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Abstract—In this paper, we consider a cellular network assisted  In this paper, we analyze the achievable UL sum-of-rates
by fixed relay stations (RS), which are used by mobile stations of relay-aided cellular systems. We compare the AF and
(MS) to access the base station (BS) via a relaying strategy, o yglaying strategies, with two well-known cellular syste
namely Amplify-and-forward (AF) and Compress-and-foward 1o 0 i ' he first case the BS antennas are assumed to be
(CF). We analyze the achievable sum-of-rates for uplink com- ) X
munications. It is assumed that mobile signals and relay signals co-located (conventional cellular systems) and in the s&co
are emitted on orthogonal bands, with the possibility of having case they are assumed to be distributed in the cell and be
a larger bandwidth (BW) on the relay-to-base links. Our key connected to the BS via very high capacity wired links (which

result is that with a relay bandwidth just twice that of the ; P
mobile’s bandwidth, the system capacity approaches that of an complicates backhaul network deployment). The contritni

ideal distributed antenna system (DAS), while the ideal DAS of this paper are: firstly, we propose a theoretical analgsis

requires new backhaul links with very high capacity. Moreover, the gains brought by fixed RSs in a cellular scenario. The key
with the successive interference cancellation (SIC) decoder at point is that we exploit the ability of the system designer to

thefBS, it is _ShtOWH th?t under certain Cfnditi%r_ls tr:jebfairnless engineer near line-of-sight links between the RSs and thatBS
erformance In terms or minimum user rates achieve relay- i H H H
gssisted cellular systems is the same as that of an idi/eal D&\S.depl_oymen.t tlm_e. Secondly, a m‘?‘lor noveIFy of this papglnest
explicit taking into account the inter-cell interferencepact
on the relay performance. Thirdly, we compare AF and CF
l. INTRODUCTION relaying which are two leading forms of relaying strategies
Lately, deployment of relay stations in next generatiothe case of a strong RS-to-BS link [2]. We show the advantage
cellular systems has been envisaged as it provides better lof CF in a situation where the bandwidth allocated to the RS-
quality, coverage and/or higher network throughput, amithe to-BS links is greater than or equal to twice the bandwidth of
improves the overall system performance [1], [2], [3]. Up tthe MS-to-RS links. Moreover, we show the gains brought by
now different relaying strategies have been widely studigdlays when compared with the ideal DASs (more expensive
to improve the spectral efficiency and system performanead unrealistic), and the conventional cellular systerimally,
where AF, CF and decode-forward (DF) are the main relayirigis shown that with the SIC decoder one can get inherent
strategies. In this paper, we consider the AF and CF relayifairness in terms of achievable minimum user rates.
strategies in order to benefit from joint processing at the BS
which is possible due to a strong relay-to-base link.
Recently, there has been a great deal of research on relayin this section, a generalized signal model for multi-cell
assisted infrastructure based networks due to the podtentiatworks comprising infrastructure RSs will be given. We
improvements in system performance provided by the retayiconsider UL (from MSs to the BS with the aid of RSs)
mechanism. The performance improvements take the fomammunication in a hexagonal wrap-around cellular topplog
of reducing deployment cost, reducing terminal transraissiwith B cells. Each cell hag{ MSs wishing to communicate
power, enhancing network capacity, extending radio rangeith the BS throughV RSs which are placed at the corners
mitigating shadowing effect and providing spatial diver$#], of the cell. Each BS is assumed to haVesectoral antennas.
[5], [6]. In addition to relaying, there have been some oth&ke consider a network scenario where the total number of RF
proposals for next generation wireless networks to ineeashains (i.e. antennas) added due to the deployed RSs istequal
system capacity and coverage fairness such as DAS and multe number of RF chains in the BSs. Therefore for each of the
cell coordination. The impact of limited-capacity backhan consideredN sectoral BS antennas, one sectoral RS antenna
both multi-cell processing and MS cooperation for the uplinis added into the network. The added RS antenna is assumed
(UL) and the downlink for non-fading Gaussian scenarioehato be directed at the corresponding BS sectoral antenna, for
been studied in [7], [8]. Even though the above proposatsaximum power gain. Each MS has single omni-directional
provide huge system performance gains, the deploymentasftenna. This system set-up is depicted in Fig. 1.
RSs in cellular networks is preferable since it is easiee(@u  We index the BSs by = 1,2,..., B. The system perfor-
relay terminal size) and more flexible (due to having wirelesnance in terms of achievable sum of rates will be analyzed
links between RSs and BSs). where we choose the central cell (céllfor performance

