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1 Introduction

The Rel-11 CA WID [1]  includes work on additional carrier types according to: 
Study additional carrier types including non-backwards compatible elements for Carrier Aggregation. A way forward for additional carrier types and related details will be decided based on tradeoff analyses where deployment scenarios, benefits, drawbacks and work item time line are carefully considered from the perspectives of all the RAN WGs. 

In this contribution we address motivations for new carrier types and discuss related issues. 
2 Motivations for additional carrier types
Carrier aggregation is a major feature of Rel-10 and was introduced due to the ITU requirement of providing at least 40 MHz bandwidth. With cross-carrier scheduling, it also provides means for control channel interference protection. The fact that network operators are now proposing numerous WIDs of band combinations for carrier aggregation suggests it will be deployed in practice. Rel-10 also addressed several other features which resulted in newly specified solutions for UL and DL MIMO, interference handling for HetNets and relays. These were all accommodated within the existing carrier types.   

It is clear that Rel-10 took a major step in providing several new features compared to Rel-8/9. Still, one of the most fundamental issues has been overlooked so far, namely the bandwidth scalability. Network operators that consider deploying LTE exhibit largely different spectrum holdings. There is seldom a good match between the real-life allocations and the LTE numerology since LTE offers only a rather crude bandwidth granularity, predominantly in steps of 5 MHz. This puts a limit to the bandwidth scalability as spectrum allocations may be technology neutral and are not necessarily a multiple of 5 MHz. The ongoing trend of spectrum refarming may also give rise to bandwidths that are not effectively matching those of LTE. Hence, deploying LTE is not necessarily straightforward and spectrum may even have to be left vacant. This has been regarded as an issue by network operators world-wide and is particularly a problem for sub-20 MHz allocations of spectrum.  
Usually the term spectral efficiency is measured by the classical ratio bps/Hz where the normalizing bandwidth in the denominator refers to carrier bandwidth. However, ultimately the normalization should be done with respect to the amount of spectrum available to the operator. The use of additional carrier types would open up for improving the spectral efficiency and the discussions in Rel-10 on carrier types concluded that [2]:

The potential motivation for introducing an additional carrier type would be to provide improved spectral efficiency in scenarios involving bandwidth extension by narrow bandwidths, or when the actual bandwidth allocation does not match the Release 8 system bandwidth numerology, which was seen to be under the responsibility of RAN4.
RAN4 later concluded that additional carriers could be considered for introduction in Rel-11 [3]. Hence, since the problem has not been solved, the motivation still holds. We believe it is time to increase the bandwidth scalability in Rel-11 and that any other purpose for additional carriers would be secondary. 
→ The main objective of additional carrier types is to increase the bandwidth scalability of LTE.
The bandwidth scalability on any single carrier is limited to the 6 transmission bandwidth configurations but is less in practice since typically not all of them are supported in a frequency band [4]. For contiguous intra-band carrier aggregation, the carrier frequency spacing can be adjusted [5] but this still offers limited scalability and only applies to an aggregated channel bandwidth. For inter-band or non-contiguous intra-band carrier aggregation, Rel-10 did not offer any new scalability. There were discussions in RAN4 during Rel-10 concerning new bandwidth configurations but it was concluded that no new configurations were to be introduced [3]. It should be noted that new transmission bandwidth configurations would not be accessible to Rel-8/9/10 UEs, which limits the use cases. Hence, for Rel-11, it is anticipated that bandwidth scalability has to be increased assuming carriers will be confined to the existing 6 transmission bandwidth configurations. It would thus also be an objective for RAN1 and discuss PHY layer enhancements to provide means for increased bandwidth scalability.
Bandwidth scalability is mainly an issue for the DL. In the UL, the eNodeB could leave edge PUCCH resources unused and thereby compress the bandwidth of the carrier. The effective bandwidth is thus a proprietary issue. However, study of additional carriers may still be relevant to the uplink. For example applications with frequently transmitted small packets such as in M2M or for smart phones, may motivate more optimized UL carrier structures tailored to improve the spectral efficiency to such scenarios. The discussions on additional carriers in Rel-10 did not focus on the UL, thus further considerations are needed on UL carrier types. This may also include associated procedures such as power control, e.g., whether an additional UL carrier type has an independent power control process.  

3 Issues for additional carrier types

For the DL, proprietary methods for bandwidth scalability are not as straightforward as for the UL due to both the control region and reference signals spanning the whole carrier bandwidth. The location of the control channels depends on the cell ID and there is a limited flexibility for controlling the used frequency resources. For the downlink reference signals, there is no flexibility at all. The transmission bandwidth of DL control channels and reference signals is thus a first property to revisit. The bandwidth scalability problem will not be solved if additional carrier types maintain full bandwidth transmissions of control channels and reference signals.
3.1 The first issue – the control channel bandwidth
The problem with the control channel bandwidth can be solved in two different ways.
1. The control region and data region use TDM+FDM or FDM.

2. The carrier contains no control region and is cross-carrier scheduled.

For Alt. 1, two methods are applicable; TDM+FDM or FDM, which are illustrated in Fig. 1. A TDM+FDM solution could leverage on existing PDCCH structure and facilitate that the carrier could still be accessed by Rel-8/9/10 UEs. For an FDM solution
, the carrier would become non-backwards compatible, assuming there is no Rel-10 PDCCH. A backwards compatible TDM+FDM solution could also be envisaged as depicted in Fig. 2, where the carrier maintains a Rel-10 control region and includes an additional FDM extension of the Rel-11 control region. This type of PDCCH enhancements (DMRS based PDCCH, E-PDCCH) were recently discussed [6] in MIMO context. However, it could also be utilized to increase the bandwidth scalability since the FDM extension is non-backwards compatible and could be designed to provide DL assignments over a bandwidth B1>B0, whereas the PDCCH in the Rel-10 control region contains DL assignments over bandwidth B0. 

