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1. Introduction
In RAN2 #66, it was being discussed where S1 should be terminated. In the series of “email discussions” thereafter, we have four alternatives: one option is to terminate S1 at DeNB and at RN again (e.g., Alt. 2), terminate it and at DeNB only (e.g., Alt. 4) and the other at RN only (e.g., Alt. 1 and Alt 3). In large, one of the main points is whether S1 is transparent to DeNB or not. There are many points of interests, including traffic performance and design complexity, in determining whether S1 is designed to be transparent to DeNB. This document focuses on traffic performance, specifically related to “handover” (from RN to the other RN, from RN to DeNB, etc.) that will be affected by the introduction of RN’s, including the DeNB’s awareness or ignorance of S1, to the cellular system. 
2. Discussion
Note: In this document, a "late packet" is referred to as a packet already arrived at a transmit queue of a node but not sent out in time due to a handover event, which shall be transferred to the target node. If S1 terminates at RN, it causes extra time (in latency sense) to forward “late packets” to the next target node whenever handovers occur during a call holding time.
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Figure 1. Redirection of “late packets” when S1 terminates at RN.

For a call traveling through multiple cells, each handover event associated with RN cells (i.e., from a RN cell) may cause an extra interruption time, namely the time for packet redirection, to forward “late packets” to the target node (e.g., DeNB in case 1 and RN2 in case 2 in Figure 1). It happens whenever handover occurs during the call holding time. We examine handover-related traffic performance affected by S1 terminating at RN only. 
2.1 Outline of the evaluation criteria
· The handover rate from a RN cell: This is related to how many calls experience of having their “late packets” redirected to the next target node.
· The average time fraction of “late packet redirection” per call holding time.
2.2 Outline of the evaluation model
· Mobility of UE: moving direction and speed are randomly chosen and fixed during a call holding time

· Shape of cell: a cell is assumed to have an ideal shape of a circle
2.3 The Average Time Fraction of Packet Redirection
During the call holding time, a UE may have a certain number of handover, which we can refer to as the average number of handover per call. Thus, a UE will be interrupted for a time interval of 


(avg no of handovers) * (avg time taken for packet redirection).
In consequence, the average time fraction that a UE, in regard to “forwarding late packets”, may be affected by handovers from and to RN is given by 
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Note: Refer to Appendix to see (avg no of handovers) * (avg cell residence time of handover call) = (avg call holding time). 

2.4 Handover Rate
Note: The term “handover rate” is referred to as the number of handovers (successfully accommodated or not) per unit time. For example, if a DeNB or a RN has 3600 handovers for an hour, the handover rate amounts to 3600/hr.

We consider a cellular system with M cells (including RN cells) and N UEs. We denote by L the average call generation rate of a UE and denote by E(H) the average number of handovers during a call holding time. Then the handover rate G, namely, the average number of handovers per unit time, is given by


G = (call generation rate) * (avg no of UEs) * (avg no of handovers per call)
                  = L * (N/M) * E(H) (handovers/cell/unit time).

Example: For a cell with radius 250m (0.25km) in the Los Angeles area with a population density of 3200/km2, the average number of UEs per cell is (N/M) = (3.14)*(0.25)^2*3200 = 628 (UEs).
· If L=1 (calls/hr) and E(H)=6, then G = 5 * 6 * 628 = 3,768 (calls/hr).

· If L=5 (calls/hr) and E(H)=6, then G = 5 * 6 * 628 = 18,840 (calls/hr).

This example demonstrates that on average each cell has this many handover calls affected by the S1 terminating at RN, making this many of handover calls have “late packets” redirected to the next target node.
2.5 The Extra Travel due to Packet Redirection
Note: A "late packet" will be redirected to the next target node. We examine how many hops “late packets” should travel additionally if S1 terminates at RN.
The number of hops that the “late packets” must travel due to the “data forward during handover” is twice as many as the number of hops between the source node (e.g., RN1 in Figure 1) and the DeNB (e.g., this quantity is one for the RN1 in Figure 1). Formally, if a UE with handover event is n-hops-away from the DeNB, then the number of hops that the “late packets” at the source node must travel in the procedure of “data forward during handover” is 2n. Therefore, in multi-hop environments, the extra path that “late packets” should travel is large and may cause substantial latency.
Examples: Figure 2 depicts two cases of handover from an RN to another: vertical handover (in a hierarchy sense, not in the inter-RAT sense) and horizontal handover. If a UE attached to RN but is trying to move to DeNB, there are a certain number of “late packet(s)” that need to be send back to the DeNB when S1 terminates at RN. Those packets will travel two extra hops. The right next to this presents a case of horizontal handover, which demonstrates the same quantity of extra travel path. 

Figure 3 illustrates the same situation but in a multi-hop extension case, in which the number becomes four. The physical meaning of this number is that those packets affected by S1 terminating at RN will experience that much of extra travel path, causing the expected latency to unfavorably increase.
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Figure 2. Two hop case (one hop extension only): two extra links due to handover: vertically and horizontally.
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Figure 3. Three hop case (multi-hop extension): four extra links due to handover: vertically and horizontally.
3. Conclusions
The small size of the RN cell will introduce a lot more handovers per unit time in comparison to a cellular system without RNs. Designing S1 to terminate at RN only may cause substantial impacts on handover performance. Therefore, the following problems occur and need to be resolved. 

· Each cell has to accommodate many handover calls affected by the S1 terminating at RN, and this extra burden will cause this many “late packets” to be redirected to the next target node and cause the extra latency to increase in the wireless domain.

· For UEs n-hops-away from the DeNB, the number of hops that the “late packets” at the source node must travel in the procedure of “data forward during handover” is 2n. Therefore, in multi-hop environments, the extra path that “late packets” should travel is large and may cause substantial latency. Also, particular transmission scheduling should be devised to handle this type of extra latency, especially for jitter-intolerant traffic.
In summary, if the S1 is designed to terminate at RN only, the benefits of using RNs are getting more questionable, and need further investigation through serious evaluation. Since the deployment of RNs introduces inherent latency especially to the handover performance, it is beneficial that DeNB should be (one of those) terminating S1. 
Proposal 1: DeNB should be able to process S1 packets to RN, namely, S1 should be terminated at least in DeNB.
Appendix - The Average Number of Handovers per Call

Note: In this section, we examine how many handovers (strictly speaking, handover requests) an arbitrary call may have during its call holding time.

Table 1: Notation   .
	Parameter
	Definition/Description
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Figure 4. Timing diagram of a call from its initiation to completion (N=4).

As seen in Figure 4, the call holding time, 
[image: image10.wmf]c

T

, consists of three types of time intervals as:
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If call initiation and call completion happen at a random time instant, the probability distribution of 
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which is also verified by the method in [2]. Notation is found in Table 1.
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