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Integration of Multi-Cell MIMO Transmission
and Relaying in Mobile Communication

Systems

. INTRODUCTION
A. Motivation of our work

In current and future mobile communication systems bothrdguired data rates and the
number of mobile subscribers increase exponentially. e&Sthe capacity per cell is limited, the
spatial reuse of available resources must increase. Heelk® become smaller, which is coupled
with higher carrier frequencies offering higher path-lassl therefore better separation of cells.
Since each cell is served by its own (logical) radio accesstd®AP), 4G systems demand
a large number of RAPs, which can be economically satisPeddtitianal, cheaply deployed
relay nodes.

Among the most serious challenges in current and future le@ommunication systems is
the mitigation or avoidance of inter-cell interferencetdfa mobile communication systems are
likely to use multi-cell MIMO approaches in which multipleage stations cooperatively serve
user terminals using techniques introduced in the contetkteoMIMO broadcast channel [1], [2].
Furthermore, additional relay nodes will help to providghhdata rates in otherwise shadowed
areas as well as to further improve the channel conditiorcelhtoorders [3].

Consider a mobile communication system in which multipleebatation antenna arrays
at the same cell site (typically three) serve adjacent seatathin the cell site. These base
station antenna arrays are often mounted on a single towkeicam share the same radio and
processing hardware. Therefore multi-cell MIMO transmaisscan be easily implemented. By
contrast, multi-cell MIMO transmission from base statianslifferent sites requires a substantial
backhaul in order to exchange channel state information)(&®1 data. In either scenario, these
regions could be better served by additional relay nodeghwmplement interference mitigation
techniques and improve the spatial reuse. These obsersatiotivate the study of multi-cell

MIMO and relaying integrated in one system architectureictviis the focus of this paper.
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B. Outline and Contribution

We explore system architectures based upon the transmssiemes introduced in [4], where
we employed a link-level analysis of the relay-assistedrfetence channel. These schemes are
able to combine the benebts of multi-cell MIMO transmissémd relaying in one integrated
system architecture. We apply them to the system model okageneration mobile communi-
cation network and compare the performance of a conventiyiséem, a system using multi-cell
MIMO only, a system using relaying only, and a system in whicith multi-cell MIMO and
relaying are integrated. This comparison is done for twéedsght propagation scenarios, which
demonstrate the ability of the integrated system approactotinteract inter-cell interference
and to improve indoor coverage. Our analysis pays spede&itain to possibilities for reducing
complexity and signaling overhead in 4G networks in ordantprove the cost-benept tradeoff.

The remainder of the paper is organized as follows. Sectiamtrioduces the system model
and reviews a proposed architecture for a next generatidnlencommunication system. Section
lIl discusses the system and protocol design, and sumnsatiee approaches for the mobile
communication system. Section IV then analyzes these appes using various constraints and
Pgures of merit. Finally, Section V concludes the paper \utther comments on implications

for future mobile communication systems.

[1. SYSTEM MODEL
A. Propagation scenarios

This paper considers the proposed system architectureduhopean research project WIN-
NER [6] for a next-generation mobile communication syst8¥#iNNER considers three propa-
gation scenarios: indoor, wide-area (macro-cellularyl Bfanhattan street-grid (micro-cellular)
[7]*. In this paper, we focus on the two scenarios wide-area anghittan street-grid because
both scenarios allow for an analysis of the two most challenpgroblems in 4G networks:
inter-cell interference and indoor coverage. Wide-areaesponds to a hexagonal cell-structure,
which is illustrated in Fig. 1(a). Each site (indicated wiflBSO) is equipped with three base
station antenna arrays serving three adjacent sectorh (nétin lobe directions indicated by

arrows) and two stationary relays per sector (indicatedribypgles). Sites are uniformly placed,

LAll referred WINNER documents are publicly available on http://www.ist-veinorg
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(a) Wide-area scenario with one tier of in- (b) Manhattan-area scenario as debned in
terfering sites. Triangles indicate relay nodes[5]. Blue triangles indicate outdoor relays
and arrows the main lobe direction in eachand red squares indoor relays.

cell.

Fig. 1. Two reference scenarios considered in this paper.

such that the distance between two adjacent sites is alwess gy dis = 1000 m. Our numerical
analysis in Section IV considers one central site, whichuisainded by two tiers of a total of
18 interfering sites. Furthermore, the number of users pikmeay vary as we keep the number
of overall users constant and ensure that on ave®@ddsers per krf are uniformly distributed
within the system [8]. Users are assigned to RAPs based angatti-loss to the respective base
station or relay node. Hence, the actual cell coverage nvighyt signibcantly from the regular
layout in Fig. 1.

The Manhattan-area scenario models a regular street-grjgt@osed by the UMTS 30.03
recommendation [5] (see Fig. 1(b)). Each base station is egwpped with omni-directional
antennas and is supported by four stationary relay nodesréday nodes outdoors (indicated
by a triangle) and two relay nodes indoors (indicated by aasgju If we place relays with
omni-directional antennas on street crossings, we sigmthcincrease the probability that an
outdoor user terminal has line-of-sight (LOS) with a RAP.dad relays improve the indoor
coverage due to a more uniform power distribution and theipoiy to place relay nodes with

a sufbciently strong link towards the base station. In omugation-based analysis in Section
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Manhattan-are# Wide-area‘

BS to RN B5c B5a
BS to indoor UT B4
BS to outdoor UT B1 Cc2
RN to indoor UT B4
RN to outdoor UT B1 Cc2
indoor RN to indoor UT Al

TABLE |

USED CHANNEL MODELS WHICH ARE DEFINED IN [9].

IV, we use overall4 cellsbut only consider the results for the three inner cells. Coegbdo
the wide-area scenario, we assume a higher user density2&@itusers per krh placed both
on streets and within buildings [8].

The WINNER system offers a variety of channel models suitdbteeach scenario. Each
consists of a model for the probability that a strong LOS lexsts, the path-loss model, and
the power delay proble, which models the small scale fadssyring each tap is Gaussian
distributed. We further assume block fading in which eachnctel realization is independently
generated. Table | lists all channel models, which are usenur paperOs numerical analysis.

Each channel model is described in detail in [9].

B. Air interface

In our model, we apply Orthogonal Frequency Division Muéipng (OFDM) [11], [12] at
a carrier frequency. = 3.95 GHz with bandwidthB,, = 100 MHz and N, = 2048 subcatrriers.
Since signal delays are not considered, we choose timeativitiplexing (TDD) for both the
wide-area and the Manhattan-area scenario. All furthenterface parameters are listed in Table
Il and described in further detail in [7].

We further assume Gaussian alphabets, perfect rate adaptanhd inbPnite blocklengths in
order to use the relevant capacity expressions [4] and te hawpper bound on the achievable
rates. Throughout the following discussion we assume pedieannel estimation and that the
system is perfectly synchronized. Of course, especiallysyatems supporting relay nodes,

synchronization and channel estimation are signibPcanitectgges but these issues are outside
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User density 90 per kn? in Wide-area,
250 per knt in Manhattan-area
Average no. users/cell 26 in Wide/Manhattan-area
Channel models as debned in [10]
Number of antennas BS/RN/UT4/1/1
BS transmit power 46 dBm
RN transmit power 37dBm
UT noise bgure 7dB
Noise power spectral density —174dBm/Hz
FFT-Size 2048
Carrier frequency 3.95 GHz
FFT bandwidth 100 MHz
OFDM-Symbol duration 20.48 ps
Superframe duration 5.89ms
Guard interval 2.00 ps
Used subcarriers [—920;920] \{ 0}
Channel state information assumed perfect at transmitter and receiver|
TABLE I

PARAMETERS OF THEWINNER SYSTEM

the scope of this work. This paper considers neither auiomapeat-request (ARQ), which is
not necessary due to the perfect link adaptation, nor guafiservice (QoS), since all users
are assumed to have equal priority. The considered scheds&imes full queues for each
user, which implies that all available resources are fullgleited even though in a real system
this depends on the type of transmitted data. We addressréidem of an in-band feederlink
between base station and relay node, which implies thag-tmiffers might be empty due to an

unexpected high throughput on the links between a relay snassigned users.

