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1. Introduction

The introduction of new carrier types was extensively discussed during LTE Rel-10 standardization. Two specific additional carrier types were discussed, namely, extension carriers and carrier segments. RAN1 and RAN 4 working groups decided against the introduction of new carrier types, at least, for Rel-10. Presently, one objective of the Rel-11 CA work item is the study of additional carrier types [1]. In this contribution we first discuss the use cases for additional carrier types. Secondly, we focus on the physical layer design implications of these carrier types. 
2. Use Cases for Additional Carrier Types
As defined in a RAN1 LS to RAN4 [2] the additional carrier types that were under discussion in Rel-10 are characterized by the absence of the following signals: PBCH, system information broadcast, paging information, primary and secondary synchronization signals (PSS/SSS), downlink control information, and cell specific reference signals (CRS). Furthermore, mobility is based on measurements performed in backward compatible CCs. 
Clearly, these additional carriers cannot be standalone but must be a part of a CC set containing at least one backward compatible CC. Furthermore, for carrier segments, one HARQ process (per transport block) is defined for the aggregated bandwidth, which is also restricted to a maximum of 110 PRBs. 
2.1. Efficient spectrum utilization
LTE defined system bandwidths of [6, 15, 25, 50, 75, 100] PRBs corresponding to spectrum allocations of [1.4, 3, 5, 10, 15, 20] MHz respectively. However, spectrum allocations are assigned by country or region and do not necessarily follow 3GPP defined bandwidths. Therefore, an operator’s spectrum allocation may not fall neatly into the 3GPP defined system bandwidths resulting in fragmentation or inefficient spectrum utilization. This inefficiency can be observed for small bandwidths, e.g. 1.4 MHz, which has a large overhead for DL control signalling (up to 4 OFDM symbols for PDCCH region). An extension CC may provide better granularity to support different spectrum holdings particularly if it is not restricted to the current LTE bandwidths. In a complementary fashion, carrier segments can be used to aggregate small chunks of spectrum while retaining the overall bandwidths approved for LTE. 
An exemplary use case to avoid spectrum fragmentation is shown in Figure 1 for 6 MHz bandwidth. Three possibilities include 

· Case 1 (Figure 1a): one 5MHz CC, which results in a waste of 1 MHz spectrum.
· Case 2 (Figure 1b): two 3 MHz CCs: this retains the spectrum efficiency of 90% per CC – 15 (PRBs) * 0.18 (MHz/PRB) / 3MHz. On the other hand for an allocation of more than 15 PRBs the UE must be configured for CA resulting in inefficient separate control signalling per resource allocation per CC.

· Case 3 (Figure 1c): define a 6MHz extension CC with a system bandwidth of 30 PRBs. This maintains the spectrum efficiency of 90% but it allows a single resource allocation of up to 30 PRBs with only one HARQ process. A similar solution was proposed in [3] using a carrier segment of 6 PRBs associated with 25 PRBs for a legacy carrier but that arrangement would result in narrower guard bands (93% RF efficiency) compared to existing LTE systems.
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Figure 1 Bandwidth utilization scenarios
Observation: while more efficient usage of spectrum is desirable it is highly unlikely that proposed bandwidth extension techniques would solve all cases of irregular spectrum holdings. Therefore, the feasibility and practical use cases for additional carrier types should be left to RAN4.

2.2. Interference mitigation in Heterogeneous Networks

The overlay of low power nodes within a macro’s coverage area could provide significant gains in system capacity. These gains may be offset by the higher levels of interference experienced by UEs in the data and control regions of both macro and pico cells. One scenario under investigation in RAN1 is the impact of CRS interference from a dominant interferer on PDSCH region of a victim cell [4]. In addition, a UE in a victim cell may also experience interference from the PBCH and PSS/SSS transmitted from high power aggressor cells. The performance degradation caused by such high interference increases when large bias cell range extension is employed. Furthermore, a non-backward compatible CC may not need to support the legacy DL control region, implying that all OFDM symbols in a subframe can be used for data transmission. If the CRS/PBCH/PSS/SSS are not present in an extension CC, frequency domain based ICIC should be sufficient for data transmission in a HetNet. 
2.3. Energy efficiency
An extension CC offers the flexibility of turning off most if not all DL signals in a serving cell. This is beneficial for networks where data traffic follows a predictable pattern during the course of a day. For example, at night when traffic demand is low or non-existent in a cell located in a business district, potential energy savings may be gleaned from turning off CRS, PBCH and PSS/SSS – effectively this is a cell-barring operation.  

3. Design considerations

DL Control: a key advantage of carrier segments is the unified DL control signalling for resource allocation. One PDCCH assigns PDSCH resource allocation across the extended system bandwidth. From a MAC layer perspective only one HARQ entity is maintained for the extended bandwidth and one HARQ process per transport block in a subframe. 

The key design consideration for an extension CC is whether a re-design of the control region is needed. If a UE is configured for cross-CC scheduling from another serving cell, then the legacy control region may be turned off in the extension CC. Alternatively, an enhanced, UE-specific PDCCH region may be investigated for the extension CC but this requires a mechanism for HARQ acknowledgements of UL data transmission which was fulfilled by the PHICH in legacy systems. An enhanced UE-specific PDCCH region may use UE-RS for demodulation but this also implies that common control information cannot be broadcast in the cell. Furthermore, it may be necessary to define new DCI formats that support extended bandwidths.
Absence of CRS:  the absence of CRS could imply that system information and paging must be received on a different serving cell. This restricts the benefits of additional carrier types to UEs and networks configured for CA but as we showed in Section 2 improved spectrum utilization is desirable even when CA is not configured. Alternatively, new methods of transmitting SIBs and paging information could be studied. 

CRS is also used for RRM and path loss measurements. Therefore, turning off CRS means that the UE must rely on other reference signals for measurements. One candidate RS type for further study is the application of CSI-RS for RRM and path loss measurements. It should be recalled that TM9 was initially envisaged for higher order spatial multiplexing of low mobility UEs. This informed the design choices of a low duty cycle and sparse representation in the frequency domain.
Absence of PSS/SSS: for intra-band CA it may be possible for an extension CC configured for a SCell to derive its timing from the PCell. On the other hand for inter-band CA involving an extension CC, it may not be possible to completely turn off the PSS/SSS.  
UL Power Control: much of the earlier investigations on additional carrier types focused on the DL possibly because extension CCs where envisaged for improved DL transmission. However, efficient spectrum utilization is also beneficial for UL transmission and in particular carrier segments could also be utilized in the UL. Moreover, the addition of carrier segments in a TDD system affects both UL and DL.  A few areas for further study include

1) The need for enhancements to the PUCCH region. 
2) DCI formats allocating UL grants on a larger system bandwidth.
3) The path loss measurement that is used for UL power control for inter-band aggregation of an extension CC and a backward compatible CC.
4. Conclusion

This contribution identified several use cases motivating additional carrier types including
· Efficient spectrum utilization for irregular spectrum holdings

· Interference mitigation in heterogeneous networks

· Energy efficiency

Some initial observations for further study:
· While efficient usage of spectrum is desirable it is highly unlikely that proposed bandwidth extension techniques would solve all cases of irregular spectrum holdings. Therefore, the feasibility and practical use cases for additional carrier types should first be determined by RAN4.

· Absence of CRS in extension carriers requires investigation into the applicability of CSI-RS for RRM and path loss measurements and techniques for delivery of system information and paging.

· Extension CCs also have an impact on UL power control and enhanced UL grants to support extended bandwidths. 
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