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1.  Introduction
In cellular communications, the amount of total available resources (frequency-time plane) and the QoS requirements jointly determine the capacity per cell. And, the transmit power (especially in the reverse-link) and the propagation conditions determine the cell size. If the demand per cell happens to be (much) greater than the cell capacity, there exists a capacity shortage. Well-known solutions within the framework of the conventional cellular architecture can be used to increase the network capacity, such as cell splitting and microcell deployment. Solutions to the capacity shortage do not have to be very cost-effective as there exist customers to pay for the service in this scenario; in other words, capacity shortage does not constitute a real challenge. 2G cellular networks have been very successful because they have been mainly capacity limited. Similarly, if the demand in an area to be covered happens to be (much) less than the available capacity, then there is a coverage problem. Solving the coverage problem, on the other hand, constitutes a real challenge as the solution must be cost-effective (due to the saturated number of customers). One main challenge for 4G networks is the provision of high data rate coverage in a cost-effective manner.
2.  Cost-Efficient High Data Rate Coverage Challenge of 4G Networks

The following is one of the most fundamental questions in wireless communications: “How should the signals be distributed to and collected from the wireless terminals in the most efficient way?” 

The very high data rates envisioned for the 4G wireless networks (such as, up to 100 Mb/s aggregate cell rates for mobile users and up to 1 Gb/s for stationary/nomadic users) in reasonably large areas (i.e., beyond small disconnected pockets) do not appear to be feasible with the conventional cellular architecture, even if there is enough bandwidth, for the following basic reason: for a given transmit power level, the received symbol (and thus bit) energy decreases linearly with the increasing transmission rate. Therefore, although it is possible in principle to achieve a very high rate within a sufficiently wide bandwidth, the resulting QoS (bit error rate, frame error rate, etc.) will be too low to render any application meaningful. Furthermore, there seems to be a strong possibility that some new portion of the spectrum may be assigned for a potential new air interface to be used in 4G networks (this issue will be discussed in the World Radio Conference to be held in 2007). If such a new spectrum becomes available, it will almost certainly be located well above the 2 GHz band used by the 2G/3G networks. The radio propagation in these bands is significantly more vulnerable to the non-line-of-sight conditions, which is the typical mode of operation in today's urban cellular networks. 

In recent years, there have been significant advances in signal processing techniques (such as interference cancellation algorithms) and antenna architectures which are generally referred to as smart antennas (such as MIMO and adaptive antennas. Although incorporation of these concepts in future wireless systems is crucial, for practical reasons, these concepts alone do not seem to be sufficient in enabling almost-ubiquitous very high data rate coverage. For instance, it may be infeasible to deploy complex antenna systems at wireless terminals. Besides, in the presence of heavy shadowing, even the smartest antenna will not be of much help.

The brute-force solution to the high data rate coverage problem is to significantly increase the density of the base stations, resulting in considerably higher deployment costs which will only be feasible if the number of subscribers also increase at the same rate. This seems unlikely, with the penetration of cellular phones already being high in the developed countries. On the other hand, the same number of subscribers will have a much higher demand in transmission rates, making the aggregate throughput rate the bottleneck in future wireless networks. Under the assumption that the subscribers would not be willing to pay the same amount per data bit as for voice bits, a drastic increase in the number of base stations does not seem economically justifiable. 

3.  Infrastructure-Based Multihop (Relay)
 Networks
It is clear from the above discussion that more fundamental enhancements are necessary for the very ambitious throughput and coverage requirements of future networks. Towards that end, in addition to advanced transmission techniques and 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 into the conventional wireless networks is perhaps the most promising architectural upgrade [1]. 

The wireless terminals in the network may act as relays for some other terminals which require relaying assistance (“mobile relays”); or alternatively, the relays might be low-cost low transmit power (compared to base stations) fixed network elements deployed by the service provider (“fixed relays”); hybrids are possible as well. It is clear that a fixed relay will be much less expensive than a base station (due to its low transmit power, limited functionality, etc); in the logical extent, the complexity of a relay may be comparable to that of a wireless terminal. It is worth noting that a relay can be even more cost-effective than a WLAN access point, as the former does not require a wired backhaul connection; as a matter of fact, this absence of need for wired backhaul connection is the distinguishing feature of a relay.

