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1 Introduction
Relaying is being examined as part to the LTE-Advanced study item as a technology to enhance coverage and capacity and offer more flexible deployment options to fulfill the requirements ‎[1]. In RAN#46 the relay work item was agreed to specify relays at least for the coverage-improvement scenario ‎[2], therefore in the following we refer to relays deployed at the sector border to provide coverage. According to the work item both in-band and out-band are considered ‎[2]:
· The eNB-to-relay link operates in the same carrier frequency as the relay-to-UE link. 

· The eNB-to-relay link operates in a different carrier frequency from the relay-to-UE link.

In ‎[3], a methodology for evaluating the impact of relaying on coverage has been discussed. In this contribution, we further extend the analysis comparing the performance of in-band relays with out-band relays (or equivalently Pico eNB deployment with the configurations of relay deployment, i.e. sector border deployment, 5m antenna height, channel models, etc.).  In the following the term “small nodes” refer to both relays and Pico eNBs, unless specifically indicated. 
The impact of small nodes can be investigated either from network capacity or coverage perspective. In the former case the inter-site distance (ISD) is fixed and an increase in cell throughput defines the gain of the small nodes deployment. This is the evaluation usually done in 3GPP, e.g. for LTE performance evaluations. In the latter case we fix a certain throughput criterion and the positive impact of the small nodes deployment is used to increase the ISD. In this study we have adopted the coverage perspective and we explore scenarios with different combinations of ISD and small nodes that provide the same performance in terms of coverage. In the following, we refer to them as iso-performance scenarios. 
Simulation assumptions for small nodes deployment (relays and Pico eNB) are according to relay deployment described in ‎[5]. However, the bonus ‎[6] to account for the relay site planning optimization agreed in RAN1#57bis ‎[7] is not considered. 
This contribution is an update of ‎[4], where the channel models in ‎[5] are taken into account.
2 Evaluation methodology for coverage extension

The evaluation methodology, already proposed in ‎[3], aims to identify scenarios where small nodes deployment provide a remarkable throughput increase with respect to macro eNB only deployment and trades this gain in a decrease of the required number of  macro eNBs necessary to provide the same coverage as without small nodes. 

The 10%-tile of the throughput CDF is assumed as a performance comparison criterion; other values can be also used and the methodology does not change. This value has been selected as coverage indication because it represents the group of UEs with worst channel conditions and located near the cell edge. 

In section ‎2.2 the combinations of ISD and small nodes are obtained by means of an iterative algorithm. In section ‎2.1 we analytically derive the end-to-end throughput for UEs connected to the in-band relays. From the obtained formula we see how resources consumed by the relay link reduce the achievable throughput on the access link, while the throughput on the access link corresponds to the end-to-end throughput in case of in-band relay and Pico eNB deployments. 
2.1 End-to-end throughput

In this section we analytically derive the end-to-end (e2e) throughput when the UE is not directly served by the eNB but through an in-band relay node. 

Proposition 1. Assume optimal resource division between links that compose the 2-hop connection. Then the e2e throughput is of the form:
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where Ta and Tb are the maximum achievable throughput on access and backhaul link respectively.
We emphasize that in case of out-band relays and Pico eNBs we obtain that the e2e throughput is the throughput on the access link Te2eOpt=Ta.
Proof. Consider a 2-hop connection where each link uses a fraction Ra and Rb of the total available resources R:

	
[image: image2.wmf]b

a

R

R

R

+

=

.


	(2)


Then the e2e throughput is given by:
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This throughput is maximized when equal amount of information is transferred over each link. Hence, in the optimal case we have:
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and the e2e throughput admits the expression:
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Combining equations (5) and (2) we finally have:
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and the proof of (1) is complete. 

We emphasize that (1) is valid when the resource partitioning is optimized to ensure that all links admit the same throughput. If rates on different links vary due to non optimized partitioning, then e2e throughput is obtained as a minimum over the throughputs on both sub-links.

2.2 Iso-performance scenarios

We use the term iso-performance scenario to refer to small nodes and ISD combinations that provide the same performance in terms of the 10%-tile throughput CDF. In Figure 1 we illustrate the algorithm that is used to explore iso-performance scenarios. The reference scenario of ISD 500m without small nodes is first assumed (step 0). Then one small node per sector is deployed (step 1) and the ISD is increased until the 10%-tile CDF throughput is the same as in the reference scenario (step 2). As an output the algorithm provides the small nodes, ISD combination (step 3). Then the algorithm can be continued by placing another small node in each sector (step 1). The algorithm iteratively obtains iso-performance scenarios adding one small node per sector at each iteration until the maximum number of small nodes per sector (denoted by MNmax) is reached.
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Figure 1: Algorithm used to explore iso-performance scenarios.

An iso-performance curve is defined as a set of points, each corresponding in a certain area to different combinations of small nodes per sector and eNBs with equal performance. Main benefit from iso-performance curves is that they can be used to obtain the exchange ratio between eNBs and small nodes while keeping the same performance in terms of 10%-tile CDF throughput.  

An example iso-performance curve is depicted in Figure 2, where the exchange ratio is obtained by plotting the dashed straight line. From this example we can derive that Nmacro-eNB can be substituted with Nsmall-nodes, or equivalently one eNB can be substituted with a number small nodes equals to Nsmall-nodes/Nmacro-eNB.
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Figure 2: Example of iso-performance curve.

