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1. Introduction

In RAN2#91bis, the objective of this email discussion was set as follows:
	[91bis#35][LTE/LATRED] Handover evaluations and solutions (Intel)

-
1st phase – Oct. 23rd

-
Agree on handover evaluation numbers

-
Conclude on the main handover steps that contribute to handover delays

-
Initial assessments on the steps we want to address

-
2nd phase – Nov. 4th

-
Capture potential solutions that address enhancements to the different steps identified in step 1 and the gains/complexity associated to each solution.  NOTE: only solutions that have been already proposed can be included in the second phase.

-
Intended outcome: Agreed text proposal


The discussion is divided in two phases. The second phase discussion will be conducted after the first phase is complete.
2. First Phase (Deadline Friday Oct 23rd, 23:59PST)
Figure 1 below shows intra E-UTRAN handover procedure (Figure 10.1.2.1.1-1 of [10]) with the focus on handover execution phase, i.e., only step 7 to step 11.
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Figure 1: Handover execution procedure 
In RAN2#91bis, companies had submitted contributions related to handover delays [1-6]. Companies have identified values of delays in different steps of the handover procedure as shown in Figure 1. 
As given in section 1 above, the objective of the first phase is divided into three parts. Each objective will be discussed in separate sections below.
2.1. Handover delay values 
The first objective is to reach a common understanding on reasonable values for delay of each step. The intention of discussion in this section is to come up with a table with a “typical” value of delay for each step. FDD system is assumed in the following descriptions.
2.1.1. Step 7: RRC Connection Reconfiguration Incl. MobilityControlInformation
In this step, the UE receives the RRCConnectionReconfiguration message with necessary parameters (i.e. new C-RNTI, target eNB security algorithm identifiers, and optionally dedicated RACH preamble, target eNB SIBs, etc.) and is commanded by the source eNB to perform the HO [10]. RRC procedure delay includes RRC Connection Reconfiguration including MobilityControlInformation as well as related reconfigurations, including [10] [12]:
· Layer 2 reset / reconfiguration

· Reset MAC.

· Re-establish/reconfigure PDCP and RLC for all RBs that are established.

· Enable integrity protection and ciphering of RRC messages.
· Layer 3 reconfiguration (e.g. measurement configuration)

As per section 11.2 of TS 36.331 [12], for handover, the maximum allowed delay for RRC procedure is 15 ms.
Q1: Can we assume 15 ms to be a typical value of delay for this step? If no, what is the reasonable delay for this step? Please provide your view.

	Company
	Yes / No
	Remarks

	CATT
	15ms/20ms
	15ms in case of HO without CA, 20ms in case of HO with CA.

	III
	Yes
	Due to limited of time, we agree to follow the assumption in current specification.

	ETRI
	Yes and No
	We agree with III with regard to RRC procedure delay. However, we think it needs to include Tbreak, i.e., the handover break time [R2-154259], [R2-072508], [R2-092433] additionally. Tbreak can be defined as the time between receiving the last data PDU and receiving the HO command in the UE. The S-eNB may still send data to the UE while forwarding them to the T-eNB, but this can result in the waste of DL resources if the UE has already disconnected from the source cell. Therefore, we think the reasonable delay for this step can be up to (15 + Tbreak) ms.

	Nokia
	Yes
	

	ZTE
	Yes
	

	LG
	Yes
	

	Huawei, HiSilicon
	Yes
	

	Ericsson
	Yes
	

	Samsung
	Yes
	

	OPPO
	Yes
	

	Qualcomm
	Yes
	


2.1.2. Step 8: SN Status Transfer
In this step, the source eNB sends the SN STATUS TRANSFER message to the target eNB to convey the uplink PDCP SN receiver status and the downlink PDCP SN transmitter status of E-RABs for which PDCP status preservation applies (i.e. for RLC AM).
Q2: Since this is eNB to eNB signalling which is not related to air interface and it can be done in parallel with step 9, can we assume that this delay is negligible in total handover delay elements? 
	Company
	Agree/Disagree that delay due to step 8 can be considered negligible 
	Remarks

	CATT
	Agree
	Parallel action with HO procedure in Uu interface. No extra delay needs to be considered.

	III
	Disagree
	Before source eNB sends the SN STATUS TRANSFER message to target eNB, Source eNB needs to check L2 final status before transfer SN to target eNB. Base on the assumption, source eNB can’t send the SN STATUS TRANSFER message to target eNB right after step 7. On the other hand, depending on the UE’s PHY design, UE may start step 9 at this timing so that step 8 and 9 may be partially overlapped in time, and can possibly be finished at the same time. Hence, the SN STATUS TRANSFER delay is not totally negligible.

