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I. Introduction

Simple calculations indicate that the provision of the very high data rates envisioned for the 4th generation (4G) wireless systems in reasonably large areas (i.e., beyond small disconnected pockets) does not seem to be feasible with the conventional cellular architecture due to two basic reasons.

First, the transmission rates envisioned for 4G systems are as high as two orders of magnitude more than those of the 3G systems; and, it is well know that for a given transmit power level, the symbol (and thus bit) energy decreases linearly with the increasing transmission rate. Secondly, the spectrum that will be released for 4G systems will almost certainly be located well above the 2 GHz band used by the 3G systems. The radio propagation in these relatively high bands is significantly more vulnerable to the non-line-of-sight conditions, which is the typical mode of operation in today's urban cellular communications. One very recent paper predicts that the above two conditions will impose a 30 dB shortage in the radio link budget of 4G systems to be deployed beyond 2010 [1].

The brute-force solution to the above described problem is to increase the density of the base stations significantly. However, this will result in a considerably higher deployment cost which will only be feasible if the number of subscribers also increase at the same rate. It should be noted that the rate of increase in the number of subscribers is expected to be rather mild since this number is upper limited by the population, and the penetration of the cellular phones is already quite high in the developed countries. On the other hand, that same number of subscribers will have a much higher demand in transmission rates. Consequently, the bottleneck in future wireless systems will be the throughput (aggregate rate) demand rather than the need for extra capacity. Under these conditions, a drastic increase in the number of base stations is not economically justifiable.

In recent years, there has been significant advances in transmission technologies (such as coding and modulation), as well as in collocated antenna architectures which are generally referred to as smart antennas (such as MIMO and adaptive antennas). Although incorporation of these techniques in future wireless systems is crucial, for practical reasons, these techniques alone do not seem to be sufficient for enabling almost-ubiquitous very high data rate coverage. For instance, in the presence of heavy shadowing, even the smartest antenna does not provide much help (besides, it may be infeasible to deploy complex antenna systems at wireless terminals). And, the performance returns due to advanced coding and modulation techniques do not go beyond a few dBs at most.

It is obvious from the above discussion that more fundamental enhancements are necessary for the very ambitious throughput and coverage requirements of the future systems. Towards that end, in addition to advanced transmission techniques and collocated antenna technologies, some major modifications in the wireless network architecture itself, which will enable effective distribution and collection of signals to and from wireless users, are sought. The integration of multihop capability in conventional wireless networks is perhaps the most promising architectural upgrade (in the rest of this contribution, the terms “multihop” and “relaying” will be used to refer to the same concept).

It is worth emphasizing the basic difference in the fundamental goal of the conventional ad hoc and the described multihop-augmented infrastructure-based networks: while the defining goal of the ad hoc networks is the ability to function without any infrastructure, that goal in the latter types is the almost-ubiquitous provision of very high data rate coverage and throughput.

In this research peer-to-peer relaying in cellular networks is considered due to the great appeal of avoiding seeds (which has the obvious advantage of not necessitating any additional infrastructure). Various relayer selection algorithms are considered and their high data rate coverage levels are evaluated through extensive simulations.

II. Radio Resource Management in an Aggressive Relaying System

There are many challenges in the realization of a cellular relaying system; most of these challenges are related to routing, protocols, and hardware. Yet, even if all these challenges are perfectly overcome, it is still not clear whether the system throughput will actually increase or not, mainly due to the radio resource management problem explained below.

Whenever relaying is performed, an additional channel will be required (for the second hop), since receiving and transmitting at the same channel will yield feedback loops (unless analog relaying is used with adequately separated distinct transmit and receive antennas [2], but this type of relaying is outside the scope of this contribution).

One strategy would be to reserve channels exclusively for relaying purposes. This is a conservative approach since each two-hop link will cost (in radio resources) the equivalent of two users to the system provider, which is obviously not desirable especially in busy systems.

