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1 Introduction
LTE-Advanced networks may include relays, in addition to the more conventional macro-cellular base stations, to provide additional or enhanced coverage and or capacity.

As has already been noted [1], there exists a cost-performance trade-off in the design of a relay, both in terms of the cost of the relay itself and the associated costs of deployment.  Whether or not a higher performance relay is justified depends on the total network cost, as sufficiently fewer high-performance relays may be needed to offset their higher individual cost.  

Evaluation of LTE-Advanced networks therefore requires a methodology that treats the network as a whole, including both base stations and relays, as additional relays may also be justified by the need for fewer base stations.

Unfortunately, commonly used metrics, such as spectral efficiency per site (bps/Hz/site), are unsuited to the evaluation of networks containing more than one type of radio access point.  The difficulty arises from the definition of “site”.  Whereas “site” has historically referred to a base station in a conventional network, it must sometimes refer to a base station and sometimes to a relay in a relay enhanced network.

In this paper, we describe an evaluation methodology that is equally applicable to networks comprising base stations and relays as to those containing only base stations.
2 Metrics for Relay Enhanced Systems 
The choice of metric can significantly alter the perceived performance of a relay enhanced network relative to a conventional cellular network.  In order to make a fair comparison, it is essential that the metric used shall take proper account of the number of relays in the network.  The metrics described here (e.g., coverage, system capacity, spectral efficiency) are similar to those used elsewhere except that provision is also made for the trade-off between base stations and relays in terms of overall network performance and cost.

2.1 Base Station/Relay Cost Ratio

Although it is often desirable to evaluate the cost of a particular deployment in absolute (monetary) terms, it is not always necessary to do so in order to make comparisons between alternative systems.  Relative costs can be as effective.  In the context of a relay enhanced network, for example, it is not necessary to know that a base station costs x and a relay y but only to know the ratio of their costs.  We therefore define 
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 as the ratio of the base station and relay costs.  Hence, a high performance, high cost relay will have a lower value of r. 

The cost of a base station or relay is composed of a number of components, some of which are one-off costs and some of which recur over time.  Ideally, r should reflect both of these, and represent the ratio of the lifetime costs of the base station and relay.

Net present value (NPV) is a valuation method based on discounted cash flows, which may be used to calculate the lifetime cost of a base station or relay.  The premise is that revenue earned (costs incurred) this year has higher value than similar amounts earned (incurred) next year.  Future revenues (costs) are therefore discounted depending on how far in the future they occur.
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Here, cash flow equals revenue minus cost and t represents time in years.  By using this method, the impact of recurring operational expenditure, as well as the initial capital cost, can be included when calculating the lifetime cost of a base station or relay.

2.2 Coverage
Coverage is the probability that a randomly placed subscriber is able to communicate reliably at a particular data rate.  It may also be expressed as the fractional area of a cell within which signal quality is high enough to support a specified service.  Coverage enhancement is a primary objective for relay-based systems.  By improving coverage, a network operator may provide service to a greater proportion of the users in a cell, and users will experience more uniform access to the service.

2.3 System Capacity
Whether or not a user is able to access the service also depends on the system capacity being sufficient to meet the demand for that service in his local area.  System capacity is a measure of the maximum total information rate supported by a base station.  It is equivalent to the ratio of the total information rate supported per unit geographic area and the number of base stations per unit geographic area, and has units of bps/cell-site.
Conventionally, system capacity does not take account of any relays in the network, because of the assumed equivalence between “site” or “cell-site” and base station.  In a relay enhanced network, however, a trade-off exists between the number of base stations in a network and the number of relays in the network.  Adding relays to a cell may enhance performance but will also introduce additional cost.  Consequently, the total number of cells in the network must decrease to compensate.  

To accommodate this trade-off, and account for the number of relays in the network, we define m as the ratio of the number of relays per unit geographical area and the number of base stations per unit geographical area.  We are then able to modify system capacity to reflect the additional cost of a cell resulting from the introduction of relays.  To do so, we define an effective system capacity as follows:
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Here, m is the ratio of the number of relays per unit geographical area and the number of base stations per unit geographical area, and r is the ratio of the cost of a base station and the cost of a relay, as defined above.

2.4 Spectral Efficiency

For a network operator, it is also desirable to minimise the total amount of spectrum used by the system to deliver a specified service.  This is equivalent to maximising the spectral efficiency of the system, which is defined as the ratio of the system capacity and the total amount of spectrum used by the system; that is, the system capacity per unit bandwidth.  For the purposes of comparing conventional and relay-based systems, however, it is more useful to define an effective spectral efficiency as the effective system capacity per unit bandwidth, as follows:  
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Both spectral efficiency and effective spectral efficiency have units of bps/Hz/cell-site.

The recommended metric for relay enhanced systems is therefore effective spectrum efficiency for a specified service at a particular level of coverage.  In the absence of relays (m = 0), this metric becomes equal to the spectral efficiency
[image: image6.wmf]S

C

, as used for conventional cellular systems, and is therefore equally applicable to relay enhanced and conventional cellular systems.

2.5 Cost Benefit

The cost benefit, Γ, of a relay enhanced system relative to a conventional cellular system is readily described in terms of the effective spectral efficiency previously defined: 
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Here, 
[image: image8.wmf](

)

0

eff

h

 represents the conventional cellular system, with no relays, and 
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 represents the relay enhanced system, with m relays per base station.  

The cost benefit so defined describes the relative performance of a relay enhanced and a conventional system in terms of spectral efficiency and infrastructure cost.  A cost benefit (
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) will result if the spectral efficiency of the relay enhanced system is sufficiently greater than that of the conventional system to outweigh the increase in the cost of each cell arising from the inclusion of relays.  

