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1 Introduction
E-UTRA/E-UTRAN can fulfil many of the preliminary requirements that have been outlined for IMT-Advanced systems but there are more challenging requirements being discussed. These would necessitate novel radio access techniques and further evolution. Therefore, this document focuses on the air-interface and discusses technologies that should be studied in order to satisfy the requirements for an LTE-Advanced system. 

2 Bandwidth and Spectrum 
The discussed requirements for LTE-Advanced include a use of channel bandwidths wider than for LTE, typically 40 MHz and potentially up to 100 MHz. For deployment flexibility, it is necessary that also LTE-Advanced supports bandwidth scalability. However, it may become a regulatory challenge to find contiguous spectrum allocations that can accommodate such wide carriers. Therefore, spectrum fragmentation, where operators have segments of spectrum, perhaps of different sizes, not necessarily located contiguously or in the same band, must be considered. Hence, its is crucial that;
· LTE-Advanced supports bandwidth scalability, and

· LTE-Advanced supports aggregation of spectrum. 
While the above features are highly desirable as such, it is also clear that they may incur additional complexity, e.g., for the RF implementation, see [1]. Hence, identification of the relevant spectrum configurations and use cases needs to be done.
2.1 Bandwidth scalability

Bandwidth scalability is beneficial in LTE-Advanced not only for facilitating different bandwidths but also for providing smooth migration from LTE to LTE-Advanced. Bandwidth scalability can be facilitated in two ways, both allowing backwards compatibility;
· by using multiple contiguous RF carriers ,or

· by using a single RF carrier with extended transmission bandwidth.

In the former solution at least one of the carriers should be an LTE carrier. In the latter solution, a legacy UE can access some of the LTE-Advanced spectrum. For example, E-UTRA reference signals, synchronization-, broadcast- and control channels should be transmitted in at least a part of the LTE-Advanced system’s spectrum. Hence, in the latter solution, the division of spectrum between LTE and LTE-Advanced can be made more flexible. Both these solutions should be subject to further study. 
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Figure 1. Bandwidth scalability by several carriers (left) or a single carrier with extended transmission bandwidth (right).
2.2 Spectrum aggregation

Related to the bandwidth scalability is spectrum aggregation which can be performed;

· by aggregating multiple discontiguous RF carriers, or

· by aggregating spectrum segments into one single wideband RF carrier.

Both these solutions should be subject to further study.
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Figure 2. Spectrum aggregation with carriers (left) or within a single carrier (right).
The former solution can achieve straightforward backwards compatibility but may involve changes to the higher layers (e.g., data segmentation between the carriers). As of the physical layer channels, there may be less modification needed and it would be much an issue of UE capability of how many carriers it can manage. On the other hand, aggregation of whole LTE carriers may allow for less freedom in optimizing LTE-Advanced in terms of channel structures and overhead minimization. 
The latter solution can handle smaller segments, thus it provides more aggregation flexibility and may be more suitable if some form of dynamic spectrum usage mechanisms will be supported. To handle aggregation between distantly separated spectrum segments and associated differences in radio propagation, multiple RF chains may be needed. Thus, the single RF carrier solution would be more applicable for aggregation of rather closely located spectrum.
The latter solution generates one OFDM signal from the aggregated bandwidth in one OFDM block and use nulled subcarriers on frequencies not eligible for transmission, i.e., effectively creating a stop-band. Hence, the nulled guard subcarriers are used for reducing in-band power emissions and the number of guard carriers may become large. In the literature, methods which actively modulate dedicated subcarriers for suppressing certain parts of the OFDM spectrum have been used to reduce the number of needed guard subcarriers.    
Spectrum aggregation may impose more complex TX/RX designs. The complexity and feasibility of a spectrum aggregating transmitter/receiver is dependent on 
· the bandwidth of each spectrum segment, 
· the frequency separation of the spectrum segments, and 
· the number of spectrum segments. 
Therefore, some form of use case identification must be done. In the uplink, the UE transmit power budget is a limiting factor for utilizing very high data rates (i.e., bandwidths). Hence the applicability of spectrum aggregation in the uplink may be smaller than for the downlink and/or would be limited to low-coverage scenarios. Non-symmetric UL/DL bandwidths may therefore be considered. The large bandwidths that can be anticipated for LTE-Advanced appear to be mostly relevant for capacity reasons and high data rates with limited coverage.
2.3 Flexible spectrum use 