If no channels are reserved for relaying, on the other hand, the system can search for a vacant channel whenever there is need for relaying, and relaying is performed only when such a vacant channel is available. (One possibility, for instance, is using the license-exempt bands for relaying. This seems to be a very promising idea due to the following two reasons: no expensive licensed band will be needed for relaying, and besides, if there happens to be major errors in relayer, relaying channel, and relayer power selection, this will only affect the terminals who communicate with the base station in two hops, which cannot be supported without relaying anyway, but not the other terminals in the system who are using the licensed band. This appealing synergy between the concept of relaying and the efficient utilization of the license-exempt bands is outside the scope of this contribution.)

One may develop other such strategies as well for relaying channel selection. In this research we investigate the most aggressive relaying strategy: the relaying is always performed by employing already used channels in the adjacent cells in the same cluster (in the limiting case, a particular channel can be used in all cells). This strategy will be the most desirable one (if it works) since the terminals with poor radio links will be served without consuming any extra radio resources. But the channel reuse pattern (in a fixed channel assignment scheme) will clearly be violated when this strategy is employed, and therefore there exists the danger of creating excessive co-channel interference. If that happens, one or more other terminals in the same co-channel set may be adversely affected. Now, if those affected terminals also initiate relaying processes for themselves in some other co-channel sets, they may as well bring down some further other users. This may lead to a chain reaction which may cause instability and may eventually bring down the entire system!

We considered the downlink of a loaded cellular (square cells, omnidirectional antennas) TDMA system where two-hop relaying, with the above described aggressive channel reuse scheme for the second hop (from the relaying node to the node that requires relaying assistance), is used whenever there does not exist a sufficiently good direct link between a base station and a wireless terminal. We investigated two types of systems, namely, noise-limited and interference-limited systems, which correspond to cell sizes (edges) 2 km and 400 m, respectively [3]-[5]. Mobility is not considered in this contribution.

Radio resource management deals mainly with the following three assignment problems: base station assignment, channel assignment, and transmit power assignment. In view of this, our objective is to investigate the sensitivity of the two-hop cellular relaying systems to

· relayer selection,

· relaying channel selection, and

· relayer power selection and control.

Various relayer and relaying channel selection schemes, from random to smart selection, with and without power control, are considered. In all relaying selection schemes, selection is performed from the channels used in the adjacent cells; in other words, no channel is used twice in the same cell (but some channels are used twice in the same cluster).

III. Observed Trends

In the early phase of this research our results indicated that with the proper relayer, relaying channel, and relayer power selection, a significant enhancement in high data rate coverage can be attained.

Next we investigated whether such returns are still valid when the selection criteria are not optimal; in other words, we studied the robustness/sensitivity of these results with respect to the relayer, channel, and power selection criteria used. Here is the summary of the results (please refer to Fig.s 1-9) [3]-[5].

· Performance returns due to relaying increases as the number of users in the system increases.

· Relaying with no power control is still better than no-relaying with power control. Employing power control in a relaying system further enhances the performance, especially as the cells get smaller; the returns due to power control become substantial in the interference-limited cells (400x400 m) in comparison to those in the noise-limited types (2x2 km).

· The maximum relayer transmit power level is an important factor only in large cells, where the higher this level is the better the performance is; but in small cells most of the benefits are gained with relatively small relaying transmit power levels.

· The performance returns are quite sensitive to the relayer selection criterion. If the relayers are chosen randomly, the performance gets worse in comparison to the no-relaying case (this is analogous to the case where a user is connected to a wrong base station). Yet, highly suboptimal (with minimal intelligence) but implementationally feasible relayer selection schemes (such as relayer selection based solely on proximity) still yield significant coverage enhancements.

· On the other hand, the performance returns are quite insensitive to the relaying channel selection criterion; the difference in performance between the random and smart channel selection criteria is insignificant (provided that the relayers are selected properly).

IV. Conclusions

From the above trends the following encouraging conclusions can be driven:

· In systems with limited resources for monitoring and control purposes, the priority should be given to proper relayer selection rather than proper relaying channel selection. Since selecting a good relayer will most likely be much easier than selecting the best relaying channel, we may conclude that the relaying system will be quite robust. (For instance, through the use of the GPS data available at the base stations, distance-based relayer selection scheme can readily be implemented.)