	ETRI
	Agree
	

	Nokia 
	Agree
	

	ZTE
	Agree
	

	LG
	Agree
	

	Huawei, HiSilicon
	Agree
	

	Ericsson
	Agree
	

	Samsung
	Agree
	It can be done in parallel with step 9 and delay is negligible compared to step 9.

	OPPO
	Agree
	Since this could be done in parallel.

	Qualcomm
	Agree
	


2.1.3. Step 9: Synchronization
After receiving handover command (i.e., Step 7: RRCConnectionReconfiguration message including mobilityControlInfo), the UE may perform the following in this step [10] [12]:
· Physical layer synchronization and reconfiguration

· Start synchronizing to the DL of the target PCell.
· Reconfigure physical layer.
· Access the target cell via RACH (following a contention-free procedure if a dedicated RACH preamble was indicated in the mobilityControlInfo, or following a contention-based procedure if no dedicated preamble was indicated)
· Layer 2 reconfiguration

· Security key update: UE derives target eNB specific keys and configures the selected security algorithms to be used in the target cell.
According to TS 36.133 [7], when the UE receives a RRC message implying handover the UE shall be ready to start the transmission of the new uplink PRACH channel within Dhandover seconds from the end of the last TTI containing the RRC command, where Dhandover is the sum of RRC procedure delay and the “interruption time”. The interruption time is defined as the time between end of the last TTI containing the RRC command on the old PDSCH and the time the UE starts transmission of the new PRACH, excluding the RRC procedure delay.
Interruption time includes:   

· Target cell search

· UE processing time for RF/baseband retuning, derive target eNB specific keys, configure security algorithm to be used in target cell
· RACH procedure related (uncertainty delay to acquire RACH opportunity followed by PRACH preamble transmission)
According to 36.133 [7] sections 5.1.2.1.2/5.2.2.4.2, the interruption time shall be less than Tinterrupt

Tinterrupt = Tsearch + TIU + 20 ms

Where:

· Tsearch is the time required to search the target cell when the target cell is not already known when the handover command is received by the UE. If the target cell is known, then Tsearch = 0 ms. If the target cell is unknown and signal quality is sufficient for successful cell detection on the first attempt, then Tsearch = 80 ms. 

A cell is known if it has been meeting the relevant cell identification requirement during the last 5 seconds otherwise it is unknown.

· TIU is the interruption uncertainty in acquiring the first available PRACH occasion in the new cell. TIU can be up to 30 ms [7] [13]. 
The actual value of TIU depends to the RACH configuration in the target cell (section 5.7.1 of 36.211 [8]). If RACH resource is configured in every UL subframe (PRACH Configuration Index 14 in case of FDD), then TIU can be minimized. However this comes at the cost of decreased system capacity. Therefore a more reasonable configuration is having a RACH resource every 5subframes.
· 20 ms reflects UE processing time [7] [10]. 

2.1.3.1 Step 9.1: Target cell search
Q3a: Can we consider Tsearch = 0 ms as, in most cases, target cell is selected based on UE measurement reports and can be assumed to be “known”?
	Company
	Agree/Disagree Tsearch = 0 ms
	Remarks

	CATT
	
	For evaluation, we can list two cases given in 36.133:
Case 1) Tsearch = 0ms, if the target cell is known;

Case 2) Tsearch = 80ms, If the target cell is unknown and signal quality is sufficient for successful cell detection on the first attempt.

	III
	Disagree
	According to TS 36.211, random access preamble is transmitted in time and frequency resource indicated by higher layer parameters prach-ConfigurationIndex and prach-FrequencyOffset, which is carried in SystemInformationBlockType2 IE (TS 36.213). Hence, for a downlink synchronized target cell, the UE still needs to decode MIB, SIB Type 1 and SIB Type 2 in order to accquire the parameters for random access preamble transmission. If the UE is configured to include the Cell Global Identity of the target cell in the measurement report before commanded to perform HO, then it has already decoded MIB, SIB Type 1, hence may reduce the delay to accquire SIB Type 2. However, it may not always be the case. Therefore, we think the Tsearch is not 0 in most cases.

	ETRI
	Agree
	

	Nokia
	Agree
	

	ZTE
	Agree
	

	LG
	Agree
	

	Huawei, HiSilicon
	Agree
	

	Ericsson
	Agree
	

	Samsung
	Agree
	The value may be a bit longer depending on actual cases, but the difference would be negligible comparing to total interruption

	OPPO
	Agree
	Agree with Samsung’s comment above that the actual latency could be exact zero, however, we could neglect this number to simplify the evaluation.