Spurred by the concept of liberalization of spectrum band usage, much research has been performed in recent years for different ways increasing the availability of spectrum (referred to as dynamic spectrum access, flexible spectrum use, spectrum sharing etc.) aiming for better spectrum utilization. Both spectrum sharing between the same radio access technologies (RATs) and between different RATs have been considered for the purpose of exploiting differences in temporal and spatial usage variations. Assuming that LTE-Advanced will be capable of spectrum aggregation, the next natural step is to allow this in a more dynamic fashion. Hence an operator could manage and optimize its spectrum resources between its radio access technologies. Such dynamics will likely impose challenges for the eNodeB transmitter front-end design. However, flexible spectrum use is to a large extent also related to the RRM. 
3 Multiple-Input Multiple-Output Transmission
In this part, we are proposing two technical directions that need to be considered in LTE-Advanced; UL MIMO and DL multiuser MIMO.
3.1 Uplink single user MIMO

Based on LTE evaluations, the UL performance is a limiting factor. In this section we propose a technology that would address the following requirements of LTE-Advanced:

· Improved UL peak data rate
· Improved reliability and coverage

· New varying scenarios
We believe that the standardization of multiple antennas at the UE will have the benefits of improving the UL peak data rate through the use of uplink spatial multiplexing. Also, by using either precoding or beamforming, the UL cell range can be extended, and when combined with a transmit diversity technique (such as space time block codes or CDD) the reliability of certain channels can be improved.

Furthermore, we believe that for LTE-Advanced to be truly a “long term” standard it will have to co-exist with other technologies that will grow in importance in the near future. We can identify two different scenarios, one which is already widespread and one that we predict will grow very fast in future:
· Hot spots as in Local Area Networks

· Personal Area Networks
These two scenarios will generate very different traffic types and their channel conditions will typically be very different from the existing cellular channels that we have been considering. Given that, contrary to the existing cellular structure that consists of many similar UEs, we see the future LTE-Advanced networks to be home to a much more diverse set of UEs. Therefore we do not believe that defining a UE antenna by its RS is appropriate since different UEs will have different RS requirements for transmission on the UL. Also, the cost of increasing the RS overhead per UE antenna may be too high.
A possible solution to this problem is to have an adaptive RS structure per UE per antenna where the RS densities may not be the same on the UE antennas. We believe this flexibility would be necessary for accommodating the diverse UE population that we expect in future networks.
3.2 Downlink multi user MIMO

In the case where the eNodeB has multiple transmit antennas, system performance can be greatly increased by allocating multiple streams to different users because;

· Full spatial multiplexing can be utilized even though each UE has only small number of antennas.

· Different users are usually located in different positions, thus channel correlation between different streams will be lowered and this gives better orthogonality between streams.

· In case the number of streams allocated to a UE is less than the number of receiving antennas, the UE can enjoy additional multiple antenna combining gain which improves system capacity.

However in the current LTE standard, MU-MIMO is considered as a scheduling issue and its design was not optimized for MU-MIMO. For example: 
i) The current codebook size of 4 bits may be too restrictive for zero-forcing beamforming. 
ii) Even though LTE considers both FDD and TDD, the channel feedback mechanism is focused on the FDD case; therefore more elaborate design for TDD case is required. 
iii) To further increase the system capacity, we may need to optimize the required overhead depending on the specific user’s situation. One good example is reference signal overhead. In order to reduce overhead it is beneficial to define both per-antenna and per-stream dedicated pilots, so that each user can use a different reference signal type and density. 
iv) Closed-loop MIMO scheme has not been considered for high speed users in LTE. Thus, to have better capacity for high speed users, we may need to define another way of feedback and beamforming schemes which are robust to channel variation. 

Current LTE MIMO codebook is designed primarily for SU-MIMO and consequently we reduced the codebook size to 3 or 4 bits [2].  The MU-MIMO control signalling currently in LTE thus considered correlated antennas for simplicity and to reduce the feedback overhead. However, the use of correlated antenna is not the only method of reducing feedback. In case of MU-MIMO, performance is more prone to quantization error than SU-MIMO and it requires bigger codebook. As a result, by using this small codebook defined in LTE, there is no room for MU-MIMO to have further increase the system capacity. We believe that a new design for the MU-MIMO case is necessary, because for optimal MU-MIMO, it needs codebook size that is proportional to Log(SNR) [3]. A bigger codebook size is also required for the case of uncorrelated antenna because of increased channel diversity/fluctuation; which shows better MU-MIMO performance than that with correlated antennas. However, in order to accommodate such a large codebook we need to redesign the MU-MIMO control signalling structure in order to ensure that the overhead does not grow at the same rate. 