For Alt. 2, the solution requires carrier aggregation, cross-carrier scheduling and the carrier would not be accessible to Rel-8/9/10 UEs. In this case, the bandwidth scalability problem would not be solved for the carrier that transmits the scheduling PDCCH since that would presumably be a backwards compatible carrier which adheres to the Rel-10 full-bandwidth PDCCH structure. 
Bandwidth scalability is a deployment problem and is relevant for any single carrier. Hence, the solutions should not require carrier aggregation. This points to that the applicability of solutions under Alt. 1 is much larger and should be taken as the first approach. 

→ Additional carrier types may use TDM+FDM or FDM of the control region and data region. 
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Figure 1. Example of TDM+FDM (left) and FDM (right) of the control region (yellow) and data region (blue).
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Figure 2. Example of TDM+FDM where DL assignments apply to B0 from the PDCCH and to B1 from the E-PDCCH.
3.2 The second issue – the reference signal bandwidth

For any of Alt. 1 and 2, the bandwidth scalability problem is only partially solved since the CRS and/or CSI-RS are transmitted in all RBs. If this constraint is relaxed, RSs would not need to be transmitted in the edge RBs and improved bandwidth scalability could be achieved within any of the existing transmission bandwidth configurations. For example, a 20 MHz carrier could be deployed in a spectrum resource ranging from 15 to 20 MHz by properly adjusting the reference signal bandwidth. Effectively, it would reduce the standardization efforts and primarily make bandwidth scalability a proprietary implementation issue for the eNB.

One way would be to not require the set S of subbands used for CSI reporting to span the whole carrier. In that case, the eNodeB could allocate a suitable RS bandwidth, as long as it covers the subbands in set S, assuming the UE is not performing measurements outside the set S. This would provide bandwidth scalability with proprietary methods as the effective bandwidth of the carrier could be determined by the composition of the set S and the scheduler. 
→ Additional carrier types should have means for adjusting the DL RS (CRS, CSI-RS) bandwidth, e.g., by signaling of the set S. 
3.3 The third issue – the removal of signals from carriers
In Rel-10, all carriers contain all channels needed for cell identification and synchronization. The definitions in [2] contain a few problematic issues, e.g., the absence of the PSS/SSS. For carrier segments this is no problem, since segments are just resource blocks appended to an existing backwards compatible carrier. However, an extension carrier would indeed be a separate carrier. The timing alignment error (TAE) among carriers is 1.3 μs for inter-band carrier aggregation [5] which corresponds to ~25% of a normal cyclic prefix length. The cyclic prefix needs to accommodate the channel delay spread, the TAE, impulse responses from TX filters in the eNodeB and any timing offsets used in the cell searcher. Hence, with such a large TAE, the performance cannot be guaranteed. The misalignment in the receiver may even be larger than the TAE at the transmitter considering a case where, e.g., the extension carrier is deployed with Remote Radio Heads, whereas the primary carrier is not, giving rise to larger delay spreads. Therefore, a carrier cannot generally reuse the synchronization from the PSS of another carrier. The SSS is typically also used for determining the cyclic prefix length. Consequently both the PSS and SSS need to be transmitted.    
→ Additional carrier types should contain the PSS and the SSS.

Another feature is the absence of the PBCH, which makes a carrier non-backwards compatible. It is not clear what the gains are from removing this channel. The overhead reduction of the PBCH is negligible (~0.1% for 20 MHz carrier), whereas a carrier not being accessible to Rel-8/9/10 UEs may depreciate its usability to the network operator. Since the synchronization signals should anyway be transmitted, it would be logical to also transmit the PBCH.  
→ Additional carrier types should contain the PBCH.
A more complicated issue is the absence of a CRS. Once a UE has performed cell search, it needs to maintain the time- and frequency synchronization to the cell to mitigate the drift of the local oscillators and Doppler effects, or to re-establish the synchronization if it has been in sleep mode. It is therefore critical that synchronization can be achieved in any subframe. The CRS is transmitted in each subframe and can be used for such purposes. In fact, the CRS was in Rel-8 particularly designed for the time/frequency tracking [7]. The CSI-RS can be very sparsely configured (up to 80 subframes) and has doubled frequency spacing compared to the CRS. Hence, it does not appear suitable for synchronization. The DM-RS is associated with a PDSCH and can thereto precoded. Hence, also this reference signal does not appear suitable for synchronization. What remains are then the PSS/SSS, however these occur only once per 5 subframes. The synchronization performance will thus be worse and it may also lead to increased UE power consumption since less time can be spent in sleep mode.  
It can be noted that there are methods for synchronization based on the repetitive property emanating from the cyclic prefix [8]. However, issues here include the case where normal- and MBSFN subframes have different cyclic prefix lengths, as well as the poorer performance of such auto-correlation based methods.

The default option is therefore to constrain the number of CRS ports to be at least one. This is already the practice in Rel-10. It is also worth noting that measurements (RSRP, RSRQ) are derived from the CRS and it would be quite a big change in the system design if measurements were to be made from other signals. 

→ Additional carrier types should contain at least one CRS port.
4 Conclusions
In this paper, we conclude the following:

· The main objective of additional carrier types is to increase the bandwidth scalability of LTE.

· Additional carrier types may use TDM+FDM or FDM of the control region and data region. 

· Additional carrier types should have means for adjusting the DL RS (CRS, CSI-RS) bandwidth, e.g., by signaling of the set S. 

· Additional carrier types should contain the PSS and the SSS.

· Additional carrier types should contain the PBCH.
· Additional carrier types should contain at least one CRS port.
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� This could be viewed as a carrier with an E-PDCCH only.