	Qualcomm
	Agree
	Since the focus here should be prepared handovers with target eNB information delivered to the UE via dedicated signalling, it is fine to assume negligible or zero delay.


2.1.3.2 Step 9.2: UE processing time for RF/baseband re-tuning, security update
Q3b: Understanding that the exact value can vary significantly based on various parameters, for the purpose of this SI, can we consider UE processing time (for RF/baseband retuning, derive target eNB specific keys, configure security algorithm to be used in target cell) to be 20 ms as defined in 36.133?
	Company
	Agree/Disagree UE processing time = 20 ms
	Remarks

	CATT
	Agree.
	1) RF/baseband retuning is not of RAN2 scope, so the assumption in RAN2 evaluation should be 20ms. 

	III
	Agree
	Since RF/baseband re-tuning is out of RAN2’s scope, RAN2 should pay attention on other issues.

	ETRI
	Agree
	We agree with CATT.

	Nokia 
	Agree
	

	ZTE
	Agree
	

	LG
	Agree
	

	Huawei, HiSilicon
	
	In my understanding, the 20ms UE processing time is quite conservative and it contains a big margin. After checking with my RAN4 RRM colleague, I doubt it may also include the L2/3 processing delay. Nevertheless, there is no enough time for us to further check with RAN4 in this study time, and we are fine with it given that it is out of RAN2 scope and RAN2 should focus on L2/3 aspects.

	Ericsson
	Agree
	Agree

	Samsung
	Agree
	20 ms is kind of worst case value so can be shorter in real life. But we agree to use it in this analysis

	OPPO
	Agree
	

	Qualcomm
	Agree
	We should follow the RAN4 guideline


2.1.3.3 Step 9.3: Delay to acquire first available PRACH in target eNB

Q3c: Assuming RACH configuration where PRACH is available every 5 subframes, can we consider typical value of TIU to be 2.5 ms?
	Company
	Agree/Disagree TIU = 2.5 ms
	Remarks

	CATT
	2.5ms for FDD;
5ms for TDD.
	Typical Tiu can be considered for FDD and TDD separately:

Tiu = 2.5ms  for FDD (based on 5ms period);

Tiu = 5ms for TDD (based on 10ms period).


	III
	Agree
	

	ETRI
	Agree
	

	Nokia 
	Disagree
	10ms PRACH periodicity is a more typical configuration and the value of TIU can be up to 30ms.

	ZTE
	Agree
	

	LG
	Disagree
	TIU can be up to 30ms as in [7].

	Huawei, HiSilicon
	
	No strong view, for consensus, we can list the minimum delay and the average delay together in the handover latency analysis (as we did in TR36.912). If possible, we prefer to reuse the values specified in TR36.912, i.e. 0.5ms for the minimum delay and 2.5ms for the average delay.

	Ericsson
	Agree
	As stated for the assumptions TIU can be up to 30ms, but similarly to other configurable parameters we should not assume the worst case here. We agree with Huawei that 2.5ms as average delay is a relevant configuration to consider.

	Samsung
	Agree
	We should focus on typical values, and 5 ms seems agreeable.

	OPPO
	
	No strong preference, and 5ms could be acceptable to us.

	Qualcomm
	Agree
	For average delay, half of the periodicity is regular assumption.


2.1.3.4 Step 9.4: PRACH preamble transmission

The last delay element in step 9 is 1subframe required for PRACH preamble transmission. Please add your comment here if you have a different understanding.
	Company
	Remarks

	CATT
	1ms.  Same understanding. 

	III
	According to TS 36.211 section 5.7.1, the length of PRACH preamble can be shorter than 1ms (e.g., Preamble format 4). In addition, since shorter TTI is under discussion, the PRACH preamble transmission time is possible to be further reduced to be compatible with the reduced TTI.

	Nokia 
	Agree

	ZTE
	Agree

	Huawei, HiSilicon
	Agree

	OPPO
	Agree

	Qualcomm
	Agree


2.1.4. Step 10: UL Allocation + TA for UE

In this step, the target eNB responds with UL allocation and timing advance. This corresponds to RAR from target eNB.

Assuming LTE FDD and that subframe number is continuously numbered, then if UE sends RACH preamble in subframe n, following current specification, eNB can send RAR as early as in subframe n+3 (section 5.1.4 of TS 36.321 [11]). 
Q4: Can we assume that following current specification, typical delay for the UE to acquire UL allocation and TA from target eNB is 3 ms from preamble transmission instant (not including decoding of received allocation etc.)?