If 
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, the relay enhanced network will provide the capacity density and coverage required to meet the service requirements and user density for a lower infrastructure cost than a conventional network.  In order to maximise the cost benefit, we must find the optimum combination of base stations and relays which results in the minimum cost network.

3 The Indifference Map
The indifference map is a powerful technique for illustrating the trade-off between base station density and relay density in terms of overall network cost.  The technique can also be used to evaluate deployment concepts.

3.1 Indifference Curves for Relay Enhanced Systems
The performance of a relay enhanced network, in terms of coverage and capacity density (total information rate per unit geographical area), improves with both relay density (the number of relays per unit geographical area) and base station density (the number of base stations per unit geographical area).  Consequently, an increase in relay density may compensate for a decrease in base station density, thus maintaining constant performance.  Figure 1, in which an iso-performance or indifference curve is plotted, illustrates this trade-off in the form of an indifference map.  
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Figure 1:  Illustration of an indifference map showing the trade-off between base station (BS) density and relay (RN) density required to maintain constant capacity density and coverage 

Each point on the indifference curve represents a different relay enhanced system, all having identical performance.  One such system is shown having base station density B and relay density A.  The corresponding value of m in the formula for effective spectral efficiency for this combination of base stations and relays is 
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A tangent is also shown at this point on the indifference curve.  Its gradient represents the change in relay density required to compensate for a change in base station density for this system.  If the gradient of the tangent is equal to –r, where r is the ratio of the cost of a base station and the cost of a relay, then the tangent is an “equal-cost” line, such that any point on the line represents the same total cost of base stations plus relays.  Then, 
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The significance of the system represented by the point at which the equal-cost line is tangent to the indifference curve is that it is the least-cost combination of base stations and relays capable of providing this performance with this base station/relay cost ratio. 
  If the base station/relay cost ratio were to vary, the corresponding equal-cost line would be tangent to the indifference curve at a different point, corresponding to a system with a different combination of base stations and relays. 
The cost benefit, Γ, of the relay enhanced system relative to the conventional cellular system can also be obtained from the indifference map:
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Inspection of the indifference map in Figure 1 shows that the cost benefit, Γ, increases with the base station/relay cost ratio, r, and with the curvature of the indifference curve.  Hence, techniques that lead to lower cost relays and or reduce the number of relays required should result in increased cost benefit.

3.2 Cooperative Relaying and Intelligent Deployment

In cooperative relaying, a receiving node may combine signals from more than one transmitting node.  Multihop diversity is one example, in which a receiving node combines the signals received from previous nodes in the path.  In a two-hop downlink path, the user terminal combines the signal from a relay with the signal from the base station.

Intelligent deployment refers to methods for reducing the probability that a relay has a poor link to the base station, and has the effect of reducing the mean path length.  One such method is to move a relay to an alternative site if the signal quality between the relay and the base station at the first site is below a specified threshold.  An extreme example is perfect deployment, which implies that all relays have a good link to the base station and hence that the maximum path length is two hops.

Cooperative relaying and intelligent deployment reduce the total cost of a relay enhanced network by reducing the number of relays needed for a given performance.  The curvature of the indifference or iso-performance curve increases to reflect this, with the result that the least cost system occurs closer to the origin (Figure 2).  Note that the indifference curves for both systems meet on the x-axis.
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Figure 2:  Illustration of the effect of cooperative relaying and intelligent deployment on an indifference map.

4 Summary and Conclusion

Metrics designed for the evaluation of conventional cellular wireless systems require modification for use with relay enhanced systems, because they make no provision for the inclusion of relays.  The metrics described in this paper make such provision and are equally applicable to both conventional cellular wireless systems and relay enhanced systems.  Consequently, they enable comparison of a relay enhanced network with a cellular network, as well as comparison of two relay enhanced networks with different combinations of base stations and relays.  Comparison of networks at similar performance in the form of an indifference map provides further insight into different relaying techniques and alternative deployment strategies.

The performance of the base station, as well as the performance and deployment of the relays, strongly influences the cost benefit provided by a relay enhanced network.  Consequently, any evaluation must treat the relay enhanced network as an integrated whole, rather than as the sum of a conventional network of base stations and an independent set of relays.  In this respect, areas where coverage is provided partially by a relay and partially by the base station are of particular significance and should not be neglected.  Similarly, coverage provided by relays in one part of a cell may release base station resources for use elsewhere in the cell, resulting in increased aggregate capacity. 

A relay enhanced network will provide a cost benefit if the total cost of relays in the network is low enough.  This can occur in two ways: either the cost of each relay or the density of relays is low.  Consequently, a low density of relatively high performance relays may be as effective as lower performance relays deployed in larger numbers.  Neither option is precluded, and more detailed simulation is required to find the optimum solution for a given scenario.

We recommend that the relay evaluation methodology discussed in this proposal should be considered in the discussion of evaluation methodologies.
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� Let x represent the density of base stations and y the density of relays, such that the convex function y(x) describes an indifference curve, on which each point represents a different relay enhanced system, all having identical performance.  


Let the cost of a base station be r times the cost of a relay.  Then, normalised to the cost of a base station, we can write the total cost of the system at any point on the curve as


� EMBED Equation.3  ���


The least-cost configuration for a given value of r occurs when


� EMBED Equation.3  ���


Hence, the least-cost configuration occurs where the gradient of the indifference curve is -r if the base station/relay cost ratio is r.
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