Il. SYSTEM MODEL AND PROBLEM DEFINITION



K IIl. TRANSMISSIONSTRATEGIES
Base Station

& Retay station One of the main objectives of the paper is to show that
a small BW expansion on the second hop is sufficient to
approach the performance of an ideal DAS. Let the BW
allocated to the first hop bB/; and to the second hop B&;
where BW ratio is integer and given by = W, /W, € N
By controlling F' it will be possible to make second hop appear
more ideal. We assume frequency division duplex (FDD)
relaying, i.e., first and second hop communications takeepla
on orthogonal frequencies. It is assumed that there is matdir
link between the MSs and the BSs which will serve as a lower

e e = 2km bound for AF and CF schemes for cellular networks. The MSs

communicate with the RSs in the first hop, while the RSs

communicate with the BS in the second hop.

We assume that each RS knows its corresponding receiver
Fig. 1. RS deployment i3 = 19 cells network. The BSs havy = 6 CSI and each BS knows just the CSls for the MSs that are
sectoral antennas each directed to a unique RS. Each RSts0088 RF |6cated in its cell, and they treat the signals coming from
elements each serving a unique cell. . . . .

surrounding cells as interference signals which are taken t
be Gaussian random variables with zero mean and some
evaluation. Unlike in single-cell networks [9], in this peap variance depending on the channel gain between each BS and

we want to see the effects of interference on the infradlterfering nodes. . _ _
tructure relaying schemes. Lét.;,x = /Teion B i bk In the first hop, the received signal at thtéh RS in thec-th
i = 172""7N7 k = 1a2a"'aK anch,b S {177B} Ce” IS g|Ven by
denote the channel coefficient at the first hop (from the MSs W7 ,

ci = ¢, C c,t c,is :1,2,...,N 1
to the RSs) betweekrth MS in theb-th cell andi-th RS in the Ye, ciieSe T Xe ey 1 @)
c-th cell whereh,. ; p, 1. is an independent identically distributedyheres, = [Sets- .- scyK]T ands.. is the transmitted signal

(ii.d.) zero mean circularly symmetric complex Gaussiafiom k-th MS in thec-th cell with average power constraint
(ZMCSCG) random variable unit variance affg ; 5 ,, is the E[lsex|?] = Ps,Vk, Neie = [heicts-- s heicrx]t is the

channel gain fronk-th MS in theb-th cell to thei-th RS inthe  channel vector from all MSs in theth cell to thei-th RS
c-th cell including path-loss, transmitter and receiverean® in the c-th cell. And n.; ~ CN(0,02) is the noise at-th
gains and shadowing effects. RS in thec-th cell wheres? = NoW; for N, representing

Similarly, 1€tge,i,b,n = \/®e,ibn e,ib,n denote the channel the noise power spectral density,; ~ CA(0,02,) with
coefficient at th_e second hop (from the RSs to tr_le BS§Zi _ 21;3:1 Zle Y..isrPs. In vector form, the received
betweem-th RS in theb-th cell andi-th beam of the BS inthe b#c

c-th cell, whereg, ; ., is an i.i.d. ZMCSCG random variableSignals at the RSs, i.g, = [yc,1,. .., y.,n]", are given by
with unit variance andb.;; , is the channel gain from- .

