficial not only for facilitating different bandwidths but also for providing a smooth migration from LTE to LTE-Advanced. At the same time, backwards compatibility is maintained as an LTE-Advanced UE could detect each individual LTE carrier using its acquisition channels. 
3. A third relevant aspect is based on earlier discussions in RAN1. During the development of LTE, it was initially assumed that the UE’s minimum maximum-bandwidth capability was 10 MHz. This however led to numerous issues in the system design. For example, to distribute the load in a 20 MHz cell, UEs should be distributed to camp on different parts of the bandwidth. Since the acquisition channels are located in the center of the cell’s bandwidth, the UE needs to move its reception bandwidth back to the center whenever it should perform search for other cells. To simplify the system design, it was finally agreed to assume a 20 MHz UE capability. Now, if LTE-Advanced would utilize an extended transmission bandwidth larger than 20 MHz, similar problematic issues may reappear as LTE UEs then only have 20 MHz capability. 
In summary, carrier aggregation may be the preferred bandwidth expansion technique for 3GPP standardization as compared to the definition of new wider bandwidth modes.

3 Spectrum efficient carrier aggregation
A suitable way to aggregate carriers could be accomplished if certain frequency synchronization can be guaranteed. This allows for easier RX/TX chain implementations and, as we explain below, better spectrum efficiency. More specifically, this requirement assumes an integer number of subcarriers between two carriers, i.e., the carrier frequencies are placed on a grid determined by the least common multiple of the subcarrier spacing 15 kHz and the E-UTRA carrier frequency raster 100 kHz [2], which gives a carrier frequency grid of 300 kHz. 
Moreover, in the downlink the carriers can be time synchronized so that the transmitted signal can effectively be regarded as generated from one large OFDM block. Hence, there is orthogonality among subcarriers from different carriers, which opens up for utilizing parts of the guard bands between the carriers. Thus additional resource blocks to be used by an LTE-Advanced UE can be added to the LTE carrier, thereby increasing the spectrum utilization for the aggregated LTE-Advanced carrier. Due to the time- and frequency synchronization of the subcarriers, backwards compatibility of LTE UEs can be maintained.    
Fig. 1 illustrates the basic principle where an operator has a 40 MHz spectrum allocation and subcarriers are added to two 20 MHz LTE carriers. These extra subcarriers are dedicated to LTE-Advanced transmission and may carry, e.g., control or data information. The guard band for a single 20 MHz LTE carrier is 10% [2], i.e., 1 MHz on each side, thus the number of active LTE subcarriers corresponds to 18 MHz. The LTE-Advanced bandwidth consists of the aggregation of the extended LTE carriers, while an LTE UE can access any of the two original LTE carriers. The added subcarriers (colored grey) could be added either symmetrically (top figure) to the LTE carrier, or asymmetrically (bottom figure). In both cases, the carrier frequencies should be on the 300 kHz raster.

In this example, the maximum spacing between the two carrier frequencies could be 19.8 MHz, which assures that the carrier frequencies are on the 300 kHz grid and that at least a 1 MHz guard band outside the LTE carriers is maintained. A spacing of 19.8 MHz corresponds to 1320 subcarriers and excluding the LTE DC subcarriers there is hence room for activating 119 additional subcarriers, or up to 9 resource blocks. In some cases, the potential number of added subcarriers might not be divisible with a LTE resource block size and some of them might be left unused. Alternatively some form of special sized resource block could be considered.

[image: image1]
Figure 1. Two examples depicting how two LTE carriers (illustrated by black colored subcarriers) can be extended with extra subcarriers (grey) to form the aggregated LTE-Advanced bandwidth. The subcarriers can be added symmetrically (top) or asymmetrically (bottom) to the LTE carrier.
4 Standards aspects of carrier aggregation

Already the requirements for LTE [3] included formulations of supporting so called resource aggregation. In 2005 a number of study cases were outlined [4]

 REF _Ref200878503 \r \h 
[5]

 REF _Ref200878504 \r \h 
[6] and the subsequent main discussions on this topic took place predominantly in RAN WG4, especially at meetings RAN4#38 and RAN4#39. The RAN4 studies on resource aggregation were captured in Section 12.3 of [7]. The conclusions were that the complexity of E-UTRA was already increased compared to UTRA, due to providing scalable bandwidths, and both system complexity and the needed standardization effort should be taken into account to not delay LTE, if resource aggregation was to be studied. Consequently, resource aggregation was not prioritized in LTE and its applicability was mainly reduced to aggregation on bi-directional and broadcast channels, e.g., simultaneous reception of a dedicated MBMS carrier and a unicast carrier. 

