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1 Introduction
E-UTRA/E-UTRAN can already fulfil some of the preliminary requirements that have been outlined for IMT-Advanced systems but it is also clear that there are more challenging requirements being discussed. These would necessitate novel radio access techniques and system evolution. This document focuses on the air-interface and discusses the basic framework for the development of the technologies capable of satisfying the requirements for an LTE-Advanced system. 

While improvements in, e.g., data rate, latency and cost per bit are commonly recognized objectives of the evolution, a significant enabling and underlying feature of LTE-Advanced is the spectrum use. The framework for the LTE-Advanced air-interface technology is mostly determined by the use of wide bandwidths (compared to LTE), non-contiguous spectrum deployments and a need for flexible spectrum usage. The spectrum flexibility of LTE-Advanced is discussed in Section 2.
Another significant element of the LTE-Advanced technology framework is MIMO, as in theory it offers a straightforward way to achieve an increase of spectral efficiency, anticipated for IMT-Advanced systems. MIMO is discussed in Section 3.

The OFDM based air-interface in E-UTRA has the fundamental properties for spectrum flexibility suitable for LTE-Advanced and some issues are further discussed in Section 4. For the downlink (DL), the number of guard subcarriers needed for reducing out-of-band emissions in non-contiguous spectrum may become excessive and other active suppression methods may be used. For the uplink (UL), non-contiguous spectrum might imply that the single-carrier envelope property of LTE UL signals will not be possible to achieve for higher-than-LTE data rates. This may lead to the extension of the LTE-Advanced air-interface to a kind of more general OFDM transmission than DFT-spread OFDM. 
Clearly the above techniques should provide increased performance and flexibility, which may require more advanced implementation and Section 5 discusses related complexity issues. 

2 LTE-Advanced Spectrum Flexibility
2.1 Spectrum scalability and aggregation

With spectrum allocations differing around the world, it is essential that a communications system provides deployment flexibility. E-UTRA has taken one step in that direction, as it facilitates wideband channels up to 20 MHz by means of different scalable bandwidths (on contiguous spectrum). However, already today it is a regulatory challenge to find spectrum allocations that can accommodate 20 MHz E-UTRA carriers in one band. Re-farming of licenses is one way that could free up spectrum but may result in fragmented spectrum and that a system must be deployed by aggregating smaller fractions of spectrum. In other words, the spectrum fragmentation, where operators have segments of spectrum, perhaps of different sizes, not necessarily located contiguously, must be considered. 
The draft requirements for IMT-Advanced [1] indicate a use of channel bandwidths wider than for E-UTRA, potentially even up to 100 MHz. Along with the current amount of IMT spectrum comes the difficulty of hosting wide bandwidths at possible future unknown allocations. Therefore, spectrum flexibility is needed, in particular spectrum aggregation over multiple spectrum segments as well as bandwidth scalability. 
Thereto, bandwidth scalability is useful in LTE-Advanced not only for facilitating different bandwidths but is also essential for providing migration from LTE to LTE-Advanced. Given a certain spectrum allocation where LTE-Advanced is deployed, and assuming that a part of it supports LTE, the bandwidth scalability would allow the portion of LTE spectrum to be changed as migration proceeds.

Hence, its is crucial that

· LTE-Advanced supports bandwidth scalability, and

· LTE-Advanced supports aggregation of spectrum, 

of which the latter is not included in E-UTRA. Generally, the aggregated spectrum pieces may be of different size (e.g., smaller segments, or whole E-UTRA carriers) that may be located next to each other, or non-contiguously spread out, see Fig. 1. 

[image: image1] Figure 1. Examples of aggregated spectrum for LTE-Advanced; multi-carrier LTE (left), segments with (middle) and without (right) an E-UTRA carrier. The aggregated segments may, or may not, be located contiguously.   