	Company
	Agree/Disagree UL Allocation + TA delay = 3 ms
	Remarks

	CATT
	8ms
	Due to 10ms RAR window, 8ms (i.e. 3ms+5ms) can be considered as average value.

	III
	Disagree
	Since RAR message is scheduled by eNB, it can be modified by changing the RAR reply procedure. One concern is the UE’s hardware capability.

	ETRI
	Agree
	

	Nokia 
	Disagree
	The extra 6ms processing time at the UE side to apply the TA and UL grant should be taken into account as well.

	ZTE
	Disagree
	The UE processing time of TA and UL grant should be considered. 

	LG
	Disagree
	It can be up to 13ms when considering RAR window size. 
(BTW, in handover latency analysis, we prefer to see the maximum delay rather than typical delay or average delay because some components are hard to guess what the typical/average delays are.)

	Huawei, HiSilicon
	
	No strong view, for consensus, we can list the minimum delay and the average delay together in the handover latency analysis (as we did in TR36.912). If possible, we prefer to reuse the values specified in TR36.912, i.e. 3ms for the minimum delay and 5ms for the average delay.

	Ericsson
	Agree
	UE processing should be considered at some point, however for the goal of finding issues relevant to possible enhancements for lower latency, we are fine to use minimum and average delay similarly as Huawei.

	Samsung
	Disagree
	Target ENB requires time to verify RACH preamble and ot allocate UL resource and TA

	OPPO
	
	No strong view, and agree with Huawei that listing minimum delay as well as average delay could be the possible way for further evaluation.

	Qualcomm
	
	Assuming this doesn’t include the UE processing as indicated in the question, it is fine to use the value in 36.912 which is 5ms for handover.


2.1.5. Step 11: UE sends RRC Connection Reconfiguration Complete

When the UE has successfully accessed the target cell, the UE sends the RRCConnectionReconfigurationComplete message (C-RNTI) to confirm the handover, along with an uplink Buffer Status Report, whenever possible, to the target eNB to indicate that the handover procedure is completed for the UE. The target eNB verifies the C-RNTI sent in the RRCConnectionReconfigurationComplete message. The target eNB can now begin sending data to the UE [10].

According to section 6.1.1 of TS 36.213 [8], UE can then send RRCConnectionReconfigurationComplete as early as after k1 >= 6subframes. This includes at least two steps: UE Processing Delay (decoding of scheduling grant and timing alignment + L1 encoding of UL data) and transmission of RRC Connection Reconfiguration Complete.
Q5: Can we assume typical value of delay for step 11 (UE sends RRC Connection Reconfiguration Complete) to be 6 ms? If not, please provide your comments.
	Company
	Agree/Disagree RRC Connection Reconfiguration Complete delay =  6 ms
	Remarks

	CATT
	Agree in case of CBRA
	In case of contention free RA, eNB can schedule downlink transmission to UE after Msg2. And the latency of this part should not be included. 

	III
	Agree
	Similar to previous question, configuration of k1 is highly depending on how fast can UE send RRCConnectionReconfigurationComplete (i.e., UE’s hardware capability).RAN2 should pay attention to other issues.

	ETRI
	Agree
	

	Nokia 
	Disagree
	The 6ms concerning UE processing should be counted in step 10. While step 11 only for the transmission the complete message itself which is 1ms.

	ZTE
	Agree?
	This is only for contention based RACH procedure.

	LG
	Agree
	

	Huawei, HiSilicon
	Agree
	

	Ericsson
	Agree
	

	Samsung
	Agree
	

	OPPO
	Agree
	

	Qualcomm
	Agree
	Assuming that this actually the delay between steps 10 and 11


2.2. Major steps contributing to HO delay

The second objective of this email discussion is to conclude on main handover steps that contribute to handover delays. Based on above discussion, we see that total latency during HO process consists of various elements, as depicted in Figure 2. Service interruption time in handover can be defined as the duration between UE stops transmission/reception with the source eNB and target eNB resumes transmission/reception with the UE. 
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Figure 2: Service interruption time in handover

Broadly, these various steps fall into one of the following three categories:

· RRC procedure delay, including RRC signalling processing (step 7)

· UE processing time, including delay for RF/baseband retuning, derive target eNB specific keys, configure security algorithm to be used in target cell (step 9.2)

· RACH procedure and RRCConnectionReconfigurationComplete, including delay to acquire first RACH occasion in the target cell (steps 9.3 to 11)
Please provide your comment here if you think other steps/categories should be included or if some steps can be removed.
	Company
	Remarks

	CATT
	1) Tsearch (Step 9.1) should be considered also. 
2) In Figure 2, the Service interruption time can be started from the timepoint of receiving HO command, since it is very difficult to separate the delay for RRC signalling processing and L2/3 reconfiguration which is up to UE implementation. 

