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1 Introduction

The use cases of new downlink carrier types were further determined at RAN1#67 [1] by requiring support for both synchronized and unsynchronized carriers, respectively. The following definitions were suggested wherein it is understood that synchronization is considered from the perspective of the UE receiver:
•
Synchronized carriers, i.e. where the legacy and additional carriers are synchronized in time and frequency to the extent that no separate synchronization processing is needed in the receiver.

•
Unsynchronized carriers (i.e. where the legacy and additional carriers are not synchronized with the same degree of accuracy as for the synchronized carriers).

In this contribution we discuss these cases and associated synchronization signals.
2 Carrier synchronization cases 
For the unsynchronized carrier case, by definition, a new carrier type has to contain synchronization signals, which is further discussed in Sec. 3. Consequently, since a new carrier type will work in an unsynchronized case, it will work in a synchronized case. A key point is when/whether the anticipated synchronized case actually exists in practice. For an intra-band case, where the new carrier type is deployed contiguously next to the legacy carrier, there may be no issues with synchronization if the total aggregation bandwidth does not exceed 110 RBs. Obtaining synchronization can then resort to that of a single LTE carrier since it can be assumed that the associated legacy carrier and the new carrier type could be implemented with the same baseband processor and RF chain. Hence, at least from the perspective of time- and frequency synchronization, the PSS/SSS and CRS on the legacy carrier can be used. 
→ The synchronized carriers case exists if a new carrier type is intra-band contiguous next to the legacy carrier and the total aggregation bandwidth does not exceed 110 RBs.

-PSS/SSS and CRS are not needed on the new carrier type for synchronization in this case.
The discussion in the rest of this contribution only applies to cases where the new carrier type is not intra-band contiguous next to the legacy carrier and/or where the total aggregation bandwidth exceeds 110 RBs, or where separate baseband processors and RF chains have to be assumed.

2.1 Time synchronization

With regards to time synchronization, the timing alignment error (TAE) requirement is 1.3 µs (~25% of normal CP length) for inter-band CA but only 130 ns for contiguous intra-band CA [4]. Due to the support for RRHs in the inter-band CA case, the UE is further required to cope with a delay spread of up to 31.3 s among the component carriers monitored at the receiver [5], which necessitates separate synchronization of each carrier. Hence the synchronized carrier case will only apply to intra-band CA. However, in [6] it was proposed that RAN4 should specify the tests such that RRHs are supported for intra-band CA. If Rel-11, or later releases, will support RRHs also for the intra-band CA case, we expect that similar delay spread requirements will apply, e.g., 30.13 s. Hence, in that case, even for intra-band CA, it could not be assumed that carriers are time-synchronized from the UE perspective. Thereto, the RAN4 timing requirements have not yet been set for non-contiguous intra-band CA. 

→ Time-synchronized component carriers can only be assumed for the contiguous intra-band CA case. If performance requirements will be specified including intra-band CA with RRHs, time-synchronized component carriers cannot even be assumed for intra-band CA. 
2.2 Frequency synchronization

With regards to frequency synchronization, the UE modulated frequency shall be accurate to within ±0.1 PPM observed over a period of 0.5 ms compared to the carrier frequency received from the eNodeB [8]. The modulated carrier frequency of each E-UTRA carrier configured by the BS shall be accurate according to [4]:
Table 6.5.1-1:  Frequency error minimum requirement

	BS class
	Accuracy

	Wide Area BS
	±0.05 ppm

	Local Area BS
	±0.1 ppm

	Home BS
	±0.25 ppm


It is noted that 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 non-contiguous inter-band CA, it is understood that separate RF chains are used, implying that the carriers are not frequency synchronized. Non-contiguous intra-band CA is currently being discussed by RAN4 and it is not clear what assumptions will be made. For contiguous intra-band CA, there are likely cases where a same RF chain can be used for multiple component carriers, implying that the carriers would be frequency synchronized. On the other hand, there are scenarios for contiguous intra-band CA where it is unreasonable to assume a single RF chain and it is unclear what the RAN4 assumptions generally are on the transmitter models and what may be inferred from their specification. If Table 6.5.1-1 in [4] will be the only agreed requirement, RAN1 would have to design an additional carrier assuming there is no frequency synchronization among component carriers. 
→ It is unclear whether/when frequency-synchronized component carriers can be assumed. 
Hence, considering the uncertainty whether time- and frequency synchronization is feasible, the existence of the synchronized carrier case is currently not affirmed for cases where the new carrier type is not intra-band contiguous next to the legacy carrier and/or where the total aggregation bandwidth exceeds 110 RBs, or where separate baseband processors and RF chains have to be assumed.
For the case where component carriers are not frequency-synchronized, the following example shows that frequency tracking must be done per component carrier. Suppose two carriers 
[image: image1.wmf]0

