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1
Introduction

After RAN#71 in March 2016, a new WI was approved [1], which aims at further LTE mobility enhancements to minimize data transmission interruptions when a UE moves from one cell to another. The WI description also mentions a pre-study phase, during which companies should identify and study potential solutions for their advantages and drawbacks to down select the most appropriate option(s). In particular, TR 36.881 [2] has captured two major options to reduce the handover latency: RACH-less handover and maintaining source eNB connection.
In this discussion paper we present our initial view on potential solutions that can in principle help to minimize the interruption time and improve the final performance. First, we detail our views on which options we could potentially adopt to keep a connection to source eNB during handover. Secondly, we present our general considerations concerning the RACH-less approach.  

2
Background and general overview of the problem
Since the E-UTRAN does not support any concept similar to the active set in UTRAN that would allow for receiving data from multiple cells, there is always a break in transmission while switching from one eNB to another. In general, referring to TS 36.300 sub-clause 10.1.2.1.1, the handover process comprises the following steps:

1. Channel measurements by a UE and transmission of the measurement report message;

2. Handover request from the serving eNB to the target eNB;

3. Transmission of the reconfiguration message by the serving eNB;

4. Synchronization to the target eNB; 
5. Random access preamble transmission and random access response reception;

6. Transmission of the reconfiguration complete message by the UE

For the sake of further clarity, the aforementioned steps will be grouped into several phases, as illustrated Figure 1. As we will present later, the mobility and handover enhancements can be viewed as a process to eliminate data transmission gaps in phase II and III. Referring to TR 36.881 [2], RAN2 has already analyzed handover latency and has decomposed into several components. As captured in Table 5.2.2-1 in TR 36.881 [2], the biggest contributors to the overall delay is RRC procedure delay (15ms) and RF/baseband re-tuning (20ms), which we capture as Phase II in Figure 1; and random access transmission with response (5..9ms) that corresponds to Phase III. The overall procedure can of course take more time if some messages are re-transmitted, which can be the case for the random access. As mentioned in [3], the observed handover delays can be as large as 80ms. 

In sub-sequent sections we will analyze two major solutions mentioned in TR 36.881, maintaining source eNB connection and RACH-less operation.
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Figure 1: Current handover procedure with data interruption

3
Maintaining source eNB connection
It bears noting that solutions can be construed from the viewpoint of UE RF and hardware capabilities; and to be more precise, from the viewpoint of which channels a UE can receive simultaneously from different eNB(s). It is already the case that quite many UEs have a capability of receiving data from several cells in the same or different bands, which should be taken into considerations while discussing about potential solution. Nevertheless, at this point we would like to abstain from discussing which UE design would enable a particular functionality, but instead will present a few general scenarios as a framework for further more specific technical discussions.
Referring to Table 1 below, the legacy mobility procedure works so that once a UE receives the RRC reconfiguration message from its serving eNB, it stops DL and UL transmission and resets its internal entities. As already mentioned earlier, it results in transmission gaps during phases II and III. Since during phase II a UE starts to perform DL synchronization and tuning towards the target eNB, but still does not try to decode the PDCCH channel from the target eNB, it is in principle possible to consider an optimization whereupon a UE would continue to exchange data with its current serving eNB until preamble transmission is needed. As further enhancement, which would most likely require support of two processing chains, we can consider an option with a UE continuing to receive DL channel from eNB1 when it enters the RACH phase to exchange initial messages with eNB2, i.e. during Phase III. Nevertheless, both sub-options assume that a UE does not perform simultaneous UL transmission to two eNBs.