	ETRI
	Tbreak, i.e., the handover break time, should be considered also and Fig. 2 needs some modifications. In Fig. 1 from [R2-154259], the service interruption time is longer than the handover time. But, in Fig. 2, the service interruption time is shorter than the handover time due to not considering Tbreak.  

	Nokia 
	One thing we need to keep in mind is that all these numbers assume 1st transmission success, which may not always be true for channel quality degraded handover scenarios.

	ZTE
	Not sure how much interruption is required for Layer 2/3 reconfiguration as current specification for RRC HO command processing delay includes the Layer 2/3 reconfiguration.

	Huawei, HiSilicon
	Agree with Nokia, we should keep in mind that retransmissions may happen in the RACH procedure even thought we don’t consider the retransmissions in the handover latency analysis.


2.3. Initial assessment on steps we want to address
Q6: Based on the discussion and delay values above, as well as considering estimated time and effort required, please indicate which steps RAN2 should address in this SI (Yes/No), and provide further comments, if any, below the table. 
	Company
	Step 7 

RRC procedure delay
	Step 8

SN Status Transfer
	Step 9.1 

Target cell search
	Step 9.2 

UE processing time
	Step 9.3 

First PRACH in target cell
	Step 9.4

PRACH preamble transmission
	Step 10

UL allocation + TA
	Step 11 

RRC Connection Reconfiguration Complete

	CATT
	
	
	
	
	Yes
	Yes
	Yes
	Yes

	III
	No
	Yes
	Yes
	No
	No
	Yes
	Yes
	No

	ETRI
	Yes
	No
	No
	No
	Yes
	Yes
	Yes
	Yes

	Nokia
	No
	No
	No
	No
	Yes
	Yes
	Yes
	Yes

	ZTE
	Yes
	No
	No
	No
	Yes
	Yes
	Yes
	Yes

	LG
	No
	No
	No
	No
	Yes
	Yes
	Yes
	Yes

	Huawei, HiSilicon
	No
	No
	No
	No
	Yes
	Yes
	Yes
	Yes

	Ericsson
	No
	No
	No
	No
	Yes
	Yes
	Yes
	Yes

	Samsung
	No
	No
	No
	No
	Yes
	Yes
	Yes
	Yes

	OPPO
	Yes
	No
	No
	No
	Yes
	Yes
	Yes
	Yes

	TCL
	
	
	
	Yes
	Yes
	Yes
	Yes
	

	Qualcomm
	No
	No
	No
	No
	Yes
	Yes
	Yes
	Yes

	Intel
	Yes
	No
	No
	No
	Yes
	Yes
	Yes
	Yes

	Number of Yes (out of 13)
	4
	1
	1
	1
	12
	13
	13
	11


Please provide additional comments here:
	Company
	Remarks

	ETRI
	In RAN2#84, we proposed “Early HO CMD with Ping-Pong Avoidance” solution [R2-134432] to improve the overall mobility robustness in LTE HetNets and mentioned shortened handover interruption time as another benefit with this solution in section 2.6. In this solution, the S-eNB can keep sending data to the UE during handover before some pre-defined event, i.e., the handover execution event. We kindly ask to include and discuss this solution in the second phase.

	Nokia
	Step 9, 10 & 11 consumes about ~25ms of the overall HO time.  We believe user data interruption can be improved to minimize if we eliminate the RACH procedure altogether with synchronised HO.

	Ericsson
	The complexity to resulting total reduced latency should be assessed for any solution. Furthermore, solutions should not be limited to synchronized NW deployments only. The possibility to omit the Random Access procedure depends to a large extent on the need and possibilities for estimation of UL timing. Addressing only cases where e.g. timing advance is not needed further limits the scope where a proposal is effective.

	OPPO
	In our understanding, all steps related to user data interruption with specification impact could be considered for further optimization in this SI from step 7 to step 11 if possible.

	TCL
	According to field logs we have with some chipset vendor, out of a total handover procedure delay of 29 ms at the UE side:

* the L2/3 processing delay is 27 ms approximately,
* the RACH procedure takes 12 ms approximately.


2.4. Observations from First Phase

Based on the companies’ inputs above and responses in email threads, following is observed.