In this paper, the term Base Station (BS) is used for traditional cellular systems while the term Access Point (AP) is used for WLAN-type systems. Both have in common that they are directly connected to their backbone network, which distinguishes them from a relay. However, it should be noted that with the arrival of new air interfaces and deployment concepts they might at some point become indistinguishable. 

In a multihop network, a signal from a source may reach its destination in multiple hops (whenever necessary) through the use of “relays”. Since we are here concerned with infrastructure-based networks, either the source or destination is a common point in the network - base station (or, access point, in the context of WLANs). The potential advantage of relaying is that it allows substituting a poor-quality (due to high pathloss) single-hop wireless link with a composite, two- or more hop, better-quality link whenever possible. Relaying is not only efficient in eliminating black spots throughout the coverage region, but more importantly, it may extend the high data rate coverage range of a single BS; therefore cost-effective high data rate coverage may be possible through the augmentation of the relaying capability in conventional cellular networks.

Relaying can be performed in digital or analog manner. In the case of “digital relaying” (sometimes referred to as “regenerative relaying” or “decode-and-forward relaying” as well), a relay digitally decodes and re-encodes the relayed signal before retransmission. In the case of “analog relaying”, on the other hand, a relay simply amplifies the received signal before retransmission (this case is sometimes referred to as “non-regenerative relaying” or “amplify-and-forward relaying”).

It should also be remarked that more than one air interface can be used in a cellular multihop network. For instance, the “wireless backhaul” (the links between the relays and BSs or APs) may use one part of the spectrum while the links involving wireless terminals use another part. Alternatively, in a two-hop network, all the single-hop links as well as the BS to relay portion of the two-hop links can use the cellular spectrum and the relay to wireless terminal links can use the unlicensed spectrum.

Multihop wireless networking traditionally has been studied in the context of packet radio, ad hoc and peer-to-peer networks. It is worth emphasizing the basic difference in the fundamental goal of the conventional ad hoc networks and the described multihop-augmented infrastructure-based networks: while the defining goal of ad hoc networks is the ability to function without any infrastructure, the goal in the latter types is the almost-ubiquitous provision of very high data rate coverage and throughput.


A number of other network architectures (deployment concepts) which may potentially enable high data rate coverage in a cost-effective manner have been proposed (or have been implemented in small scales), such as infostations, micro-/pico-cells with antenna remote units (or radio ports), radio on fiber, distributed antennas. The problem with the first concept is that it is does not provide ubiquitous coverage. The main shortcoming of other listed concepts is that they all require wire feeders. The cost of bringing in the feeder is much higher than the cost of the BS/AP; this cost factor may explain why none of those latter concepts have ever been deployed in a wide scale. 

4.  Relay-Enabled Standards

The potential benefits of the relay-based network architectures have been realized by industry as early as late-1990’s. The first notable initiative that we are aware of was a proposal discussed in UMTS 3GPP which was aiming at including fixed relays (called “seeds”) in the WCDMA networks; this concept was being referred to as “opportunity-driven multiple access (ODMA)”. It seems however that modifying the WCDMA standard to enable relaying is more than a trivial task; as a result, the ODMA concept was dropped subsequently. 

As of January 1st, 2004, an integrated project called WINNER (Wireless World Initiative New Radio) within the 6th Framework Programme of the European Union started. The aim of WINNER is “to develop a ubiquitous radio system concept covering the full range of scenarios from short range to wide area networks providing significant improvements compared to current systems in terms of performance, efficiency, and coverage flexibility”. Development of relay-based deployment concepts constitutes an integral part of the WINNER project. So, it is very likely that 4G networks will incorporate relaying.

 
There is also a growing interest in integrating the relaying concept to WLANs. The current versions of the IEEE 802.11 family of standards do not perform well with relaying, mainly due to the contention-based (CSMA) MAC used. Therefore, efforts to develop a relay-enabled version of IEEE 802.11 have already started. The European developed HiperLAN2 (H/2) standard, on the other hand, does allow relaying due to its TDD TDMA (OFDM)-based MAC facilitated by the AP. There is an interest in Europe to rejuvenate H/2 due to its relay-friendly MAC.