I1l. SYSTEM AND PROTOCOLDESIGN

In [4] we introduced the relay-assisted interference cbgnwhich is illustrated in Fig. 2.
This channel models the case in which two communicatiorspaie supported by relay nodes.
Due to conference links between the source nodes, it offergpossibility of multi-cell MIMO

transmission from both source nodes, i. e., inter-path e@in. Additionally, destination nodes
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C12/C1

Fig. 2. Relay-assisted interference channel with two sou&es {1,2}, two relaysR = {3,4}, and two destinations
D = {5, 6}. Both source nodes are connected by conference links with capaCitiesnd C> 1, respectively. Channel inputs

are denoted byX; and channel outputs are denoted Yay

within one path can combine the source and relay transmissie., inter-subsystem cooperation,
which is also referred to as cooperative relaying [13]. la tbllowing, we introduce different
system architectures, which implement inter-path andrisiésystem cooperation and were

analyzed at the link-level in [4].

A. Non-Relaying Protocols

Conventional system architectures without relay nodés< X, = 0) do not implement any
kind of inter-path cooperation but coordinate their resesrusing TDD and frequency division
duplexing (FDD). In order to improve the resource reuseofaaturrent systems divide the
available bandwidth into an edge band and center band [Ide Bband resources are used to
serve users at the cell edge with high inter-cell interfeee-urthermore, this protocol reserves
a center band, which is used by all cells to serve users wih Bignal-to-interference-and-
noise ratio (SINR). The actual assignment of users to edgecanttr band uses the expected
long-term SINR, which is assumed to be perfectly known. Inanalysis, a user is served using
edge band resources if the expected SINR drops bé&dB, based upon the empirical studies
in [15].

In Section I, we already introduced multi-cell MIMO as a &gy to implement inter-path
cooperation in systems, which do not employ relay nodes. idéa of multi-cell MIMO goes
back to an early work of Shamai and Zaidel [16], who introdld¢kee concept in order to

improve data rates and fairness. Shamrail. [17] analyze user cooperation in the downlink
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of a multicell scenario. Among other scenarios, they casitie case of unlimited backhaul
and user cooperation over a limited-capacity, orthogomi@riuser link. Similarly, Marsch and
Fettweis derive in [18] achievable rate regions if trangenitooperation is possible.

Multi-cell MIMO offers an opportunity to exploit interferee instead of avoiding it. If we
consider multiple base stations as one virtual antenng aith full channel and data knowledge
and perfect synchronization, we can employ the same steates for the MIMO broadcast
channel, e.g. dirty paper coding (DPC) [19]. If the channdaeen base stations and user
terminals is changing quickly, it might be not possible tgiement multi-cell MIMO without
signibcant performance loss [20]. In this paper, we comsidéti-cell MIMO transmission from
three base stations. In order to coordinate their transonissall base stations are connected by

an unlimited backhaul, which provides the means to pesfextthange CSI and data.

B. Relay-Only Protocol

The relay-only protocol has all users served using relay nodes. In order itmate the
interference introduced by the additional relay nodes, wresider Han-Kobayashi (HK) coding
[21] on the relay-to-destination linkRk(-D).

The expected bottleneck in such a system isithkund feederlink? between source and relay,
which must share resources used for the communication osdhece-to-relay links§—R).

In order to improve the data rates on the source-to-reldysjime consider multi-cell MIMO
transmission between base stations and relay nodes. Cahtparaulti-cell MIMO transmission
from base stations to user terminals, the signaling overie@duced, because relay nodes do not
move and experience LOS towards the base station. Furtherthe user grouping is simpliPed

as only a small number of bxed relay nodes is considered.

C. An integrated approach

Link-level results in [4] suggest that the previous prototight not be able to provide the
required performance bgures for users close to the basenstelence, we consider a mixed

protocol in which users are either served using multi-cdM@ transmission or relaying. Based

Note that we differentiate the backhaul connecting multiple sites and indssmf#rlinks, which connect base stations and

relay nodes.
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Inter-Path
Coordination Cooperation

c

8
£ 8| . TDD or HK on both hops .« DPConS—R orS—D
%5
% é « Direct transmission « HKor TDD onR —D
510
\
8
[ C
= |8 « Cooperative relaying _

o o « All nodes form one virtual ant

L « Source and relay jointly em-

o tenna array

8 ploy DPC

TABLE Il

THE INDIVIDUAL PROTOCOLS CLASSIFIED BY THEIR ABILITY TO COOFERATE.

on the path-loss to the individual nodes, with a penalty fer bower transmission power of
relay nodes, each user is assigned either to a base statioragelay node. Furthermore, either
base stations or relay nodes transmit within a certain pathe spectrum, but not both. The
partitioning of the available bandwidth among both proteds done adaptively in order to
maintain fairness.

Using HK coding the interference mitigation can be done momoously without extensive
network planning beforehand. This simplipes the systengdeshile reducing protocol com-
plexity. If relay nodes act as base stations towards usenrais and as user terminals towards
base stations, we do not need additional wireless intesfdeerthermore, the mixed protocol
reduces the necessary complexity by using algorithms tteas@pposed to be implemented in
4G systems anyway. Almost all of the additional complexifs to be spent in the scheduler,
which must not be designed independently of the physicatrlagll possible protocols are
summarized in Table Il and grouped based on their abilitgdoperate between multiple paths

or subsystems.
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D. Simplifications

In [4] DPC and HK coding have been used. Both techniques reguirextensive optimization
in order to determine the correct precoding matrices (DPCpawer levels (HK coding). If
we apply both techniques to a mobile communication systeenmwould have to cope with a
signibcant computational overhead. Instead, we employiraaalysis Zero-Forcing DPC (ZF-
DPC) [22], instead of DPC with optimal precoding matrices] &tkin-Tse-Wang (ETW) coding
[23], instead of HK coding over all possible power levels.

ZF-DPC uses the LQ-decomposition of the compound channg&ixrand by precoding with
the unitary matrix Q, the effective channel becomes a trdrgmatrix. Then, DPC is applied
such that each user sees an interference-free link. Dueetdatbe number of user terminals
and base stations, the user grouping is a computationgbgrestve problem. Hence, we apply a
simplibed form of user grouping in which the assignment @frusrminals to the individual base
stations is done based on the path-loss between base saationser terminal, i.e., each user
is assigned to the three base stations with the smallestigsgitowards this user. Furthermore,
the user grouping algorithm ensures that cooperating lhatierss serve those users with similar
preferences.

ETW coding is a particular form of HK coding in which the powevels can be determined
directly and which achieves rates withlrbpcu of capacity. The optimal form of ETW coding
must determine the power levels for each subcarrier (ordjamdividually. In order to reduce
the signaling overhead, we use the long-term SINR statigtonstant over both superframes)
instead of the fast-fading coefbcients to determine theepdevels. We further consider a two-
state ETW coding in which only the power levélsand1 are allowed, i.e., a relay sends either
only a private message or a common message.