· Based on Q1 responses, we can assume 15ms to be a typical value of delay for step 7.
· Based on Q2 responses, we can assume delay due to step 8 to be negligible in overall handover latency.
· Based on Q3a responses, we can consider step 9.1, Tsearch = 0 ms for this study.
· Based on Q3b responses, we can consider step 9.2, UE processing time = 20ms.

· Based on Q3c responses, we can consider step 9.3 minimum delay to be 0.5ms and typical delay to be 2.5ms.

· Based on section 2.3.1.4, we can consider step 9.4 delay to be 1ms

· Based on Q4 responses, considering majority view that the delay values should be typical/average instead of worst case, and assuming that the grant decoding and/or TA delay is not included in this step, we can consider step 10 minimum delay to be 3ms and typical/average delay to be 5ms.

· Based on Q5 responses, assuming that this step includes delay for UL grant decoding, RRC message preparation etc., we can consider step 11 delay to be 6ms.

Figure 2 above is updated based on the comments. Since 36.133 [7] also defines “interruption time” starts after the end of the last TTI containing the RRC command on the old PDSCH, Tbreak is not shown in the Figure. 
From the input in Section 2.3, majority of the companies think that Steps 9.3, 9.4, 10, and 11 should be addressed for possible latency reduction. 

Recommendation from the rapporteur: the following steps should be studied in this SI for possible solutions to reduce latency during handover.

· RACH procedure including delay to acquire first available PRACH in target cell, PRACH preamble transmission and UL allocation + TA 
· UE Processing Delay after RA procedure including decoding of scheduling grant and timing alignment + L1 encoding of UL data, and transmission of RRCConnectionReconfigurationComplete.
3. Second Phase (Deadline Wednesday Nov 4th, 23:59PST)

From the First Phase, RACH procedure including the delay to acquire first RACH occasion and RRCConnectionReconfigurationComplete in target cell was identified as the steps that we want to address in this SI. In the secod phase, the objective is to capture the potential solutions that address enhancements to the identified steps and the gains/complexity associated to each solution. 
Please describe your proposed solution(s) below which address(es) the identified issue, i.e., which reduces or eliminates RACH and RRCConnectionReconfigurationComplete delays in target cell. Please note that, according to the scope of this email discussion, only solutions that have been already proposed during this SI discussion can be included.
For the proposed solution

· A solution name may be provided

· Reference to the Tdoc from RAN2#90-RAN2#91bis submitted for the latency reduction SI must be provided (from the reference list at the end of this document or add reference as required)

· The solution should reduce or eliminate RACH and/or RRCConnectionReconfigurationComplete dealys in target cell

· If two or more proposed solutions are very similar, merging with the text in the document is preferred instead of duplication.

3.1. Solution 1: Synchronous handover [3]
One possible area of improvement where several existing and new applications could benefit from is to minimize latency during handovers for a mobile UE. Although TCP based applications could recover from errors introduced by poor radio conditions during handovers, the delay introduced by handovers for real time applications is least desired. 

The concept of synchronous handover is such where the source cell, the target cell and the UE are synchronized as to when a handover should be executed. At a mutually agreed time (e.g. SFN), the UE switches from source cell to target cell. This synchronization may be achieved between the two eNB cells over X2 signalling and the UE via RRC signalling. Based on the fact that all three nodes are in sync, the source cell stops DL transmission to the UE, the target cell provides an uplink grant to the UE, and the UE acquires the target. Synchronous handovers without random access can be used to improve the user experience by minimizing the overall handover delay. A RACH attempt procedure during handovers typically takes ~10~12 ms. An average handover procedure takes ~40~50 ms to complete. Continuous transmission of user data from source cell well after handover procedure start, and eliminating ~10~12 ms of RACH delay during a handover procedure can significantly minimize the data interruption during handovers and improve the user experience. 

Simulation Results:
Figure Z captures typical interruption time for legacy handover vs. gains achieved by Synchronous handover. As can be seen from the figure Z below, the interruption time is much higher for UE’s with more speed and the case of higher number of small cells under a Macro cell. This is due to the fact that if the UE moves with higher speed, it will experience more frequent handovers than a UE with lower speed. The increased number of handovers, each introducing some interruption time adds up to a higher overall delay.  However, the interruption time is significantly lower for the case of synchronized handover. The fact remains, that the higher number of handover a UE experiences, the higher will be the data interruption time. However, comparing the two scenarios, the benefits are obvious with synchronized handover.