Much research has been performed in recent years for different spectrum sharing techniques (referred to as dynamic spectrum access, flexible spectrum use 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 spectrum usage variations. These concepts have shown promising benefits and are quite comprehensive which may require further study. However, spectrum aggregation and scalability as described above can be regarded as a first step towards a more dynamic use of the spectrum.
2.2 Deployment cases
The levels of backwards compatibility with LTE have been detailed in [2] where it more specifically has been stated that; “an LTE terminal can work in an LTE-Advanced E-UTRAN, an LTE-Advanced terminal can work in an E-UTRAN, and non-backwards compatible elements could be considered based on RAN decision.” 
The first two requirements suggest that LTE-Advanced should leverage on existing E-UTRA technology and that large commonality with E-UTRA is to be facilitated. 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. Thus, in that way an operator’s spectrum could facilitate both LTE-only capable UEs and LTE-Advanced UEs.
Considering the scarcity of IMT spectrum, LTE-Advanced may not always be deployed in its own frequency spectrum but have to share spectrum with LTE, which would necessitate aggregation of LTE-Advanced spectrum from one or several independent E-UTRA carriers. Fig. 1 illustrates three possible deployments. 

· Multi-carrier LTE. This deployment provides backwards compatibility and scalability.  
· Mixed carriers. An operator deploys both E-UTRA carrier(s) and other spectrum segments, which are aggregated for the LTE-Advanced system. 
· No existing LTE carriers. LTE-Advanced can be deployed in spectrum without any existing E-UTRA carriers. 
If LTE-Advanced includes an LTE carrier, reuse of (parts of) E-UTRA channel structures could be considered for LTE-Advanced to minimize its overhead and would be for further study. In the mixed carrier case, the access procedures and control signalling of the E-UTRA carrier could provide for a basic radio access of the LTE-Advanced system. For the multi-carrier LTE case, if each carrier has its own independent control signalling and access channels (SCH, PBCH etc.), further optimization of channel overhead becomes more difficult.

For the second and third case, which include some aggregated segments not containing E-UTRA carriers, the notion of a ‘channel’ must be extended, by not only describing the amount of spectrum but also its composition. Whether such configurations can be facilitated with low signalling overhead and if particular signal design can aid in describing the ‘channel’, are further research issues.
3 Multiple-Input Multiple-Output Transmission
3.1 Downlink MIMO

The evaluation results in [3] indicate that an LTE MIMO 4×4 configuration could fulfill some of the test scenarios of IMT-Advanced. However, it should be studied whether these results can be directly extrapolated to the bandwidths and spectrum compositions that are envisaged for LTE-Advanced. In particular, an increase of feedback information on the uplink due to wider bandwidths and non-contiguous allocations may become critical for achieving the uplink requirements.   
In case of wide bandwidths obtained by the aggregation of a number of spectrum segments, the antenna correlation may be different over spectrum segments for a fixed antenna spacing configuration. Thus, in LTE-Advanced one ‘channel’ may consist of both low correlation and high correlation scenarios simultaneously. For example, in E-UTRA it has been verified that MU-MIMO is appropriate for high correlation scenario, and SU-MIMO is suitable for low correlation scenario. If the configuration of SU-MIMO or MU-MIMO is semi-static, only part of UE’s spectrum is optimally processed in MIMO transmission. In order to fully utilize the characteristics of different scattering scenarios, for some types of ‘channels’ it might be considered to support both SU-MIMO and MU-MIMO simultaneously rather than semi-statically. 
3.2 Uplink MIMO

According to the draft requirements of IMT-Advanced [1], the current two options for uplink minimum peak SE are 2.5bps/Hz and 5bps/Hz respectively. In E-UTRA, the target of uplink peak SE has been decided as 2.5bps/Hz [4]. In order to make LTE-Advanced more competitive than E-UTRA, the peak SE of LTE-Advanced should not be less than 5bps/Hz. 
For E-UTRA uplink reference antenna configuration 1×2，if we take the highest code rate of 1, and neglect the overhead due to reference and control signals, it can be shown that the peak SE is 5.04bps/Hz. After deducting the overhead, the peak SE of 1×2 configuration is 4.3bps/Hz [3].

Therefore, in order to achieve 5bps/Hz peak SE in LTE-Advanced uplink, we can either increase the number of transmit antennae at the UE side to 2, or try to enhance some other part of E-UTRA UL transmission chain, for example by using 128 QAM modulation. These alternatives should be further investigated in terms of performance and complexity.