As with base stations, we use a simple form of user groupimghe assignment of users
to relay nodes. In order to ensure efpbcient interference@atibn each user is assigned to the
relay node with the smallest path-loss towards this user.rélay node with the second-smallest
path-loss towards this user is chosen and selected for thé &dding. Based on this selection
another user with the same preferences is chosen and as esmyages as possible are assigned

to this relay-user-pair.
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IV. NUMERICAL ANALYSIS

In order to evaluate the individual protocols and to undemdttheir effects on the user
performance, we discuss in detail the following aspects oftinaell MIMO transmission and
relaying:

« Ability of multi-cell MIMO transmission and relaying to caoteract inter-cell interference

« Service improvements for indoor users

« Comparison of relaying and femto-cells

« Reduction of the required backhaul and signaling overhead

« Cost-benebt tradeoff of relay-based networks.

A. Simulation methodology

In order to evaluate the different protocols, we use a srafdsised, system-level simulation,
which does not explicitly model any user mobility. It rathapdels the effects of mobility on
the userOs channel instead of moving a particular user acidnyy its performance. The latter
requires signibcantly more frames in order to refl3ect theviehcity of users. Therefore users are
randomly placed, and for each snapshot two superframesrautated before the next snapshot
is drawn. For each frame within a superframe an independstdrce of the small scale fading
process is drawn and the user scheduling is performed.

The overall area is partitioned into rectangles of equad.diz case of the wide-area scenario
they are of size30m x 30m, and in case of the Manhattan-area scenario they are of size
10 mx 10 m. For each user the corresponding spatial blpcky) is determined and the average
throughputd(z, y) = E, {6(x,y,t)} over all users, which have been placed in this block, is used
to determine the number of resources. Using a fair schedudenumber of resources assigned
to a user is proportional t6-1(x, y). The fact that we use the average throughput reRects that
we try to achieve a good tradeoff of high system throughput fairness. In order to achieve
an improved fairness within the system, it would be moreatlét to use thé&% quantile of
throughputfse,, with Pr{d(x,y,t) < s} < 5%. In this way, a user with a high throughput
variance gets even more resources in order to improvestheguantile of throughput at the

expense of other usersO performance.
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Fig. 3. Throughput results for the wide-area scenario using an id-federlink.

Scenario / Protocol | I [MBit/s] | " [MBit/s] | !5« [MBit/s]

Conventional 1.2 3.3 0.13
8 | Multi-Cell MIMO 43 4.9 0.6
_g 2 Relays, relay-only 2.9 3.5 0.05
= | 2 Relays, mixed 4.9 5.2 0.7
8 Relays, relay-only| 8.6 8.4 1.4

. Conventional 0.11 5.1 0.341073

£ | Multi-Cell MIMO 0.16 1.2 0.54103

§ 2 Relays, relay-only]  0.15 1.2 0.441073

g 2 Relays, mixed 0.6 3.3 341073
§ 4 Relays, relay-only| 1.9 16.6 0.3
4 Relays, mixed 1.7 18.4 0.3

TABLE IV

107

11

NUMERICAL THROUGHPUT RESULTS FOR THE WIDEAREA AND THE MANHATTAN -AREA SCENARIO USING AN IN-BAND
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B. Throughput Performance in Wide-Area

At brst we want to explore how relaying and multi-cell MIMOp=owith inter-cell interference.
Fig. 3 shows the cumulative distribution function (CDF) ot thser throughpu@(zx,y,t) in
the wide-area scenario. We further list in Table IV the quiaroughput?, the 5% quantile
throughputfse,, and the standard deviation throughput=  Var{0(z,y,t)} for the wide-
area and Manhattan-area scenario. In a conventional systenonly achieve &% quantile
throughput of aboudsy, = 0.13 MBIt /s and a median throughput of abotit 1.2 MBit /s. By
contrast, if we use multi-cell MIMO transmission to explthe inter-cell interference, we have
05, = 0.6 MBit /s andd = 3.5 MBit /s. Hence, not only is the cell throughput increased but also
the worst-user performance is signibcantly improved. laye are deployed and all users are
served using them, the median throughput improves, but trstwiser performance severely
drops. Since relays only improve the channel conditionstliose users at the cell edge and
users close to the relay node, the worst users are now lockisel to the base station. Contrary
to the relaying-only protocol, the mixed protocol is ablartgprove both median throughput and
worst-user performance and outperforms all other protodal this case, users close to a base
station are served directly by the base stations using 1oelltiMIMO and users at the cell edge
are assigned to relays. This shows that the improved chaomelitions due to the deployment
of relay nodes outweighs the loss due to the half-duplex tcaing, and interference between
multiple sites is counteracted through interference maiian schemes used by relay nodes. On
the other hand, interference between sectors at the saenis sixploited using multi-cell MIMO
transmission. Due to the limited resources for the soweelay links, a higher relay node
density does not necessarily increases the performanceigin3, we see the throughput for
eight relays per sector, which are uniformly distributedielto the half-duplex limitation, the

performance only slightly improves compared to the redoitdwo relays per sector.

C. Throughput Performance in Manhattan-Area

In addition to the ability to improve the cell-edge performe, relaying has the potential
to improve the indoor coverage in a micro-cellular scendfig. 4 shows the results for the
Manhattan-area scenario. We can again see that multi-célQvitransmission improves the
performance compared to a conventional system. Howeverdifference between worst and

median throughput performance is very high, which resuitaarily from indoor users suffering
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Fig. 4. CDF of the expected throughput in the Manhattan-area scefhatite case only two relay nodes per sector are used,

both are deployed outdoors.

from very bad channel conditions. The same effect can be #geenly two outdoor relay
nodes are deployed. Only four relay nodes (two outdoor ara ihdoor relays) are able to
provide reasonable performance bgures for both worst msema&dian user performancésd, =
0.3 MBIt /s andd = 1.8 MBit /s). We can further see that the relay-only protocol provides t
same performance Pgures as the mixed protocol, which imfiiat only relay nodes but no

users benebt from multi-cell MIMO transmission in this micellular scenario.

D. Femto-Cells vs. Relaying

Currently, an alternative way of improving indoor coveragd data rate is to use femto-cells
[24], where small RAPs are home-deployed and connected tavhigable wired network, e. g.
DSL. This is similar to relaying even though relaying uses #ame PHY interface for the
source-to-relay link instead of a wired network. Fig. 5 shdhe results for the Manhattan-area
scenario and using femto-cells instead of relay nodes.dsethesults, we assume that femto-cells
do not require in-band feederlink resources and have ateesbackhaul network, which always

provides the required data rates and does not limit the ea&bie rates on the relay-to-terminal
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Fig. 5. Results for out-of-band feeder deployed in Manhattan-area

links. Only the performance of four relay nodes improvesggemto-cells due to the fact that
femto-cell relay nodes can now additionally use those messuthat would otherwise be used
to serve relays.

The necessity to connect the indoor RAP to the data networkesméthe deployment less
Bexible and more expensive compared to relay nodes thahusand feederlinks. Furthermore,
it requires the availability of a high-speed network and nlyoworks indoors where such a
network is available. However, it also shows the Rexibibfythe relay concept because indoor
relay nodes could be equipped with an additional interfacthé local wired network in order

to further improve the performance.