[image: image3]
Figure Z: Average Percentage of the Interruption Time.
3.2. Solution 2: Obtain target cell TA without RACH [2]
In this solution, to minimize the handover delay, the UE will obtain the target cell TA without performing the RACH procedure towards the target cell when the source cell and the target cell are time synchronized, as one of the main purposes of the RACH procedure is to obtain the target cell TA. As illustrated in Figure 3.2-1, the UE first obtains the DL propagation delay difference between the source cell and the target cell (i.e. T1-T2). Assuming the UL propagation delay is the same as the DL propagation delay, and then the UE can derive the target cell TA from the source cell TA by: TAtarget = TAsource – 2 (T1-T2). The accuracy of the target cell TA obtained by this solution needs to be further checked by RAN4.
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Figure 3.2-1: Obtain target cell TA 

3.3. Solution 3: UL grant pre-allocation for handover command response [2]
This solution is to avoid the latency caused by the UL grant request for the transmission of the handover command response (i.e. RRC Connection Reconfiguration Complete message), where the UL grant may be requested through the RACH procedure or through the SR procedure if the UE could obtain the target cell TA without RACH. One option is UL grant pre-allocation in handover command. The pre-allocated UL grant will be kept valid within a period of time, starting from the time when the UE achieves synchronization with the target cell. Another option is UL grant pre-allocation by dynamic scheduling in the target cell. The target cell needs to periodically pre-allocate the UL grant to the UE by dynamic scheduling from the time when it expects the UE achieves synchronization with it. 

3.4. Solution 4: Maintaining Source eNB Connection during Handover [5]
This solution eliminates data interruption during handover (HO) by not releasing the connection to the source eNB until handover is completed at the target eNB. 

In current LTE HO, the UE resets MAC and reestablishes PDCP upon receiving the HO command and thus communication with the source eNB is stopped. The data disruption will happen until the UE receives the first packet from the target eNB. The proposal is to delay the MAC and PDCP reset until the UE performs successful RACH at the target eNB. This requires that the UE monitor both source and target links simultaneously, which is similar to Dual Connectivity on the same frequency. To continue the data transmission with the source eNB, the UE should continue sending CSI and HARQ feedback to the source eNB. However, if the radio link quality becomes bad, this shouldn’t force the UE to declare RLF since that would trigger RRC Connection Re-establishment. Therefore, RLM for the source eNB needs to be suspended until the end of handover (success or failure).  This has the additional benefit of returning back to the source eNB if handover fails. When RACH is completed successfully at the target eNB, the source eNB should be made aware that it can stop transmissions to the UE. This indication can come from the UE or from the target eNB with the X2 option being more efficient due to better reliability.
3.5. Observations from Second Phase
In the second phase of email discussion, four solution proposals as explained in Sections 3.1 to 3.4 were received. Based on the proposed solutions, there seems to be some overlap in the solution domain. Following concerns are noted: 
1. 
Solutions 1, 2, and 3 propose to skip RACH. It might be more logical to merge these solutions as (or present as sub solutions of) a main “Skipping RACH in Target eNB” solution. 

2.
Solutions 1 and 4 share similar objective as both of them propose that source cell continue to transmit to the UE until certain time.

3.
When skipping RACH in target eNB, it is natural that pre-allocation of UL grant is needed in the target cell as there is no Msg2 carrying UL grant. So, solution 3 looks like complementary/requirement for solutions 1 and 2, and without it solutions 1 and 2 seem somehow incomplete. So, solution 3 could be a component of solutions 1 and 2. Perhaps this is covered by the phrase “the target cell provides an uplink grant to the UE” in Solution 1 but further details may be helpful.

4.
Additionally, RAN2 should be clear if there is any impact to RAN1/RAN4. If there is impact, RAN2 may not be able to make any conclusion alone. It seems all solutions would require RAN1/RAN4 view, for example: 

a.
Removal of PRACH may have concerns due to power control inaccuracy.

b.
The accuracy of TA determination based on the propagation delay in solution 2: a similar proposal was discussed in Rel-11 multiple TA, but it was not agreed in Rel-11 due to concern on the accuracy. 

c.
Solution 4 may also require PHY layer changes. Currently, the UE cannot transmit simultaneously to source cell and target cell although it may receive both of them with different RF chains. This should also be confirmed by RAN1/RAN4. 

Therefore, further discussion would be required before capturing the potential solutions.

4. Text Proposal for TR 36.881

Based on the discussion above, a text proposal for 3GPP TR 36.881 (based on v0.4.0) for the handover latency evaluation is provided in R2-156832. A baseline TP for possible further discussion on solutions is provided in Annex.

5. Conclusion

From the first phase of email discussion, we conclude that the following steps should be studied in this SI for possible solutions to reduce latency during handover.