· Power control should be employed whenever possible. Since power control is a very well understood technique which has been used in cellular systems for at least a decade, its implementation will not be a problematic issue. It should also be noted, however, that since the future systems be packet-based (such as TCP/IP), transmissions and interference will likely be relatively unpredictable and bursty. This will certainly influence channel selection, and may make power control unimportant.

· The impact of relaying on wireless terminals' batteries may not be that significant in microcellular systems.

The overall conclusion from the above stated trends is that equipping the wireless terminals with relaying (multi-hop) capability constitutes a very promising technology in delivering high data rates in a cost-effective manner in future wireless systems.

IV. Future Work

A thorough investigation of the concept of relaying is an enormously complex task due to the very many parameters involved, including propagation and physical layer issues, systems issues including multiple access and radio resource management, networking and protocol issues, and finally implementation-related issues. Moreover, since there is still not too much material in the literature, the analytical understanding of the subject is also far from being comprehensive.

We are currently working on various aspects of multihop communications. In the next 18-24 months, we intend to focus on the following areas:

Virtual Arrays and Novel Diversity Schemes: The aim here is the possibility of developing novel diversity schemes. The concept of “cooperative diversity” (receiving the same signal from two or more routes) has already been discussed in the literature [6]-[8]. The idea of forming “virtual arrays” has very recently been addressed conceptually without any quantitative analysis [9]. In particular, we are interested in studying the feasibility of creating “virtual (distributed) MIMO systems”, that is, a MIMO array created by utilizing the distributed relayer antennas in the network.

Multiple Access Techniques: Our intend here is to determine whether a particular set of multiple access and multiplexing schemes is inherently better suited for cellular relaying networks. He will consider both single-carrier (CDMA and TDMA) and multi-carrier (OFDM and MC-CDMA) schemes in the framework of non-random multiple access. We will also compare and contrast frequency-division and time-division duplexing techniques. All possible combinations (including hybrids) of these multiple access and multiplexing schemes will be studied. The terminal complexity will also be taken into account (e.g.: wireless terminals with relaying capability may be substantially more complex; in CDMA systems, for instance, an almost linear increase in hardware with respect to the number of simultaneous relayings is likely since parallel transceivers will be required).

Analog versus Digital Relaying: In digital relaying, the intermediate nodes detect and decode the received signal before re-encoding and retransmitting it to the next node. In analog relaying, on the other hand, the relayers just amplify and retransmit the received signal. Although one may be tempted to think that digital relaying would be superior to analog relaying due to the elimination of the noise propagation, our recent research [10] on the physical layer performance comparison of various multihop channels indicates that this is not necessarily the case since a digital multihop channel may be limited with the hard detection at the worst hop which may cause a bottleneck. Our goal here is to compare and contrast both types of relaying (i.e., analog and digital).
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Fig. 1. User coverage vs. number of subscribers per cell (for 2x2 km cell size, no power control,

least maximum pathloss selection, maximum SIR channel selection scheme).
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Fig. 2. User coverage vs. number of subscribers per cell (for 2x2 km cell size, power control,

least maximum pathloss selection, maximum SIR channel selection scheme).
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Fig. 3. User coverage vs. number of subscribers per cell (for 400x400 m cell size, no power control, 

least maximum pathloss selection, maximum SIR channel selection scheme).
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Fig. 4. User coverage vs. number of subscribers per cell  (for 400x400 m cell size, power control, 

least maximum pathloss selection, maximum SIR channel selection scheme).
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Fig. 5. User coverage vs. number of subscribers per cell  (for 400x400 m cell size, power control, 

distance-based path selection, maximum SIR channel selection scheme).
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Fig. 6. User coverage vs. number of subscribers per cell  (for 400x400 m cell size, power control, 

pathloss-based path selection, maximum SIR channel selection scheme).
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Fig. 7. User coverage vs. number of subscribers per cell  (for 400x400 m cell size, power control, 

least maximum pathloss selection, both channel selection schemes).
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Fig. 8. Worst-case versus best-case performance (for 400x400 m cell size).
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Fig. 9. User coverage vs. max. relaying node transmit power (power control, least maximum pathloss selection, 

maximum SIR channel selection, 400x400 m cell size).