E. Reduced Signaling Overhead

Since relay nodes are not directly connected with each ateexchanged signaling overhead
between them must be kept at a minimum. In Fig. 6, we compagénformance of optimal
ETW coding using fast-fading information, a two-state ET\WWHing with two possible power
assignments (either only private or common messages) ang tre long-term SINR, and TDD

between relay nodes and user terminals. These results Baothhére are only minor performance
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Fig. 6. Throughput-CDF and comparison of correct (fast-fadirgep ETW coding (dashed lines) and path-loss-based ETW

coding (solid lines).

improvements if fast-fading CSl is used. The usage of pathk-loformation signibcantly reduces
the necessary signaling overhead and makes ETW codingleashe results also reveal that
a two-state ETW coding is able to achieve almost the sam@npeaihce. This suggests that it
is sufbcient to quantize the power level witlbit. Compared to TDD, ETW coding needs no
central scheduler that coordinates the assignment of reseuo each relay node based on the
global path-loss information. The power assignment for EGatling can be done at each relay

node based on the path-loss between the relay and the absigaeterminals.

F. Reduced Backhaul Requirements

Previous results in this paper have shown that users are lketg to be served by relay
nodes instead of the assigned base station. Therefore,aosiyall area is served using multi-
cell MIMO transmission. In these areas, it is an alternativeserve those areas either without
multi-cell MIMO transmission (main lobe direction) or ugim multi-cell MIMO transmission
of base stations at the same site (border of two sectorshwietong to the same site). Fig. 7
shows the achievable throughput for a system in which redags users can be cooperatively

served by base stations at different sites (solid line) anéfsystem in which multi-cell MIMO
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Fig. 7. Throughput CDF for a system with no inter-site cooperation. Retales and users are cooperatively served by base
stations at the same site (solid line). For comparison the dashed line shewerfbrmance if users are served cooperatively

by multiple sites.

transmission is limited to base stations at the same sighéthlines). The former corresponds to
a system requiring substantial backhaul, which must sugperrequired data rates to exchange
the additional CSI and message information. The latter spmeds to a conventional backhaul,
which is already used in current mobile communication systeWe can see that a system
architecture that only uses multi-cell MIMO transmissieuffers from a signibcant performance
loss if multi-cell MIMO transmission is limited to one sit@€n the other hand, if we use the
integrated approach with relaying and multi-cell MIMO tsamssion, the performance remains
almost unaffected. A system with multi-cell MIMO transmdss only at one site requires less

backhaul and is more robust for scenarios with low coherginee/frequency.

G. Cost-benefit tradeoff

The previous discussion did not account for the additioeplayment costs of relay nodes. In
order to normalize the results we have to keep constantrefibecosts for the system deployment
or the system performance. This paper uses the former wayrofalizing the results. In the

following, we useCsje to denote the costs of a site alkeay to denote the costs of a relay
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node, which includes hardware costs, rental costs, averagis for power supply as well as
backhaul costs (in case of a base station). Backhaul expelegesd on the BS density and
therefore affect the relative costs, which is not considerethis work. Furthermore, we use
arn = Crelay/Csite t0 denote the costs of a relay node relative to a site. Tablavesgan

example of the costs for a relay node and a site. For thiscpdati example the relative relay

costs are given byiry = 0.1, which is used in the remainder.

Item of Expenditure Relay Node ‘ Site (with 3 BS) ‘
Hardware 10kEUR 80kEUR

Loan 3 years at 8% 8 years at 8%
Installation 5KEUR 30kEUR
Rental costs 100 EUR per month | 1000 EUR per month

Energy costs
(at 10 Cent per kWh)

438EUR p.a. (500W) 4.4KEUR p.a. (5kW)

Life-Span 10a 10a
Cost-Ratio #rN = CRelay/Csite = 0.1
TABLE V

EXAMPLE FOR INITIAL AND OPERATING COSTS FOR A RELAY NODE AND STE WITH THREE BASE STATIONS

Under the assumption of a regular grid of sites and W,y relays deployed at each site,

the inter-site distance in a relay-based deployment isngie
|

dis (@) = dis 1+ arn Nretay, (1)
in order to normalize the deployment cost;, (is the inter-site distance in a system without
relays).

Based on this cost-normalization, Fig. 8 shows the costibeina@deoff for the median through-
put. We can see that the mixed protocol only performs as vgethalti-cell MIMO transmission
for agn < 0.02 (if we consider in-band feederlinks) and has a higher methaoughput than
a conventional system fakgy < 0.22 For our example ofwgy = 0.1 the median throughput
drops by abouD.17 MBit /s compared to multi-cell MIMO transmission. In the case ofngsi
an out-of-band feederlink the mixed protocol provides atritbhe same performance as multi-

cell MIMO transmission. Furthermore, due to the lower trarssion power of relay node also
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Fig. 8. Cost-Benebt-Tradeoff for two relay nodes and the mixed pubtbepending on the cost ratibrn. The solid curves

indicate results for in-band feederlinks and dashed curves forgberte-of-band feederlinks.

the overall spent power is reduces in a relay-based systenitenture. Based on these results,
only relay nodes with relative costs af< 0.1 and femto-cell radio access points with relative
costs ofa < 0.15 are still benebcial in terms throughput performance in thesen wide-area

scenario.

H. Summary

In the previous analysis, we compared a conventional systerhitecture with multi-cell
MIMO transmission and relaying. Using additional relay esdn a system, we are able to
counteract inter-cell interference at the cell-edge tghoan improved path-loss. Interference at
the border of two sectors belonging to the same site can lmeetity exploited using multi-cell
MIMO. Furthermore, indoor relay nodes are able to improw#oor coverage and to provide
high data rates also indoors. This concept is similar to decetls but relays provide more
Rexibilities and might offer an additional interface to lmnected to the existing wired network.
We further showed possibilities to reduce the amount ofadigg overhead in a multi-cell MIMO
transmission based system such as a limited cooperatignadthe same site as well as a two-

state ETW coding. Finally, the cost-benebt analysis shbwas rielaying not only can provide
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better performance but also can be more cost-efbcient. YHowie cost-benebt analysis is not
able to account for those cases in which relays provide bigdlity service for those areas where
neither conventional systems nor multi-cell MIMO transsios is able to provide the required
data rates.

V. CONCLUSIONS

In this paper, we compared different aspects of multi-céMKd transmission and relaying and
proposed a system architecture that integrates both tpaodsi Relaying provides a higher spatial
reuse of resources and is able to serve users at high datimateherwise shadowed areas.
Assuming relays are much cheaper in terms of their initia aperational expenditures, they
are a cost-efbcient supplement for next-generation mabiemunication systems. Furthermore,
the reduced requirements on the backhaul as well as thehacexkisting sites in 2G and 3G
networks can be reused make a relay deployment attractiveyfeequire less space than base-
stations and can therefore be deployed more Rexibly. Usimgitegrated approach with relaying
and multi-cell MIMO transmission, we are able to support thest important scenarios in a
mobile communication system such as macro-cells for hgjbeity users, micro-cells in densely
populated areas, high data rates indoors, and short-teptoytheents for special events using
relocatable relay nodes. The most challenging problemdiarying is the half-duplex constraint,
which requires that relay nodes can either transmit ormistethe same time-frequency resource.
Using multi-cell MIMO transmission on the feederlink, wencalleviate this constraint and

improve data rates on the link between base stations ang meldes.
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Integration of Multi-Cell MIMO Transmission and
Relaying in Mobile Communication Systems

Peter Rost, Student Member, IEEE, Gerhard Fettweis, IEEE
Fellow, and J. Nicholas Laneman, Senior Member, IEEE

Abstract— In this paper, relaying and multi-cell MIMO trans-
mission are investigated as possibilities to improve the resource
reuse and to more flexibly organize cellular networks. Our
analysis focuses on approaches for future cellular systems, which
jointly exploit relaying and multi-cell MIMO transmission. We
evaluate these approaches using the system level model of the
European research project WINNER and analyze the achievable
throughput under practical constraints. Finally, we provide an
analysis of the cost-benefit tradeoff in relay-assisted systems.
It turns out to be a reasonable choice for the downlink if
multiple base stations cooperatively serve relays and relays coor-
dinate their resources to serve users. The backhaul requirements
between multiple sites can be reduced by only considering a
cooperation of base-stations co-located at the same site, which still
provides almost the same gains as multi-cell MIMO transmission
from different sites.