4 OFDM Transmission 
4.1 Downlink OFDM
OFDM modulation has the benefit that the signal’s occupied spectrum can be controlled by the number of active subcarriers and by insertion of nulled subcarriers. Thus the fundamentals for scalable bandwidth and transmission over non-contiguous bands are present in the E-UTRA DL and should be exploited in LTE-Advanced. Non-contiguous OFDM has, e.g., been considered in the cognitive radio area for sharing a common frequency band among several systems. In order to aggregate spectrum into one OFDM block, one limiting factor is the bandwidth of the transmitter/receiver, which has to be sufficiently wide to cover the whole band of the different spectrum segments. Additionally, if such a solution is used for transmitting a multi-carrier LTE signal (Fig.1 left), the carrier frequencies of the constituent E-UTRA carriers should preferably be located so that the subcarriers fit into a single OFDM block. 

A known drawback of OFDM is its rather large out-of-band emissions. In a contiguous OFDM signal such as E-UTRA, out-of-band emissions are reduced by allocating a sufficient amount of empty guard subcarriers. In E-UTRA this guard space ranges from 10% (20 MHz) to 23% (1.4 MHz) and typically some form of time-windowing of the transmitted signal is also used to meet the out-of-band emission requirements. Now, if the spectrum for LTE-Advanced is comprised of aggregated spectrum segments which are relatively narrow or many, the loss in spectral efficiency of using guard subcarriers may become higher than for LTE, thus reducing the anticipated gains.  Hence, more spectrally efficient methods that actively modulate a set of dedicated subcarriers for the sole purpose of reducing out-of-band emissions have been proposed in the literature and could be relevant for LTE-Advanced.
4.2 Uplink OFDM
In the uplink, the UE transmit power budget is a limiting factor for utilizing very high data rates (i.e., bandwidths). Hence the usefulness 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.
If spectrum aggregation is used in the uplink to achieve high data rates, the basic requirement for the SC-FDMA, to map the data on the contiguous subcarriers, would be very hard to satisfy. In that case the reasons to use SC-FDMA cease to exist, so it might be expected that for very high UL data rates and in very small cells (e.g., the nomadic/local area cases), a more general kind of OFDM transmission than the DFT-spread OFDM may be more beneficial in terms of performance and flexibility to match the available spectrum.
5 Transmitter and Receiver Issues

Spectrum flexibility, in particular spectrum aggregation, may impose more complex TX/RX designs. The complexity 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. If aggregated segments are located far apart, differences in radio wave propagation may be problematic. On the other hand, if segments are closely located, the duplex distance in paired spectrum may become critical. In that respect, the half-duplex FDD mode may be considered. Basically two RF architectures can be envisaged for spectrum aggregation; one RF chain per spectrum segment, or a single wideband RF chain for all segments.  

The separate RF chain design may be considered if the number of aggregated segments is small and/or if segments are separated far apart. For larger number of segments the number of components becomes big which necessitates large form-factor equipment and leads to high power consumption. The bandwidth of the transmitter and receiver is foremost limited by the A/D converter, the DSP speed and constraints in the filter designs but at least aggregation bandwidths around 40 MHz per RF chain appears feasible. If the E-UTRA uplink SC-FDMA property should be maintained on aggregated spectrum segments, separate RF chains with multiple power amplifiers may be needed to treat each segment as a separate single-carrier. Alternatively, spectrum aggregation in uplink may be constrained only to contiguous segments if a single RF chain is to be used. In E-UTRA, the common assumption is that the UE is equipped with only a single power amplifier and uses antenna switching. On the other hand, uplink MIMO is being discussed as a candidate technique for LTE-Advanced, which would in that case introduce multiple RF chains. The wideband RF chain can be considered to aggregate several segments that are clustered within the same band. Such a design could use fewer components but may be somewhat more comprehensive to design since the components should be highly linear to handle the intermodulation products that may occur. 
6 Conclusions 
This contribution identified the handling of wide bandwidths as a major component for evolving the air-interface of LTE into LTE-Advanced. In particular, to provide improved performance and smooth migration, spectrum scalability and spectrum aggregation are pointed out as key techniques that should be considered. With respect to this, OFDM modulation is a suitable technique and may be considered also in the uplink for some scenarios. MIMO may be considered in the uplink as well. 
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