3 System setup

The simulated network is represented by a regular hexagonal cellular layout with 19 tri-sectored sites, variable number of small nodes (relays or Pico eNBs) per sector and variable inter-site distance (ISD). The small nodes are deployed regularly at the sector border, which is covered by up to 5 nodes. Figure 3 presents the node deployments. Simulation parameters follow the current settings in ‎[5]. Since we are interested in the coverage limited scenario, we have investigated a case where a single randomly located user in the area is active. The shadow fading is considered assuming 30dB penalty on each link that corresponds to the worst scenario for coverage.
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Figure 3: Small nodes deployment.
4 Comparison In-band vs. Out-band Relays
In this section, the performance of small nodes (relays and pico eNB) and macro eNB-only deployments are compared and analyzed in terms of coverage extension. 3GPP Case 1 with ISD 500m and Case 3 (Suburban) with ISD 1732m are considered ‎[5].
The evaluation methodology given in section ‎2 is adopted. Different iso-performance scenarios, i.e. combinations of small nodes and extended ISDs that provide the same performance in terms of coverage, are investigated. The 10%-ile of the throughput CDF, which represents users at the cell edge, is used as a criterion for performance comparison. The gain on the 10%-ile throughput level, due to deployment of small nodes, is translated into coverage extension via extended ISDs. Table 2 presents the extended ISDs achieved by the small node deployments.
Table 1: Inter-site-distance extensions.

	Number of Small Nodes per sector
	ISD Extensions [m] 

with respect to ISD 500m Scenario
	ISD Extensions [m] with respect to ISD 1732m Scenario

	
	In-band RN
	Out-band RN (Pico eNB)
	In-band RN
	Out-band RN (Pico eNB)

	1 node
	522
	525
	1793
	1793

	3 nodes
	616
	640
	2009
	2009

	4 nodes
	641
	668
	2128
	2129

	5 nodes
	663
	687
	2197
	2197

	8 nodes
	751
	784
	2387
	2393

	10 nodes
	810
	837
	2515
	2516


Figure 4 shows the iso-performance curves for reference ISDs of 500m and 1732m. It is worth noting that the overlapping curves in the coverage limited scenario, with ISD reference of 1732m, show that In-band RN, Out-band RN and Pico eNB deployments perform similarly in terms of coverage extension. In case of reference ISD of 500m, the performance of In-band RN deployment is close to the performance of Out-band RN and Pico eNB deployments. Table 2 presents the exchange ratios between small nodes (relay or Pico eNB) and macro eNB, derived from the iso-performance curves. Note that the gain in an iso-performance scenario is defined by the corresponding ISD extension.
[image: image10.png]Nurnber of Required Macro eNB [per K]

45

35

25

15

—e— Pico Node
—E— Relay Node

[Exchange Ratio
18 RN/ eNB

Exchange Ratio
[15Pico node / eNB

10

15 0 25 30 3% 40 45 80 &
Nurnber of Required Pico eNE / RN [per Kin’]



[image: image11.png]Nurnber of Required Macro eNB [per K]

04

035

03

025

02

015

01

—E5—Pico eNB

—& —Relay Node

2 3 1 5
Nurnber of Required Pico eNE / RN [per Kin’]





   






(a)


















(b)

Figure 4: Iso-performance curves for ISD 500m (a) and 1732m (b).
Table 2: Coverage extension evaluation.
	Inter-site-distance (ISD) [m]
	Exchange Ratio between RN / Pico eNB and macro eNB

	
	In-band RN
	Out-band RN  (Pico eNB)

	500m
	18
	15

	1732m
	24
	24


An important result of the coverage extension study is that the required number of out-band relays (Pico eNBs) is not much smaller than that of in-band relays. This is mainly due the fact that relays are located outdoors and thus they admit very good backhaul link towards the serving eNB. If network dimensioning is done assuming indoor users, the radio resource usage by the backhaul of an outdoor relay is relatively small. 
The advantages in throughput of out-band relay and Pico eNB deployment over in-band relay deployment is not noticeable in coverage extension gains, or equivalently in small node/macro eNB exchange ratios. We recall that as the ISD extends, the edge users in relay coverage area exhibit a low throughput on their access link, while the backhaul link is still good. Referring to (1), the end-to-end throughputs of such users are, thus, dominated by the throughputs on the access link. Such users contribute to the 10%-ile throughput level, which is considered as a coverage extension criterion. Note that in out-band relay and Pico eNB deployment, the throughput is fully defined by the throughput on the access link; hence, in-band relays perform similar to out-band relays and Pico eNBs in terms of 10%-ile throughput or, equivalently, coverage extension. 

5 Conclusions

This contribution shows how the throughput improvement (as usually evaluated in LTE performance evaluations) can be traded into coverage extension (and eventually cost savings, not usually evaluated for LTE). We do not need to introduce an explicit evaluation of coverage gain on top of cell edge throughput improvement. The methodology illustrated in this contribution allows manufactures and operators to translate a cell edge throughput gain to a coverage gain, if the latter is more suitable for specific evaluations.

We have compared the performance and feasibility of relays and Pico eNBs in terms of cell coverage area extension. Relaying overhead is considered as a limiting factor in in-band relay deployments. Results show that, in most cases, the performance difference between in-band relay and out-band relay (Pico eNB) deployments is small, making the in-band relay deployment attractive, especially in the case where network dimensioning assumes indoor users and outdoor relays. In coverage limited scenario, in-band relay deployments perform almost equally well with out-band relay and Pico eNB deployments in terms of tackling both throughput and coverage gaps on the cell edge. Therefore, in-band relays have been shown to be an efficient tool to provide a significant gain in cell edge throughput and in coverage.
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