Index Terms— Relaying, multiple antenna systems, cellular
networks, half-duplex constraint, cost-benefit tradeoff, wide-area
coverage scenario, Manhattan-area high-throughput scenario

I. INTRODUCTION
A. Motivation of our work

In current and future mobile communication systems both
the required data rates and the number of mobile subscribers
increase exponentially. Since the capacity per cell is limited,
the spatial reuse of available resources must increase. Hence,
cells become smaller, which is coupled with higher carrier
frequencies offering higher path-loss and therefore better sep-
aration of cells. Since each cell is served by its own (logical)
radio access point (RAP), 4G systems demand a large number
of RAPs, which can be economically satisfied by additional,
cheaply deployed relay nodes.

Among the most serious challenges in current and future
mobile communication systems is the mitigation or avoidance
of inter-cell interference. Future mobile communication sys-
tems are likely to use multi-cell MIMO approaches in which
multiple base stations cooperatively serve user terminals using
techniques introduced in the context of the MIMO broadcast
channel [1], [2]. Furthermore, additional relay nodes will help
to provide high data rates in otherwise shadowed areas as well
as to further improve the channel conditions at cell borders [3].

Consider a mobile communication system in which multiple
base station antenna arrays at the same cell site (typically
three) serve adjacent sectors within the cell site. These base

Manuscript submitted September 22, 2009. G. Fettweis and P. Rost are with
the Vodafone Chair for Mobile Communications Systems, Technische Univer-
sitit Dresden (TUD), Dresden, Germany (Email: {fettweis, rost}@ifn.et.tu-
dresden.de). J. N. Laneman is with the University of Notre Dame (IN), USA
(Email: jnl@nd.edu)

station antenna arrays are often mounted on a single tower and
can share the same radio and processing hardware. Therefore
multi-cell MIMO transmission can be easily implemented. By
contrast, multi-cell MIMO transmission from base stations
at different sites requires a substantial backhaul in order to
exchange channel state information (CSI) and data. In either
scenario, these regions could be better served by additional re-
lay nodes, which implement interference mitigation techniques
and improve the spatial reuse. These observations motivate
the study of multi-cell MIMO and relaying integrated in one
system architecture, which is the focus of this paper.

B. Outline and Contribution

We explore system architectures based upon the trans-
mission schemes introduced in [4], where we employed a
link-level analysis of the relay-assisted interference channel.
These schemes are able to combine the benefits of multi-
cell MIMO transmission and relaying in one integrated system
architecture. We apply them to the system model of a next-
generation mobile communication network and compare the
performance of a conventional system, a system using multi-
cell MIMO only, a system using relaying only, and a system
in which both multi-cell MIMO and relaying are integrated.
This comparison is done for two different propagation sce-
narios, which demonstrate the ability of the integrated system
approach to counteract inter-cell interference and to improve
indoor coverage. Our analysis pays special attention to possi-
bilities for reducing complexity and signaling overhead in 4G
networks in order to improve the cost-benefit tradeoff.

The remainder of the paper is organized as follows. Section
II introduces the system model and reviews a proposed archi-
tecture for a next generation mobile communication system.
Section III discusses the system and protocol design, and
summarizes the approaches for the mobile communication
system. Section IV then analyzes these approaches using
various constraints and figures of merit. Finally, Section V
concludes the paper with further comments on implications
for future mobile communication systems.

II. SYSTEM MODEL
A. Propagation scenarios

This paper considers the proposed system architecture of the
European research project WINNER [6] for a next-generation
mobile communication system. WINNER considers three
propagation scenarios: indoor, wide-area (macro-cellular), and
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(a) Wide-area scenario with one tier of interfering
sites. Triangles indicate relay nodes and arrows the
main lobe direction in each cell.
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(b) Manhattan-area scenario as defined in [5].
Blue triangles indicate outdoor relays and red
squares indoor relays.

Fig. 1. Two reference scenarios considered in this paper.

Manhattan street-grid (micro-cellular) [7]'. In this paper, we
focus on the two scenarios wide-area and Manhattan street-
grid because both scenarios allow for an analysis of the
two most challenging problems in 4G networks: inter-cell
interference and indoor coverage. Wide-area corresponds to a
hexagonal cell-structure, which is illustrated in Fig. 1(a). Each
site (indicated with ”"BS”) is equipped with three base station
antenna arrays serving three adjacent sectors (with main lobe
directions indicated by arrows) and two stationary relays per
sector (indicated by triangles). Sites are uniformly placed, such
that the distance between two adjacent sites is always given by
dis = 1000 m. Our numerical analysis in Section IV considers
one central site, which is surrounded by two tiers of a total
of 18 interfering sites. Furthermore, the number of users per
cell may vary as we keep the number of overall users constant
and ensure that on average 90 Users per km? are uniformly
distributed within the system [8]. Users are assigned to RAPs
based on their path-loss to the respective base station or relay

Al referred WINNER documents are publicly available on http://www.ist-
winner.org

[ | Manhattan-area | Wide-area |

BS to RN B5c B5a
BS to indoor UT B4
BS to outdoor UT B1 C2
RN to indoor UT B4
RN to outdoor UT B1 C2
indoor RN to indoor UT Al

TABLE I
USED CHANNEL MODELS, WHICH ARE DEFINED IN [9].

node. Hence, the actual cell coverage might vary significantly
from the regular layout in Fig. 1.

The Manhattan-area scenario models a regular street-grid as
proposed by the UMTS 30.03 recommendation [5] (see Fig.
1(b)). Each base station is now equipped with omni-directional
antennas and is supported by four stationary relay nodes: two
relay nodes outdoors (indicated by a triangle) and two relay
nodes indoors (indicated by a square). If we place relays with
omni-directional antennas on street crossings, we significantly
increase the probability that an outdoor user terminal has line-
of-sight (LOS) with a RAP. Indoor relays improve the indoor
coverage due to a more uniform power distribution and the
possibility to place relay nodes with a sufficiently strong link
towards the base station. In our simulation-based analysis in
Section IV, we use overall 44 cells but only consider the results
for the three inner cells. Compared to the wide-area scenario,
we assume a higher user density with 250 Users per km?
placed both on streets and within buildings [8].

The WINNER system offers a variety of channel models
suitable for each scenario. Each consists of a model for the
probability that a strong LOS link exists, the path-loss model,
and the power delay profile, which models the small scale
fading assuming each tap is Gaussian distributed. We further
assume block fading in which each channel realization is
independently generated. Table I lists all channel models,
which are used in our paper’s numerical analysis. Each channel
model is described in detail in [9].