· RACH procedure including delay to acquire first available PRACH in target cell, PRACH preamble transmission and UL allocation + TA 
· UE Processing Delay after RA procedure including decoding of scheduling grant and timing alignment + L1 encoding of UL data, and transmission of RRCConnectionReconfigurationComplete.
In the second phase, four solutions were proposed to address the latency during handover. However, the proposed solutions seem overlapping and complementary to each other. In addition, there is potential impact to RAN1/RAN4. Therefore RAN2 may not be able to make any conclusion alone. Further discussion would be required before capturing the potential solutions.
Proposal 1: To include text from R2-156832 in TR 36.881 as outcome of phase 1.
Proposal 2:  To further discuss about possibility of merging potential solutions proposed in phase 2, taking the TP in Annex as baseline.
Proposal 3: To further discuss the gains/complexities of the proposed solutions including RAN1/RAN4 impact.
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8.X
Handover Latency [9]

One possible area of improvement where several existing and new applications could benefit from is to minimize latency during handovers for a mobile UE. Although TCP based applications could recover from errors introduced by poor radio conditions during handovers, the delay introduced by handovers for real time applications is least desired. 

8.X.1 
Solution 1: Synchronous handover
The concept of synchronous handover is such where the source cell, the target cell and the UE are synchronized as to when a handover should be executed. At a mutually agreed time (e.g. SFN), the UE switches from source cell to target cell. This synchronization may be achieved between the two eNB cells over X2 signalling and the UE via RRC signalling. Based on the fact that all three nodes are in sync, the source cell stops DL transmission to the UE, the target cell provides an uplink grant to the UE, and the UE acquires the target. Synchronous handovers without random access can be used to improve the user experience by minimizing the overall handover delay. A RACH attempt procedure during handovers typically takes ~10~12 ms. An average handover procedure takes ~40~50 ms to complete. Continuous transmission of user data from source cell well after handover procedure start, and eliminating ~10~12 ms of RACH delay during a handover procedure can significantly minimize the data interruption during handovers and improve the user experience. 
8.X.2 
Solution 2: Obtain target cell TA without RACH
In this solution, to minimize the handover delay, the UE will obtain the target cell TA without performing the RACH procedure towards the target cell when the source cell and the target cell are time synchronized, as one of the main purposes of the RACH procedure is to obtain the target cell TA. As illustrated in Figure 3.2-1, the UE first obtains the DL propagation delay difference between the source cell and the target cell (i.e. T1-T2). Assuming the UL propagation delay is the same as the DL propagation delay, and then the UE can derive the target cell TA from the source cell TA by: TAtarget = TAsource – 2 (T1-T2). The accuracy of the target cell TA obtained by this solution needs to be further checked by RAN4.
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Figure 8.X.2-1: Obtain target cell TA 
8.X.3 
Solution 3: UL grant pre-allocation for handover command response
This solution is to avoid the latency caused by the UL grant request for the transmission of the handover command response (i.e. RRC Connection Reconfiguration Complete message), where the UL grant may be requested through the RACH procedure or through the SR procedure if the UE could obtain the target cell TA without RACH. One option is UL grant pre-allocation in handover command. The pre-allocated UL grant will be kept valid within a period of time, starting from the time when the UE achieves synchronization with the target cell. Another option is UL grant pre-allocation by dynamic scheduling in the target cell. The target cell needs to periodically pre-allocate the UL grant to the UE by dynamic scheduling from the time when it expects the UE achieves synchronization with it.
8.X.4
Solution 4: Maintaining Source eNB Connection during Handover
This solution eliminates data interruption during handover (HO) by not releasing the connection to the source eNB until handover is completed at the target eNB. 

In current LTE HO, the UE resets MAC and reestablishes PDCP upon receiving the HO command and thus communication with the source eNB is stopped. The data disruption will happen until the UE receives the first packet from the target eNB. The proposal is to delay the MAC and PDCP reset until the UE performs successful RACH at the target eNB. This requires that the UE monitor both source and target links simultaneously, which is similar to Dual Connectivity on the same frequency. To continue the data transmission with the source eNB, the UE should continue sending CSI and HARQ feedback to the source eNB. However, if the radio link quality becomes bad, this shouldn’t force the UE to declare RLF since that would trigger RRC Connection Re-establishment. Therefore, RLM for the source eNB needs to be suspended until the end of handover (success or failure).  This has the additional benefit of returning back to the source eNB if handover fails. When RACH is completed successfully at the target eNB, the source eNB should be made aware that it can stop transmissions to the UE. This indication can come from the UE or from the target eNB with the X2 option being more efficient due to better reliability.

--- END Text Proposal ---
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