As a more radical enhancement, which we note as option 2 in Table 1, a UE is assumed to have a possibility to exchange information on both DL and UL directions with source and target eNBs. And as a result, no transmission gaps are expected in this case.
Table 1: Summary of DL/UL transmission from/to a particular eNB
	Scenario
	DL/UL channels
	Phase

	
	
	Phase I
	Phase II
	Phase III
	Phase IV

	Legacy
	eNB1
	DL: PDCCH / PDSCH
UL: PUCCH / PUSCH 
	-
	-
	-

	
	eNB2
	-
	DL: PSS/SSS/CRS
	DL: PDCCH / PDSCH
UL: Preamble
	DL: PDCCH / PDSCH
UL: PUCCH / PUSCH

	Enhanced mobility

(option 1a)
	eNB1
	DL: PDCCH / PDSCH
UL: PUCCH / PUSCH
	DL: PDCCH / PDSCH
UL: PUCCH / PUSCH
	-
	-

	
	eNB2
	-
	DL: PSS/SSS/CRS
	DL: PDCCH / PDSCH
UL: Preamble
	DL: PDCCH / PDSCH
UL: PUCCH / PUSCH

	Enhanced mobility

(option 1b)
	eNB1
	DL: PDCCH / PDSCH
UL: PUCCH / PUSCH
	DL: PDCCH / PDSCH
UL: PUCCH / PUSCH
	DL: PDCCH / PDSCH
	-

	
	eNB2
	-
	DL: PSS/SSS/CRS
	DL: PDCCH / PDSCH
UL: Preamble
	DL: PDCCH / PDSCH
UL: PUCCH / PUSCH

	Enhanced mobility

(option 2)
	eNB1
	DL: PDCCH / PDSCH
UL: PUCCH / PUSCH
	DL: PDCCH / PDSCH
UL: PUCCH / PUSCH
	DL: PDCCH / PDSCH
UL: PUCCH / PUSCH
	-

	
	eNB2
	-
	DL: PSS/SSS/CRS
	DL: PDCCH / PDSCH
UL: Preamble
	DL: PDCCH / PDSCH
UL: PUCCH / PUSCH


In the subsequent paragraphs we will elaborate more on each potential enhancement to the current mobility procedure.
3.1 Enhanced mobility (option 1a and 1b)
As already mentioned earlier, one potential enhancement to the mobility procedure to reduce the interruption time is to continue to perform DL reception and UL transmission till the moment of them when a UE gets in sync with the target eNB and is ready to send the preamble message towards it. This scheme is illustrated in Figure 2 below showing that data transmission interruption can be avoided during phase II. 

However, an open question is whether we can avoid data transmission interruptions during phase III. If a UE has only one UL RF and processing chain, then it eventually cannot exchange simultaneously data with two different eNBs. To be more precise, even though a UE in principle can receive data from several eNBs in DL, it cannot send back the CQI and HARQ ACK/NACK feedback messages. Bearing this limitation in mind, one can foresee solution when a UE continues to receive data from the serving eNB until the handover procedure is completed. However, since a UE cannot send the CQI and HARQ ACK/NACK feedback in response to the DL transmissions from the serving eNB, the latter will resort for using some form of blind DL (re-)transmissions, e.g. eNB may behave as if it were receiving NACKs for the DL transmissions. 
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Figure 2: Enhanced handover procedure (option 1a and 1b).
Regardless of the sub-option considered above, once a UE successfully sends the RRC reconfiguration complete message to the target eNB, it can de-activate Rx chains associated with the source eNB. In turn, the latter can stop DL transmission when it is receives the UE CONTEXT RELEASE message from the target eNB.
3.2 Enhanced mobility (option 2)
If a UE has several UL RF and processing chains, then it can maintain independent connections and exchange data with two different eNBs, i.e. source eNB and target eNB. In other words, when a UE receives the reconfiguration message from the source eNB all the DL and UL operations remain the same, while the second processing chain will be in charge of finishing the handover procedure by exchanging data through the target eNB, as shown in Figure 3 below. When compared to solutions captured in Figure 2, the most essential difference is what happens during Phase III and whether a UE can transmit independently to two eNBs.
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Figure 3: Enhanced handover procedure (option 2).
It should be discussed and assessed whether a UE, if it can perform simultaneous transmission both eNBs, should perform only UL PUCCH transmission or both UL PUCCH and PUSCH. On the one hand, preventing a UE from sending UL data during handover process may cause exactly the same transmissions gaps as in DL. The most critical scenario in this case would be VoLTE whereupon sending packets in DL will not help UL performance if a UE cannot send voice data packets over UL PUSCH.