=

i

 (legacy carrier) and 
[image: image2.wmf]1

=

i

 (new carrier type) where the received carrier frequencies are 
[image: image3.wmf]i

i

c

i

f

f

D

+

=

,

 and where 
[image: image4.wmf]i

c

f

,

 is the configured carrier frequency on carrier i, 
[image: image5.wmf]i

c

i

i

c

f

f

,

,

×

£

D

£

×

-

a

a

and 
[image: image6.wmf]a

is given by the frequency error accuracy requirement. Assume an ideal case (no mobility, perfect UE oscillator), where frequency offsets would only be due to the inaccuracy of the eNodeB and where the UE is able to perfectly estimate 
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, it will assume the received carrier frequency is 
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and thus receive on this carrier with an uncompensated frequency offset of 
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 Hz, i.e., possibly a lager offset than what was transmitted. This error may become too high depending on BS class and carrier frequencies, e.g., up to 
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 GHz for local area BS. That would be equivalent to an uncompensated Doppler shift at 216 km/h. 
Furthermore, the error of the UE modulated carrier frequency shall fulfil 
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 depends on the frequency offset of carrier 
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, this introduces a cross-coupling between carriers with respect to the accuracy requirements. It appears difficult to test the frequency accuracy for a UE on a carrier if it will depend on estimated frequency offsets from another carrier. Hence, if the frequency errors are independent among component carriers, frequency synchronization needs to be performed on each component carrier individually.
3 Synchronization signals
The PSS/SSS are primarily used in the cell acquisition but may also be utilized in the time-frequency tracking. The CRS serves many purposes and it was particularly designed to provide for synchronization tracking [3]. Other signals, e.g., CSI-RS and DMRS are not seen as suitable for synchronization [2].
3.1 Usage of PSS/SSS and CRS
Reasonably, existing UE implementations are using the CRS for time- and frequency synchronization. The sparseness in time and the limited bandwidth of the PSS/SSS makes it unrealistic to rely on the PSS/SSS alone for time- and frequency synchronization.
Current UE implementations can assume that synchronization could be maintained in any subframe due to the presence of the CRS. This may allow certain functions to be switched on/off in the UE transceiver on a short notice for power saving purposes. If there will not be CRS in any subframe, there may be less opportunities for such optimizations and the UE may need to spend more time for tracking.  
→ Removal of CRS may
i) make time- and frequency synchronization impossible, and 
ii) limit the power saving optimization in the UE. 

The cyclic prefix length is detected by the UE. Examples of such methods are detection of either the SSS or PBCH under 2 cyclic prefix length hypotheses or auto-correlation based method utilizing the repetitive structure in the received signal due to the cyclic prefix. If the PSS/SSS are not present, the UE may not perform any of the first two methods. The performance of auto-correlation based detection methods is typically much worse than those based on a known replica-signal. Hence, removing PSS/SSS may increase the complexity and the time needed to perform cyclic prefix length detection.
Furthermore, time- and frequency synchronization performance may be limited by the CRS density. For example, better tracking is typically achievable for 4 CRS ports than for 1 CRS port. With few CRS ports and a small carrier bandwidth, it is likely that existing UE implementations are also incorporating the PSS/SSS for the tracking.  
→ Removal of PSS/SSS may impact 
i) the complexity of the cyclic prefix length detection, and
ii) time- and frequency synchronization performance for small carrier bandwidths and few CRS ports.
3.2 Performance requirements

The synchronization signals on a new carrier type should cater for synchronization so accurate that the existing performance requirements can be maintained. The affected requirements are contained in the RAN4 specifications and include:
· Timing accuracy for RRM, i.e., Sec. 7 in [4].

