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1 Introduction

The synchronized carrier case was discussed during several of the past meetings, including the motivations as well as more detailed design proposals. Compared to the unsynchronized carrier case, there is some opportunity for additional optimization in the synchronized carrier case. In this contribution we give the main use cases for the synchronized carrier case and list some open issues that might need to be addressed.
2 Use cases and motivations
Carrier aggregation was developed in Rel-10 as a bandwidth expansion technique to fulfil the ITU requirement of at least 40 MHz channel bandwidth. Hence, it was primarily adopted as a way to achieve high maximum data rates, with the exception of cross-carrier scheduling which is for interference coordination. However, there are a number of issues with regards to carrier aggregation that may be addressed when discussing suitable enhancements for the synchronized carrier case.
One single design of the additional carrier type may not fit all deployment cases well
The scope of an additional carrier type is general and is not particularly tied to a certain deployment case. If the large step of adopting a new non-backwards compatible design is taken, it appears to be a minor step to provide features that maximizes its usability. For example, as RAN4 is considering a number of intra-band carrier aggregation cases, there is no obvious reason why the additional carrier type should not be optimized for these cases, or why the design should be the same as for the inter-band carrier aggregation cases. The consequence of a unified design would be that an unnecessarily large overhead is incurred in some deployment cases.   
Synchronized carriers can be applied to future enhancements for stand-alone carriers 
Development to non-backwards compatible carriers could be envisaged in future releases and a motivation could be to support, e.g., MTC UEs while also allowing legacy UE access. One way to accomplish this is to have the additional carrier type have a backward compatible portion of RBs where the legacy PSS/SSS and CRS are present. Such a Rel-12 standalone carrier type can be very simply created by combining together a backward compatible carrier and synchronized non-backwards compatible carrier from Rel-11.
Carrier aggregation below 20 MHz is inefficient due to large PDCCH/ePDCCH/PUCCH overhead
The design in Rel-10 was made on the assumption that few UEs use carrier aggregation, which is reasonable when the application is for bandwidths above 20 MHz. When aggregation below 20 MHz is considered, this is no more valid, since the maximum data rate is less than what could be reached on a single LTE carrier. It should therefore be assumed that a much larger population of UEs may perform carrier aggregation for bandwidths less than 20 MHz. However, the downlink and uplink control signalling is proportional to the number of aggregated carriers and when aggregating smaller channel bandwidths, multiple PDCCHs/ePDCCHs and PUCCHs imply significant inefficiency. If the number of UEs requiring carrier aggregation is large, the overhead could become excessive. The synchronized carrier case allows for further reduction of the control overhead. 

Real-world channel bandwidths may not necessarily fit those defined for LTE
In practise, operators face deployment problems wherein their available spectrum does not commensurate with the bandwidth granularity of LTE. This could happen due to two reasons:

· The allocated channel bandwidth is not equal to a channel bandwidth of LTE.
· The allocated channel bandwidth is equal to a channel bandwidth of LTE but the operator has another incumbent system deployed such that the remaining channel bandwidth is not equal to a channel bandwidth of LTE.

In [1], we showed several examples of real channel bandwidths not being equal to a channel bandwidth of LTE. This often arises for contiguous blocks of spectrum with bandwidths below 20 MHz.
The building blocks for bandwidth scalability hinge upon the 6 transmission bandwidths defined in Rel-8. For the uplink, a certain degree of flexibility can exist in the implementation since the effective transmission bandwidth can be controlled by means of the configuration and usage of the PUCCH resources. For the downlink, wideband transmission of control channels and reference signals prohibit such flexibility. In [2] it was proposed to remove all wideband channels on the synchronized carriers to improve the bandwidth scalability.
3 Features for synchronized carriers
3.1 Preconditions for the synchronized carrier case

In [3] and [4], we discussed the definition of the synchronized case and the findings are briefly summarized here.
Time synchronization
The timing alignment error (TAE) requirement would be sufficient for contiguous intra-band CA but not for inter-band CA. The TAE has not been defined for non-contiguous intra-band CA and it is unclear whether RRHs will be defined for intra-band CA. 

→ Time-synchronized component carriers can only be assumed for the contiguous intra-band CA case.
Frequency synchronization
The requirements are per “each E-UTRA carrier” and there are currently no preconditions in the RAN4 specification regarding the relation of frequency errors among the component carriers for CA. For contiguous intra-band CA, there are likely cases where a same TX chain can be used for multiple component carriers, implying that the carriers could be frequency synchronized. 

→ Frequency-synchronized component carriers may be assumed in some contiguous intra-band CA cases. 
Deployment scenario

Carrier synchronization can at least be assumed if the carriers are transmitted through a single transmit chain and on the same set of co-located antennas. Hence, carrier aggregation deployment scenario 1 in [5], wherein the carriers have the same coverage is the primary case of interest.

→ The synchronized carrier case applies to CA deployment scenario 1. 