On the other hand, UL PUSCH transmission, and especially simultaneous UL PUSCH transmission to both eNB(s) may cause additional complexities and even performance degradation. As the UE overall transmission power will be shared between two UL PUCCH channels, on top of which UL PUSCH transmission is added, then the cell edge performance could be compromised. 
3.4
Data forwarding operation
Upon handover, the legacy behaviour is so that the source eNB sends the SN STATUS TRANSFER message to the target eNB indicating PDCP SN to allocate to packets that do not have them yet; the source eNB also indicates HFN values for both UL and DL. In addition, source eNB forwards data as long as it has user plane packets in its buffer or more user plane packets are received from the serving gateway.
Referring to optimizations presented in previous sub-sections, our preliminary view is that legacy principles of handover procedure and data forwarding can be preserved. However, if we assume that a UE will continue to listen to the DL PDCCH and PDSCH channels from the source eNB while syncing to the target eNB and sending the PRACH preamble (refer to Phase II and III in Figure 1), then all the pending data, which the source eNB has in its buffers or which it may receive from the serving gateway, can be also scheduled to a UE. Once a UE finishes its handover procedure and sends the PDCP status report to the target eNB, the latter will detect and remove PDCP duplicates, if any. In other words, as the specification does not mandate when certain data should be scheduled, it can be viewed as the implementation specific aspect that the source eNB will perform both data forwarding and scheduling after transmission of the RRC re-configuration message. The source eNB will stop on scheduling data to the UE once it receives the UE CONTEXT RELEASE message from the target eNB.
4 RACH-less operation

As mentioned in the WI description, an alternative, and even somewhat orthogonal view, is to consider so-called synchronous handover that could be in principle possible in time synchronized networks. Upon reception of the reconfiguration message, the UE will not stop on receiving data from its serving eNB, but rather will switch to the target eNB only at particular SFN. It bears noting that this is almost exactly the same as option 1a in Table 1, with the only difference that in time synchronized networks we can establish certain SFN when eNB and a UE will stop, while in the non-time synchronized networks eNB will stop its DL transmission based on the explicit UE CONTEXT RELEASE message from the target eNB.

As further optimization mentioned in particular in [3], we can consider omission of the RACH phase so that a UE will send the reconfiguration complete message as quick as possible. Our preliminary technical view is that it can be treated independent and/or orthogonal to optimizations that assume maintaining a connection to the serving eNB. If there is a way to speed up Phase III, then it will be an additional benefit on top of what we can adopt for Phase II and III with regards to maintaining connection to the source eNB. It should be however understood that omission of the RACH preamble may result in relatively marginal saving (around 10ms according to observations captured in TR 36.881). At the same time, if there is no RACH preamble, then ideally other WGs should also analyze impact on the overall performance if the network cannot tune timing and adjust UE’s transmission power.
5 Conclusion
In this discussion paper we have presented a general overview of potential solutions for the LTE mobility enhancements, as mentioned in the WI description [1]. Referring back to solutions presented in section 3, we would like to note that the only major difference between them is whether we can guarantee continuous data transmission/reception during all the phases. In particular, option 1a seems to be the most simple and straightforward as it does not even require a UE to decode simultaneously DL control channels from several eNBs. On the contrary to it, option 1b already assumes that a UE should be able to receive and decode PDCCH channels from two eNBs, which should be analyzed and checked further, in particular in RAN4 WG. In that respect, option 2 is the most challenging one as it assumes both DL and UL operation with two separate eNBs.
Regarding the RACH-less transmission, if it is construed as a solution to omit the RACH phase and thus save time by not exchanging the corresponding messages, then to some extent it can be viewed as an orthogonal/complementary mechanism in addition to what was presented in section 3. Similarly, as in case with other solutions, other WGs will need to understand all the technical implications behind skipping the RACH preamble and response phases. 
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