· UE demodulation performance requirements, i.e., Sec. 8 [8]  
· CSI reporting requirements, i.e., Sec. 9 in [8] 
There have already been discussions in RAN4 which are related to frequency tracking [9] for carrier aggregation, e.g., in particular the need for performing tracking on SCells. These investigations are related to the actual UE RX structure as well as other signal impairment models, which is outside the scope of RAN1. Since the synchronization algorithms are not specified, RAN4 would need to further discuss implementation margins and equivalent EVM modeling with regards to the requirements. Depending on assumptions and what frequency errors the UE is trying to correct, EVM impact could differ among carriers. The carrier aggregation demodulation performance requirements may ultimately depend on how UEs are assumed to perform tracking [9]. It is thus clear that the feasibility of removing signals currently used for synchronization is not for RAN1 to conclude on, as it includes verifying that existing performance requirements can be met, which is an evaluation that only RAN4 can execute. This would also apply for addition of any new synchronization signal. Thus, reuse of existing signals should be prioritized.
→ The RAN4 performance requirements should not need to change due to synchronization signals.

-Existing PSS/SSS and CRS configurations should be utilized. 
3.3 Reduced CRS and synchronization signals 
If carriers are unsynchronized, each component carrier has to contain signals necessary for performing time- and frequency synchronization. If there are only very few cases where carriers can be synchronized, the additional complexity of defining a special solution wherein a carrier has no synchronization signals may not be well motivated. A further aspect is that the PCell configuration is UE-specific which is utilized for balancing system load and maximizing resource utilization. If the new carrier type is an SCell, it may be associated with different legacy component carriers for different UEs. For example, one UE may have its PCell contiguously next to the SCell whereas another UE may have its PCell in a different frequency band. Hence, the carrier will have to support simultaneous operation in the synchronized
- and unsynchronized carrier cases. It is therefore the ‘worst-case’ (i.e., unsynchronized) that guides the design with respect to providing synchronization signals, implying that synchronization signals should always be transmitted on a new carrier type for cases where the new carrier type is not intra-band contiguous next to the legacy carrier and/or where the total aggregation bandwidth exceeds 110 RBs.   

→ A new carrier type should contain signals for time- and frequency synchronization. 
Given that synchronization signals will be needed, a first priority would be to reuse existing ones. The PSS/SSS were extensively designed to provide good performance with frequency offsets and inter-cell interference and to offer low-complex implementation of the matched filter. We do not see a need to design yet another synchronization signal for the same purpose or to equip the UE with additional matched filters.   
→ The PSS/SSS should be transmitted on a new carrier type.

A straightforward solution for providing a signal for time- and frequency tracking is to reuse the CRS. It would in that case be sufficient to require 1 CRS port and there should not be any impact to existing implementations or requirements since that is a supported LTE configuration, assuming the PSS/SSS is also transmitted. Several companies mentioned a Reduced CRS for synchronization [10],[11],[12],[13],[14],[15]. Transmitting the CRS only on the 6 central RBs might suffice for time- and frequency tracking since this is already assumed for the 1.4 MHz carrier. Recognizing that RAN4 requirements are often looser for 6 RB carriers, it may be considered to also allow larger values of the CRS bandwidth. Furthermore, for a bandwidth reduced CRS, there should be no need to change any measurements for the new carrier type [16], which otherwise would be a major task.
A CRS that is reduced in time, e.g., only being transmitted in certain symbols or subframes, will offer less accurate time- and frequency tracking. Hence, this will need to be regarded as a completely new synchronization signal invoking further studies by RAN4 to verify that the performance requirements can be met. In [16], we look further into the overhead for the reduced CRS and do not find any compelling reason to reduce the time density. Major work would also be expected since the measurements may need to be redefined if the time-density of the CRS is changed. Hence, our proposal is to leverage on existing CRS configurations wherein reduction is only made in the bandwidth.
 → One CRS port spanning at least the central 6 RBs should be transmitted on a new carrier type.


-Larger CRS bandwidths are FFS.
4 Conclusions
The synchronized carrier case exists if a new carrier type is intra-band contiguous next to the legacy carrier and the total aggregation bandwidth does not exceed 110 RBs. It is proposed that PSS/SSS and CRS are not contained on the new carrier type in this case. 

For all other cases, the existence of the synchronized carrier case has not been verified. It is proposed that the additional carrier type always contains the PSS/SSS and 1 CRS port spanning at least the 6 central RBs in these cases.  
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� Existence of the synchronized carrier case is even unconfirmed per Sec. 2 in this case.
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