In LTE-Advanced, it may become challenging to design the transmitter/receivers if new much wider contiguous transmission bandwidth modes are defined, thus it is relevant to study carrier aggregation again. Besides, LTE is now becoming finalized and the standardization effort is not the limiting factor at this point. If aggregation of LTE carriers is assumed for LTE-Advanced, rather small impact is expected on the physical channels and each carrier could perform its modulation and encoding as in the legacy LTE system. Some development on control channels related to how the carriers are aggregated can be expected. The standard would have to specify how different carriers can be coordinated, deployed and synchronized. From a physical layer perspective, it may have to be defined how the different carriers can be time synchronized and also required frequency separation and guard bands of the carriers. On higher layers, coordination of the different carriers should be defined, including joint scheduling, single or multiple data queues, HARQ functionality and execution of handovers. Spectrum aggregation, i.e., the use of non-contiguous spectrum, could be provided by carrier aggregation where the carriers are not consecutively located.

5 Issues with carrier aggregation and hand over
The spectrum identified for IMT-Advanced implies that carriers could be deployed at low- as well as high frequencies, having different radio propagation characteristics. LTE-Advanced may thus be comprised of carriers from different frequency layers. In principle, carriers from different frequency layers could be aggregated, to assure good coverage and capacity. However, carrier aggregation is a means to provide higher data rates through larger bandwidths and is primarily not a coverage driven technology. The largest amount of spectrum for LTE-Advanced is expected to be available at higher frequencies, where it could be possible to utilize larger blocks of contiguous spectrum. Thus, carrier aggregation of consecutive carriers, within a frequency layer, appears to be prioritized. This would limit complexity of the RF chain implementation compared to performing spectrum aggregation between frequency layers. Also with respect to UE complexity, and perhaps traffic asymmetry, different aggregations in uplink and downlink should be allowed.            
In order to uphold the service continuity, an LTE-Advanced UE should maintain a similar data rate when it performs hand over. If a UE implements carrier aggregation in one cell, it is desirable that it is also supported during and after the handover procedure. Therefore, a sufficient amount of resources from the target eNodeB is required to be scheduled to the UE before and after handover. This means that prior to hand over, a UE should measure (or receive information of) multiple carriers of neighbor eNodeBs to ensure that sufficient number of carrier can be aggregated after handover. In order for a UE to know which carriers belong to one neighbor eNodeB and thus know which carriers could be aggregated, certain carrier configuration of neighbor eNodeBs is needed, such as carrier number and their frequency location. This may be informed to the UE by broadcast or dedicated signaling to simplify the measurement and to ensure carrier aggregation after hand over.
It may be comparatively easy to aggregate carriers within one layer and perform handover because of the similar coverage as long as there are enough available resources in the target cell; whereas it will be more complicated to aggregate carriers of different frequency layers while performing handover. Since different frequency layers have different coverage, a UE which is aggregating carriers of multiple frequency layers will perform handover at different instants for each layer. This could require the UE to transmit/receive independent data to/from different eNodeBs simultaneously and impose considerable cross-layer (inter-eNodeB) communication. Therefore, a possible restriction could be to only allow aggregation of carriers within one layer and within one eNodeB.
6 Conclusions 
Carrier aggregation is a concept that can provide bandwidth scalability while maintaining backwards compatibility to LTE through any of the constituent carriers. We believe this concept can be introduced with reasonable standardization efforts.

To further increase the spectrum utilization, the carriers should be synchronized in time and frequency, so that the subcarrier orthogonality allows for adding dedicated LTE-Advanced subcarriers to the LTE carriers. 
Considering mobility issues, carrier aggregation within a frequency layer appears to be a prioritized case for study.
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