B. Air interface

In our model, we apply Orthogonal Frequency Division
Multiplexing (OFDM) [11], [12] at a carrier frequency f. =
3.95 GHz with bandwidth B,, = 100 MHz and N, = 2048
subcarriers. Since signal delays are not considered, we choose
time division duplexing (TDD) for both the wide-area and the
Manhattan-area scenario. All further air interface parameters
are listed in Table II and described in further detail in [7].

We further assume Gaussian alphabets, perfect rate adap-
tation, and infinite blocklengths in order to use the relevant
capacity expressions [4] and to have an upper bound on
the achievable rates. Throughout the following discussion we
assume perfect channel estimation and that the system is
perfectly synchronized. Of course, especially in systems sup-
porting relay nodes, synchronization and channel estimation
are significant challenges but these issues are outside the scope
of this work. This paper considers neither automatic repeat-
request (ARQ), which is not necessary due to the perfect
link adaptation, nor quality-of-service (QoS), since all users
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User density

90 per km? in Wide-area,
250 per km? in Manhattan-area

Average no. users/cell

26 in Wide/Manhattan-area

Channel models

as defined in [10]

Number of antennas BS | 4/1/1
/RN /UT

BS transmit power 46 dBm
RN transmit power 37dBm
UT noise figure 7dB
Noise power spectral | —174 dBm/ Hz
density

FFT-Size 2048
Carrier frequency 3.95 GHz
FFT bandwidth 100 MHz
OFDM-Symbol duration | 20.48 ps
Superframe duration 5.89 ms
Guard interval 2.00 s

Used subcarriers

[—920; 920]\{ 0}

Channel state informa-
tion

assumed perfect at transmitter and receiver

TABLE I
PARAMETERS OF THE WINNER SYSTEM

Ci1,2/C o1

X4 Yy _ -7 Y

Fig. 2. Relay-assisted interference channel with two sources S = { 1, 2}, two
relays R = {3, 4}, and two destinations D = {5, 6}. Both source nodes are
connected by conference links with capacities C1,2 and Cg,1, respectively.
Channel inputs are denoted by Xt and channel outputs are denoted by Yi.

are assumed to have equal priority. The considered scheduler
assumes full queues for each user, which implies that all
available resources are fully exploited even though in a real
system this depends on the type of transmitted data. We
address the problem of an in-band feederlink between base
station and relay node, which implies that relay-buffers might
be empty due to an unexpected high throughput on the links
between a relay and its assigned users.

III. SYSTEM AND PROTOCOL DESIGN

In [4] we introduced the relay-assisted interference channel,
which is illustrated in Fig. 2. This channel models the case
in which two communication pairs are supported by relay
nodes. Due to conference links between the source nodes, it
offers the possibility of multi-cell MIMO transmission from
both source nodes, i.e., inter-path cooperation. Additionally,
destination nodes within one path can combine the source and
relay transmission, i. e., inter-subsystem cooperation, which is
also referred to as cooperative relaying [13]. In the following,
we introduce different system architectures, which implement
inter-path and inter-subsystem cooperation and were analyzed
at the link-level in [4].

A. Non-Relaying Protocols

Conventional system architectures without relay nodes
X3 = X4 = 0) do not implement any kind of inter-path
cooperation but coordinate their resources using TDD and
frequency division duplexing (FDD). In order to improve the
resource reuse factor, current systems divide the available
bandwidth into an edge band and center band [14]. Edge band
resources are used to serve users at the cell edge with high
inter-cell interference. Furthermore, this protocol reserves a
center band, which is used by all cells to serve users with
high signal-to-interference-and-noise ratio (SINR). The actual
assignment of users to edge and center band uses the expected
long-term SINR, which is assumed to be perfectly known. In
our analysis, a user is served using edge band resources if the
expected SINR drops below 10 dB, based upon the empirical
studies in [15].

In Section I, we already introduced multi-cell MIMO as a
strategy to implement inter-path cooperation in systems, which
do not employ relay nodes. The idea of multi-cell MIMO
goes back to an early work of Shamai and Zaidel [16], who
introduced the concept in order to improve data rates and
fairness. Shamai et al. [17] analyze user cooperation in the
downlink of a multicell scenario. Among other scenarios, they
consider the case of unlimited backhaul and user cooperation
over a limited-capacity, orthogonal inter-user link. Similarly,
Marsch and Fettweis derive in [18] achievable rate regions if
transmitter cooperation is possible.

Multi-cell MIMO offers an opportunity to exploit inter-
ference instead of avoiding it. If we consider multiple base
stations as one virtual antenna array with full channel and
data knowledge and perfect synchronization, we can employ
the same strategies as for the MIMO broadcast channel, e. g.
dirty paper coding (DPC) [19]. If the channel between base
stations and user terminals is changing quickly, it might be not
possible to implement multi-cell MIMO without significant
performance loss [20]. In this paper, we consider multi-cell
MIMO transmission from three base stations. In order to co-
ordinate their transmissions, all base stations are connected by
an unlimited backhaul, which provides the means to perfectly
exchange CSI and data.

B. Relay-Only Protocol

The relay-only protocol has all users served using relay
nodes. In order to mitigate the interference introduced by
the additional relay nodes, we consider Han-Kobayashi (HK)
coding [21] on the relay-to-destination links (R—D).

The expected bottleneck in such a system is the in-band
feederlink2 between source and relay, which must share re-
sources used for the communication on the source-to-relay
links (S—R). In order to improve the data rates on the source-
to-relay links, we consider multi-cell MIMO transmission
between base stations and relay nodes. Compared to multi-
cell MIMO transmission from base stations to user terminals,
the signaling overhead is reduced, because relay nodes do
not move and experience LOS towards the base station.

’Note that we differentiate the backhaul connecting multiple sites and in-
band feederlinks, which connect base stations and relay nodes.
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THE INDIVIDUAL PROTOCOLS CLASSIFIED BY THEIR ABILITY TO
COOPERATE.

Furthermore, the user grouping is simplified as only a small
number of fixed relay nodes is considered.

C. An integrated approach

Link-level results in [4] suggest that the previous protocol
might not be able to provide the required performance figures
for users close to the base station. Hence, we consider a
mixed protocol in which users are either served using multi-
cell MIMO transmission or relaying. Based on the path-loss to
the individual nodes, with a penalty for the lower transmission
power of relay nodes, each user is assigned either to a base
station or to a relay node. Furthermore, either base stations or
relay nodes transmit within a certain part of the spectrum, but
not both. The partitioning of the available bandwidth among
both protocols is done adaptively in order to maintain fairness.

Using HK coding the interference mitigation can be done
autonomously without extensive network planning beforehand.
This simplifies the system design while reducing protocol
complexity. If relay nodes act as base stations towards user
terminals and as user terminals towards base stations, we do
not need additional wireless interfaces. Furthermore, the mixed
protocol reduces the necessary complexity by using algorithms
that are supposed to be implemented in 4G systems anyway.
Almost all of the additional complexity has to be spent in the
scheduler, which must not be designed independently of the
physical layer. All possible protocols are summarized in Table
IIT and grouped based on their ability to cooperate between
multiple paths or subsystems.

D. Simplifications

In [4] DPC and HK coding have been used. Both techniques
require an extensive optimization in order to determine the cor-
rect precoding matrices (DPC) or power levels (HK coding). If
we apply both techniques to a mobile communication system,
we would have to cope with a significant computational
overhead. Instead, we employ in our analysis Zero-Forcing
DPC (ZF-DPC) [22], instead of DPC with optimal precoding

matrices, and Etkin-Tse-Wang (ETW) coding [23], instead of
HK coding over all possible power levels.