The above factors led us to conclude in [3] that:
A carrier of the new type may be assumed to be synchronized with a legacy carrier for contiguous carrier aggregation with co-located antennas if the aggregated bandwidth of the new carrier and the associated legacy carrier does not exceed 110 RBs.  
3.2 Signal overhead reduction

For the unsynchronized case, it was decided that the Reduced CRS (RCRS) [6] would not be used for demodulation, only for time-frequency synchronization. Hence, PCFICH/PHICH/PDCCH/PBCH would not be present on the additional carrier type. We assume this also applies to the synchronized carrier case. The distinction between the synchronized and unsynchronized carrier case is thus whether PSS/SSS/RCRS are transmitted. PSS/SSS/RCRS would not be needed for the purpose of synchronization per the definition of the synchronized carrier case. The potential usage would be carrier identification and measurements. On the other hand, if the synchronized carrier case is defined as described above, the UE would not need to search for, or measure on, the additional carrier. The legacy carrier would suffice to provide for measurements and all related information concerning the additional carrier could be transferred on the legacy carrier during the configuration process. Overhead reduction could thus be considered by removing the PSS/SSS/RCRS.
→ It would be possible to operate the synchronized carrier without PSS/SSS/RCRS.
3.3 CSI-RS transmission
As discussed in [2], if wideband signals/channels are removed, the bandwidth scalability could be increased and virtually any bandwidth could be considered, at least from a RAN1 perspective. With the absence of the CRS/PCFICH/PHICH/PDCCH/PBCH, a remaining wideband signal would be the CSI-RS. It may therefore be considered to introduce some CSI-RS configurations that allow transmission on a subset of the resource blocks on the carrier. 
→ Consider introducing CSI-RS transmission on part of the bandwidth.
3.4 Resource allocation
The usage of multiple PDCCHs/ePDCCHs may be inefficient if the aggregation bandwidth is less than 20 MHz, since that could be facilitated by a single PDCCH/ePDCCH. Overhead reduction could be envisaged for both the downlink in terms of DCI payload, and for the uplink in terms of HARQ-ACK feedback, by jointly encoding one or several information fields in the DCI format for the legacy carrier and an associated synchronized additional carrier. 
The Appendix contains examples showing the overhead reduction gain in terms of DCI payload of using 1 DCI compared to 2 or 3 separate DCIs. For the former, no carrier indication field is used and the bitwidth of the resource allocation field is assumed to be 
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 is the bandwidth of a carrier and P is the RBG size. Tables 1 and 2 show resource overhead savings of 43-51% when N=2. Tables 3 and 4 show resource overhead savings of 59-67% when N=3. Since these gains are significant, it is proposed to further study overhead reduction methods for DCI formats for the new carrier type.

→ Joint encoding of DCI fields should be studied further.
4 Conclusions
Concerning the definition of the synchronized carrier case, we find that:

A carrier of the new type may be assumed to be synchronized with a legacy carrier for contiguous carrier aggregation with co-located antennas if the aggregated bandwidth of the new carrier and the associated legacy carrier does not exceed 110 RBs.  
For the particular design considerations:

→ It would be possible to operate the synchronized carrier without PSS/SSS/RCRS.
→ Consider introducing CSI-RS transmission on part of the bandwidth.
→ Joint encoding of DCI fields should be studied further.
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Appendix

Table 1. PDCCH overhead saving for DCI format 1A with 1 PDCCH versus 2 PDCCHs.
	Rel-10 CC

[RB]
	Additional carrier channel bandwidth [RB]

	
	6
	15
	25
	50
	75
	100

	6
	51%
	51%
	51%
	50%
	49%
	49%

	15
	51%
	51%
	51%
	50%
	51%
	N/A

	25
	51%
	51%
	51%
	51%
	51%
	N/A

	50
	50%
	50%
	51%
	51%
	N/A
	N/A

	75
	49%
	51%
	51%
	N/A
	N/A
	N/A

	100
	49%
	N/A
	N/A
	N/A
	N/A
	N/A


Table 2. PDCCH overhead saving for DCI format 2C with 1 PDCCH versus 2 PDCCHs.
	Rel-10 CC

[RB]
	Additional carrier channel bandwidth [RB]

	
	6
	15
	25
	50
	75
	100

	6
	52%
	49%
	51%
	46%
	45%
	43%

	15
	49%
	51%
	50%
	49%
	44%
	N/A

	25
	51%
	50%
	49%
	49%
	45%
	N/A

	50
	46%
	49%
	49%
	46%
	N/A
	N/A

	75
	45%
	44%
	45%
	N/A
	N/A
	N/A

	100
	43%
	N/A
	N/A
	N/A
	N/A
	N/A


Table 3. PDCCH overhead saving for DCI format 1A with 1 PDCCH versus 3 PDCCHs. 
	Rel-10 CC

[RB]
	Additional carrier channel bandwidth [RB]

	
	6
	15
	25
	50
	75
	100

	6
	67%
	66%
	66%
	66%
	N/A
	N/A

	15
	66%
	66%
	66%
	N/A
	N/A
	N/A

	25
	66%
	66%
	67%
	N/A
	N/A
	N/A

	50
	66%
	66%
	66%
	N/A
	N/A
	N/A

	75
	65%
	66%
	N/A
	N/A
	N/A
	N/A

	100
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A


Table 4. PDCCH overhead saving for DCI format 2C with 1 PDCCH versus 3 PDCCHs.

	Rel-10 CC

[RB]
	Additional carrier channel bandwidth [RB]

	
	6
	15
	25
	50
	75
	100

	6
	67%
	65%
	63%
	60%
	N/A
	N/A

	15
	67%
	63%
	65%
	N/A
	N/A
	N/A

	25
	65%
	62%
	64%
	N/A
	N/A
	N/A

	50
	61%
	62%
	62%
	N/A
	N/A
	N/A

	75
	61%
	59%
	N/A
	N/A
	N/A
	N/A

	100
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
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