It is also worth mentioning a number of start-up companies developing their own proprietary relay-based solutions for wide area coverage based on WLAN-type of approaches, such as BelAir Networks and Mesh Networks.

5.  Fixed versus Mobile/Movable (Terminal) Relaying 

Other wireless terminals in the network can potentially act as relays for the terminals which require relaying assistance. Given that non-active terminals can as well act as relays (and indeed this will be preferable), it will often be not difficult to find candidate relays especially in loaded networks. However, there are quite a number of concerns related to terminal relaying: increased energy consumption (fast battery draining), increased transmit power (multiple simultaneous transmissions will be necessary if CDMA is used; in TDMA and OFDM, however, this will not be the case as signals from different users will be transmitted one at a time by the relay terminal), additional hardware and functionality (higher terminal cost), quicker wear out (more often usage and transmission), security issues, frequent hand-offs (especially in the presence of high mobility).

Even if the technical difficulties related to terminal relaying are handled, there still have to be enough incentives for a potential relay terminal to use its own resources to assist others; this will require a good business plan. 

It is also worth emphasizing that wireless terminals using FDD cannot receive and transmit at the same portion of the spectrum which will be a necessary requirement for a terminal during the relaying mode. Therefore, TDD is a more fitting duplexing technique for terminal relaying.
Most or all of the above problems either disappear or can be solved without much difficulty when fixed relays are used. Fixed relaying has also additional advantages, as fixed relays can handle a (large) number of transmissions, and they can be deployed at strategic locations which have good links (if possible, LOS) between themselves and the BS (or AP).

Therefore, we anticipate that at least in the early phase of the 4G networks, relaying will be performed through fixed relays deployed by the service provider. It may also be possible that the terminal relays are used to complement the fixed relays. It should be added, however, that close cooperation between the terminals in the network is possible if the entire network is like a single team with a collective goal; tactical, police, rescue, and emergency applications are in this category. 
6. Advanced Cooperation in Relay Networks

In relay networks, multiple copies of the same signal may reach the destination since the same signal is transmitted at least twice (BS/AP and relay, or relays) in the same route; utilizing this natural diversity may yield significant performance enhancements. In an environment where adaptive modulation and coding is used, it is possible to receive the same signal (packet) in different modulation and coding levels (originated from different relays in a composite route); therefore there is room for some novel diversity schemes.

In a multihop network, the relays (fixed or movable/mobile) can in principle do more than mere (regenerative or non-regenerative) relaying; two or more relays can actually cooperate among themselves at various degrees in order to enhance the quality of the delivered signal. For instance, the signal to be transmitted may be partitioned across two parallel relays or many parallel relays; the relay may transmit only the parity bits corresponding to the channel-coded version of the original signal; this network channel coding scheme may be extended in novel forms to include a set of parallel relays; and ultimately, the relays may form a distributed MIMO structure (“virtual antenna array”) for the intended user [1]. 

It is worth noting that all the recent advances in multi-antenna systems, including the space-time coding and MIMO architecture, have been made within the framework of closely spaced antennas (in the order of a wavelength). The extension of these concepts to a set of widely separated antennas interconnected with unreliable radio links is a non-trivial task. There does not exist a robust theory for this novel multi-antenna paradigm, and the above-cited references provide only a first look into various possibilities, features, and the associated problems. For instance, one unique feature of a “virtual antenna array”, which has not been addressed in the few available papers in this area, is that it can be effective against shadowing as well – a feature which cannot be attained with closely-spaced antennas. Among many other things, the consequences of partial collaboration (due to overhead constraints) and unreliable links among relays (unlike the case in closely-spaced wired antennas) have to be studied. The impact of delay has to be investigated as well. In short, the almost-mature multiple-antenna theory has to be extended to the collaborative relaying case.

7.  Concluding Remarks
Relay-based deployment concepts will play an important role in the cost-effective provision of very high data rates in an almost-ubiquitous manner. Cost-effectiveness is a crucial point for the success of 4G cellular networks; otherwise a significant portion of their potential customers may prefer WLAN type of solutions in non-high-

mobility environments.
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� In this paper, the terms “multihop network” and “relay network” are used interchangeably.
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