ZF-DPC uses the LQ-decomposition of the compound chan-
nel matrix and by precoding with the unitary matrix Q, the
effective channel becomes a triangular matrix. Then, DPC is
applied such that each user sees an interference-free link. Due
to the large number of user terminals and base stations, the
user grouping is a computationally expensive problem. Hence,
we apply a simplified form of user grouping in which the
assignment of user terminals to the individual base stations
is done based on the path-loss between base station and user
terminal, i.e., each user is assigned to the three base stations
with the smallest path-loss towards this user. Furthermore, the
user grouping algorithm ensures that cooperating base stations
serve those users with similar preferences.

ETW coding is a particular form of HK coding in which the
power levels can be determined directly and which achieves
rates within 1bpcu of capacity. The optimal form of ETW
coding must determine the power levels for each subcarrier (or
frame) individually. In order to reduce the signaling overhead,
we use the long-term SINR statistics (constant over both super-
frames) instead of the fast-fading coefficients to determine the
power levels. We further consider a two-state ETW coding in
which only the power levels 0 and 1 are allowed, i.e., a relay
sends either only a private message or a common message.

As with base stations, we use a simple form of user grouping
for the assignment of users to relay nodes. In order to ensure
efficient interference mitigation each user is assigned to the
relay node with the smallest path-loss towards this user. The
relay node with the second-smallest path-loss towards this user
is chosen and selected for the ETW coding. Based on this
selection another user with the same preferences is chosen
and as many resources as possible are assigned to this relay-
user-pair.

IV. NUMERICAL ANALYSIS

In order to evaluate the individual protocols and to under-
stand their effects on the user performance, we discuss in detail
the following aspects of multi-cell MIMO transmission and
relaying:

« Ability of multi-cell MIMO transmission and relaying to

counteract inter-cell interference

o Service improvements for indoor users

o Comparison of relaying and femto-cells

« Reduction of the required backhaul and signaling over-

head

o Cost-benefit tradeoff of relay-based networks.

A. Simulation methodology

In order to evaluate the different protocols, we use a snap-
shot based, system-level simulation, which does not explicitly
model any user mobility. It rather models the effects of mobi-
lity on the user’s channel instead of moving a particular user
and tracking its performance. The latter requires significantly
more frames in order to reflect the low velocity of users.
Therefore users are randomly placed, and for each snapshot
two superframes are simulated before the next snapshot is
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x <+ 2 Relays, mixed
/ <~ 8 Relays, relay-only only is the cell throughput increased but also the worst-user
102 / " " ‘ performance is significantly improved. If relays are deployed
102 10! 10 10! 10>  and all users are served using them, the median throughput
Throughput ¢ in MBit/s improves, but the worst-user performance severely drops.
i . . . Since relays only improve the channel conditions for those
Fig. 3.  Throughput results for the wide-area scenario using an in-band
feederlink. users at the cell edge and users close to the relay node, the

drawn. For each frame within a superframe an independent
instance of the small scale fading process is drawn and the
user scheduling is performed.

The overall area is partitioned into rectangles of equal size.
In case of the wide-area scenario they are of size 30m" 30m,
and in case of the Manhattan-area scenario they are of size
10m" 10m. For each user the corresponding spatial block
(z,y) is determined and the average throughput 6(z,y) =
E:{6(xz,y,t)} over all users, which have been placed in this
block, is used to determine the number of resources. Using a
fair scheduler the number of resources assigned to a user is
proportional to #~!(z,y). The fact that we use the average
throughput reflects that we try to achieve a good tradeoff
of high system throughput and fairness. In order to achieve
an improved fairness within the system, it would be more
suitable to use the 5% quantile of throughput 659, with
Pr{0(xz,y,t) ! 054} ! 5%. In this way, a user with a high
throughput variance gets even more resources in order to
improve the 5% quantile of throughput at the expense of other
users’ performance.

B. Throughput Performance in Wide-Area

At first we want to explore how relaying and multi-cell
MIMO cope with inter-cell interference. Fig. 3 shows the
cumulative distribution function (CDF) of the user throughput
O(x,y,t) in the wide-area scenario. We further list in Table
IV the median throughput @, the 5% quantilg throughput 65,
and the standard deviation throughput o =  Var{0(z, y, 1)}
for the wide-area and Manhattan-area scenario. In a con-
ventional system, we only achieve a 5% quantile throughput
of about 055 = 0.13MBit/s and a median throughput of
about 6 = 1.2 MBIt /s. By contrast, if we use multi-cell
MIMO transmission to exploit the inter-cell interference, we
have 65 = 0.6MBit /s and § = 3.5MBit /s. Hence, not

worst users are now located close to the base station. Contrary
to the relaying-only protocol, the mixed protocol is able to
improve both median throughput and worst-user performance
and outperforms all other protocols. In this case, users close
to a base station are served directly by the base stations using
multi-cell MIMO and users at the cell edge are assigned to
relays. This shows that the improved channel conditions due
to the deployment of relay nodes outweighs the loss due to
the half-duplex constraint, and interference between multiple
sites is counteracted through interference mitigation schemes
used by relay nodes. On the other hand, interference between
sectors at the same site is exploited using multi-cell MIMO
transmission. Due to the limited resources for the source-to-
relay links, a higher relay node density does not necessarily
increases the performance. In Fig. 3, we see the throughput for
eight relays per sector, which are uniformly distributed. Due
to the half-duplex limitation, the performance only slightly
improves compared to the results for two relays per sector.

C. Throughput Performance in Manhattan-Area

In addition to the ability to improve the cell-edge per-
formance, relaying has the potential to improve the indoor
coverage in a micro-cellular scenario. Fig. 4 shows the results
for the Manhattan-area scenario. We can again see that multi-
cell MIMO transmission improves the performance compared
to a conventional system. However, the difference between
worst and median throughput performance is very high, which
results primarily from indoor users suffering from very bad
channel conditions. The same effect can be seen if only two
outdoor relay nodes are deployed. Only four relay nodes (two
outdoor and two indoor relays) are able to provide reasonable
performance figures for both worst user and median user
performance (055, = 0.3MBit /s and § = 1.8 MBit /s). We
can further see that the relay-only protocol provides the same
performance figures as the mixed protocol, which implies that
only relay nodes but no users benefit from multi-cell MIMO
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Fig. 5. Results for out-of-band feeder deployed in Manhattan-area

transmission in this micro-cellular scenario.

D. Femto-Cells vs. Relaying

Currently, an alternative way of improving indoor coverage
and data rate is to use femto-cells [24], where small RAPs are
home-deployed and connected to the available wired network,
e.g. DSL. This is similar to relaying even though relaying uses
the same PHY interface for the source-to-relay link instead of
a wired network. Fig. 5 shows the results for the Manhattan-
area scenario and using femto-cells instead of relay nodes.
In these results, we assume that femto-cells do not require
in-band feederlink resources and have access to a backhaul

100 ==
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o
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v 74
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/) / <~ Two-State ETW | |
/ / <+ TDD
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10! 10 10! 10

Throughput ! in MBit/s

Fig. 6. Throughput-CDF and comparison of correct (fast-fading based) ETW
coding (dashed lines) and path-loss-based ETW coding (solid lines).

network, which always provides the required data rates and
does not limit the achievable rates on the relay-to-terminal
links. Only the performance of four relay nodes improves
using femto-cells due to the fact that femto-cell relay nodes
can now additionally use those resources that would otherwise
be used to serve relays.