Storing a very large codebook is, of course, not practical in the mobile handsets. Also, performing exhaustive search in a large code-book can impose an unjustifiable computational burden on the UE. Moreover, depending on the users’ mobility and location, different users might require different levels of precision for quantizing their CSI. Thus, a new codebook design with flexible size codebook helps achieve a better trade-off between feedback overhead and performance.
We propose the following technology components to fully utilize the advantages of these multi user MIMO technologies and to overcome the disadvantages of the scheme.
· Efficient use of reference signals;
Use of additional per-stream reference signal will increase downlink performance, but it will also increase overhead. Instead of allocating both per-antenna and per-stream reference signals simultaneously, need-based allocation of dedicated pilots or feedforward signals can reduce downlink overhead and increase overall cell throughput.

· Overhead reduction for feedback signals;
For FDD mode, efficient way of defining codebook size and feedback mechanism as a function of uplink load is very important and we strongly recommend that to be included in LTE-Advanced. 

For TDD mode, we can utilize the channel reciprocity property and thus reduce feedback overhead. However, depending on the number of transmit antennas, different reference signal transmission schemes need to be considered to minimize uplink signalling overhead and to increase uplink capacity.
· Closed-loop MIMO for high speed users
Proper feedback schemes and corresponding MIMO schemes for high speed users may increase downlink system capacity.
· New codebook design
· Top-down approach: we start from a dense code book (parent), and then use set-partitioning to break it into two sets of equally-sized code-books (children). We continue this process until we reach the required level of precision.
· Bottom-up approach: we start from an initial sparse code book and then expand it to a set of codebooks by using successive unitary rotations. The unitary matrices are chosen such that at each scale the codebook form from concatenation of all smaller size code books has desirable properties in terms of minimum distance.
4 Multipoint Transmission and Reception
Multipoint Transmission and Reception (MPTR)[4] is one cooperative transmission and reception technology, which can be easily deployed in  a semi-distributed communication system where its antennas are distributed but control functionality is centralized. In this semi-distributed system, several RRUs (Remote Radio Units) are linked to one eNodeB, for example by the interface of CPRI (Common Public Radio Interface)[5]. Basically, the RRU provides the analogue and radio frequency functions such as filtering, modulation, frequency conversion and amplification. The centralized eNodeB is concerned with the network interface transport, the radio base station control and management as well as the digital baseband processing.

As the centralized eNodeB can retrieve information from many RRUs, the cells can perform coordinated transmission under the control of the central eNodeB. Moreover, due to the presence of a central control node, technologies such as inter-cell interference coordination, or multi-cell MIMO can be implemented without heavy control signaling load or large latency with internal interface of eNodeB, compared to X2-interface in current LTE specifications.
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Figure 3. Multipoint transmission and reception system.
The main purpose of MPTR is to improve the spectrum efficiency and throughput of cell edge UEs to reduce the difference to the cell center spectrum efficiency. 
For the downlink, cooperative multipoint transmission among RRUs can be utilized to enhance cell edge user throughput. Based on the feedback information, the eNodeB can activate multiple RRUs, schedule suitable resource blocks which provide orthogonality and exhibit low correlation spatial channels for the cell edge users and use suitable spatial processing to make a multi-cell MIMO transmission possible. 

For the uplink, cooperative multipoint transmission among UEs can be utilized to enhance cell edge user throughput. Cooperative multipoint reception can be implemented in the central eNodeB.
- under light load condition, multi-cell coordinated scheduling allocates orthogonal resource blocks to different cell edge UEs in order to avoid the inter-cell interference;

- under the heavy load condition, multi-cell coordinated scheduling allocates resource blocks to achieve orthogonality or low correlation of the spatial transmission channels of cell-edge UEs in different cells. Hence multi-cell virtual MIMO could be utilized to enhance the throughput of cell edge users and interference cancellation could also be used for these scheduled frequency resources which could mitigate the impact of inter-cell interference even more.
The explicit multipoint transmission schemes including reference signals etc., are FFS to be included in the standard.

5 Relaying
One candidate technology for LTE-Advanced is relaying, which mainly addresses reduced deployment cost for extending coverage and enhancing capacity. High capacity and coverage at a low cost is an important requirement for the LTE-Advanced system. In general, several issues may exist that would motivate relaying solutions, including: 
· Lower throughput at the cell edge. 
· Coverage holes inside a cell.
· Hot spots supporting high throughput where large amount of radio resources are used.  
· Decreased coverage with higher carrier frequency.