The necessity to connect the indoor RAP to the data network
makes the deployment less flexible and more expensive com-
pared to relay nodes that use in-band feederlinks. Furthermore,
it requires the availability of a high-speed network and it only
works indoors where such a network is available. However, it
also shows the flexibility of the relay concept because indoor
relay nodes could be equipped with an additional interface
to the local wired network in order to further improve the
performance.

E. Reduced Signaling Overhead

Since relay nodes are not directly connected with each other,
the exchanged signaling overhead between them must be kept
at a minimum. In Fig. 6, we compare the performance of
optimal ETW coding using fast-fading information, a two-
state ETW coding with two possible power assignments (either
only private or common messages) and using the long-term
SINR, and TDD between relay nodes and user terminals.
These results show that there are only minor performance
improvements if fast-fading CSI is used. The usage of path-
loss information significantly reduces the necessary signaling
overhead and makes ETW coding feasible. The results also
reveal that a two-state ETW coding is able to achieve almost
the same performance. This suggests that it is sufficient
to quantize the power level with 1bit. Compared to TDD,
ETW coding needs no central scheduler that coordinates the
assignment of resources to each relay node based on the global
path-loss information. The power assignment for ETW coding
can be done at each relay node based on the path-loss between
the relay and the assigned user terminals.
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are served cooperatively by multiple sites.

costs, rental costs, average costs for power supply as well a

- Reduced Backhaul Requirements backhaul costs (in case of a base station). Backhaul expense

Previous results in this paper have shown that users aepend on the BS density and therefore affect the relative
more likely to be served by relay nodes instead of thgosts, which is not considered in this work. Furthermore, we
assigned base station. Therefore, only a small area isdseruse"” rn = Crelay/Csite t0 denote the costs of a relay node
using multi-cell MIMO transmission. In these areas, it iselative to a site. Table V gives an example of the costs for a
an alternative to serve those areas either without multi-ceelay node and a site. For this particular example the velati
MIMO transmission (main lobe direction) or using a multitelay costs are given bygy = 0.1, which is used in the
cell MIMO transmission of base stations at the same sitemainder.
(border of two sectors, which belong to the same site). Fig. 7

shows the achievable throughput for a system in which relayg€™ of Expenditure | Relay Node | Site (with 3BS) |
and users can be cooperatively served by base stations %a;ﬂware 5 ;:atfgfs% . f:a':SEl;FB%
different sites (solid line) and for a system in which muiH Installation SKEUR 30KEUR
MIMO transmission is limited to base stations at the samee sit_Rental costs 100 EUR per month | 1000 EUR per month
(dashed lines). The former corresponds to a system regquirin g;elrg)(’:g;’ft;er kwh)| 438EUR pa. (500W) 4.4KEUR paa. (5kKW)
substantial backhaul, which must support the required datdife-Span 10a 10a

rates to exchange the additional CSI and message informati¢ Cost-Ratio [ I'&RN = CRelay/Csite = 0.1 ]
The latter corresponds to a conventional backhaul, which is TABLE V

already Used in current mOb“e Communication SyStemS' V\E(AMPLE FOR INITIAL AND OPERATING COSTS FOR A RELAY NODE AND
can see that a system architecture that only uses multi-cell SITE WITH THREE BASE STATIONS

MIMO transmission, suffers from a signibcant performance

loss if multi-cell MIMO transmission is limited to one site.

Or|1 the othgr he}nd, :If we uose the integraterc]i app]rcoach WIthynger the assumption of a regular grid of sites and with
relaying and multi-cell MIMO transmission, the performanc . i - .
remains almost unaffected. A system with multi-cell MIMOéVPr{ngy_rs;asizddip;%yyergeitt ?Sa z?vzlr':et,);he inter-site distance in
transmission only at one site requires less backhaul and is

more robust for scenarios with low coherence time/frequenc dis (") = dis /1 + " RN NRelay» (1)

in order to normalize the deployment cosfg (is the inter-site
G. Cost-benefit tradeoff distance in a system without relays).

The previous discussion did not account for the additional Based on this cost-normalization, Fig. 8 shows the cost-
deployment costs of relay nodes. In order to normalize tlenept tradeoff for the median throughput. We can see that
results we have to keep constant either the costs for the mixed protocol only performs as well as multi-cell MIMO
system deployment or the system performance. This paper usansmission for' gy < 0.02 (if we consider in-band feeder-
the former way of normalizing the results. In the followinglinks) and has a higher median throughput than a convettiona
we useCgj. to denote the costs of a site aricke.y, to  system for" gy < 0.22. For our example of gy = 0.1 the
denote the costs of a relay node, which includes hardwareedian throughput drops by abouti7 MBit/s compared to
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multi-cell MIMO transmission. In the case of using an out-of-
band feederlink the mixed protocol provides almost the same
performance as multi-cell MIMO transmission. Furthermore,
due to the lower transmission power of relay node also
the overall spent power is reduces in a relay-based system
architecture. Based on these results, only relay nodes with
relative costs of ! 0.1 and femto-cell radio access points
with relative costs of o ! (.15 are still beneficial in terms
throughput performance in the chosen wide-area scenario.

H. Summary

In the previous analysis, we compared a conventional
system architecture with multi-cell MIMO transmission and
relaying. Using additional relay nodes in a system, we are able
to counteract inter-cell interference at the cell-edge through
an improved path-loss. Interference at the border of two
sectors belonging to the same site can be efficiently exploited
using multi-cell MIMO. Furthermore, indoor relay nodes are
able to improve indoor coverage and to provide high data
rates also indoors. This concept is similar to femto-cells but
relays provide more flexibilities and might offer an additional
interface to be connected to the existing wired network. We
further showed possibilities to reduce the amount of signaling
overhead in a multi-cell MIMO transmission based system
such as a limited cooperation only at the same site as well as a
two-state ETW coding. Finally, the cost-benefit analysis shows
that relaying not only can provide better performance but also
can be more cost-efficient. However, the cost-benefit analysis
is not able to account for those cases in which relays provide
high-quality service for those areas where neither conventional
systems nor multi-cell MIMO transmission is able to provide
the required data rates.

V. CONCLUSIONS

In this paper, we compared different aspects of multi-
cell MIMO transmission and relaying and proposed a system
architecture that integrates both techniques. Relaying provides
a higher spatial reuse of resources and is able to serve users at
high data rates in otherwise shadowed areas. Assuming relays
are much cheaper in terms of their initial and operational
expenditures, they are a cost-efficient supplement for next-
generation mobile communication systems. Furthermore, the
reduced requirements on the backhaul as well as the fact that
existing sites in 2G and 3G networks can be reused make
a relay deployment attractive. Relays require less space than
base-stations and can therefore be deployed more flexibly.
Using the integrated approach with relaying and multi-cell
MIMO transmission, we are able to support the most important
scenarios in a mobile communication system such as macro-
cells for high-velocity users, micro-cells in densely populated
areas, high data rates indoors, and short-term deployments
for special events using relocatable relay nodes. The most
challenging problem for relaying is the half-duplex constraint,
which requires that relay nodes can either transmit or listen
on the same time-frequency resource. Using multi-cell MIMO
transmission on the feederlink, we can alleviate this constraint
and improve data rates on the link between base stations and
relay nodes.
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