· High UE power consumption, especially at cell edge. 
In particular for LTE-Advanced, the foreseen applications of local area coverage with very high data rates may motivate novel network design with relays. Typically smaller cells are a remedy to these issues and relaying may be seen as one alternative technology of increasing the radio infrastructure density. A system including relays may also be more flexible and allow for easier deployment, e.g., in emergency cases or temporary events etc. However, there are numerous issues to be studied, including: 
· Use cases

· The relevant use cases for relaying need to be identified.
· Backwards compatibility 

· An LTE terminal shall be supported in LTE-Advanced networks thus backwards compatible physical layer parameters and frame structures (FDD/TDD) shall be studied. 
· Spectral efficiency improvement 

· In-band relay transmission comprises a large overhead and the spectral efficiency of the relay link (eNodeB to relay station) is crucial to the relay gain.  Multi-antenna transmission as well as optimized physical channel design (e.g., higher order MCS, optimized reference signals etc.) of the relay link, considering its particular radio propagation characteristics, should be studied for increasing its efficiency 
· Interference mitigation 
· Relaying solutions may affect the spectrum reuse and thus change the interference situation. The influence of the interference and means to mitigate it shall therefore be considered. In particular reference signals should be carefully designed to handle pilot collisions and interference.
6 Uplink OFDM Transmission 
SC-FDMA has been adopted in the UL mainly due to better coverage than OFDM which is inherent from its lower PAPR. Since an important aspect in LTE-Advanced is the support for local area/nomadic computing wireless access with large data rates, the main advantage of SC-FDMA is less pronounced in such deployments where coverage is less of an issue. To optimize LTE-Advanced for these cases, OFDM should be studied in the uplink for small cells and capacity-limited scenarios.  

OFDM in the uplink relaxes the basic requirement of SC-FDMA, to map the data on the contiguous subcarriers. Hence uplink spectrum aggregation would be easier to implement as well as the resource allocation would be more flexible. Moreover, a possible introduction of UL MIMO further motivates consideration of OFDM. MIMO techniques may be more straightforward to develop without the transform precoding essential for SC-FDMA. Results in [6] and [7] show better performance of OFDM than for SC-FDMA for UL MIMO. Moreover, introducing spatial multiplexing or transmit diversity in the UL may affect the single-carrier property and the PAPR will increase [8].   
7 Conclusions 
This contribution identified technology components that should be studied for LTE-Advanced, which are briefly summarized in the table below. 
Table 1. Technology components for LTE-Advanced.
	Technology label
	Purpose 
	Addressed requirements
	Comment

	Bandwidth scalability
	Provide for increased bandwidths and backwards compatibility.
	Contiguous bandwidth up to 40 MHz.
	Two solutions to study; using multiple LTE carriers or increasing system bandwidth

	Spectrum aggregation
	Increased deployment flexibility for large bandwidths. 
	Use of discontiguous spectrum.
	Two solutions to study; carrier aggregation or aggregation within one wideband carrier. Consider impact of in-band power emission. 

	Flexible spectrum usage/Spectrum sharing
	Optimization of an operator’s spectrum resources.
	Improve total spectrum utilization and increase spectrum availability.
	Related to RRM.

	UL MIMO
	2 TX antennas supporting spatial multiplexing and diversity.
	Enhanced UL peak data rate, reliability and coverage, and support for new LA/PAN scenarios. Reduced UE power consumption.
	Support diverse sets of UEs by adaptive RS structures per UE per antenna.

	DL MU-MIMO
	To improve system performance while further reducing feedback & reference signal overhead for MIMO transmission
	Enhanced DL average- and cell-edge throughput
	Study reference signals, codebook design, and overhead reduction 

	Multipoint Transmission and Reception
	Intercell interference mitigation by eNodeB coordination. Multi-cell MIMO.
	Enhanced cell edge throughput
	Requires architecture with centralized eNodeB and distributed antennas.

	Relaying
	Improve coverage and hot spot/cell edge capacity with existing cell sites.
	Coverage and capacity enhancement. Lower the deployment cost.
	Identification of use cases needed. Optimized PHY on relay link and interference mitigation.

	UL OFDM
	To provide simpler spectrum aggregation, resource allocation and UL MIMO design.
	Enhanced UL capacity in local area/cell center.
	To be studied primarily for nomadic computing scenarios.
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