th RS in theb-th cell to i-th beam of the BS in:-th cell, Ye = HeeSetxe+ne 2)
Vi,n € {1,2,..., N}, including path-loss, transmitter and rewheren, ¢ CK*! is the noise vector at the RSH,.. €
ceiver antenna gains and shadowing effects. The spedifisati CN <K s the channel matrix from all MSs in theth cell to

of channel gains are explained in details in Section V. IntWhghe all RSs in the-th cell, andy. = [xc.1. ..., xen]T is the
follows, we will consider ergOdiC rates and thus the Singl@ta| interference vector at the RSs in7M Ce”’_

coefficient channel model is sufficient even to characterize ot the second hop, assuming the BSs haVesectoral
wide-band channels (e.g. OFDM). antennas, each directed to a unique RS, the received signal
at thei-th sector antenna of the BS inth cell is given by

A. Problem Definition

It is clear that DAS are an idealized form of fixed RSs ¢, = ol Xc+xi,+nl;, i=12....N (3)
where there is no concern of backhauling the MS data to . ) ) )
the BS through the RSs. However, with wireless connecti§f1€réXc = [Zc1,. .., zc.n]" andz., is the transmitted signal

from the RSs to the BS back hauling of the MS data becom&@M 7-th RS in thec-th cell with average power constraint
a bottleneck for the overall communication. Considerinig thEl[zen|?] = P, ¥n, andy{; ~ CN(0,07 ;) with oF . ; =
problem in this paper we try to find answer to the following_ r-1 > m—1 Pe.ipn Pr, andng, ~ CN(0,03) is the noise at
questions: what is the impact of the nonideal link between tig,o ifth sector antenna of the BS inth cell whereo? =
RSs and the BS on overall capacity? How much bandwidp, yy,. Combining all of the received signals we get
should be set aside for the RS-to-BS links? And which relgyin

strategy performs better ? Yo = GeeXet xe+ne 4)



whereG,. . € CN*¥ s the channel matnx from all RSs inaccording to the distributiory (ve;|9c,i) ~ CN(Je,i, Deyi),

the c-th cell to the BS in the-th cell, y¢ = [Xc,p---aXC,N]T where D, ; is the noise variance due to the distortion in
is the total interference vector at the RSs in thi cell. reconstructingy, ;, i.e.,
A. Amplify-and-Forward Relaying i = Tei + Nd,e,i 9)

In AF the received signal at the RSs are scaled accordingifiere n,; . ; ~ CN(O Dc z) Each RS sends the compressed

nodes’ power constraints and forwarded to the BSs. Thousfynal to the BS with raté?.; which is (considering (9))
simple, the AF relaying strategy suffers from noise amaiic

tion. For AF the same signaling dimensions can be used in the Rei = Wi 1(§ei;vei) = Wh logy <1 + 1 > (10)
first and second hop, i.d¥; = W», hencer? = 02 = NyW;. De,i

For fairness in comparison between the AF and CF schemesjn terms of distortion

the RS transmit power is increased by a factoin the AF 1
scheme. Deji = R /W1 _ 1’

According to the received signal at the RSs given in (1), 1, pe able to send compressed signals reliably to the BS,
the scaling factors are given by the RSs should select the compression raks, according

to the MAC rate region on the second hop which is [11]
5
\yml \/||hcw|| *Py+ 02, + 0} - O > Ry =1(Xs: Y Xese) VS C{1,2,...,N}. (12)

vie{l,2...,N}. (11)

The signal vector transmitted by the RSs on ¢ cell is s ) L
Assuming all RSs operate on the equal-rate point inside the
Xe = D¢y.=D.HceS+Dexe+Dene (6) achievable rate region, i.€.; = Rco = ... = Re.ny = R.,

we have the following rates for each RS
where D, = diag{VFa.1,VFacs,...,vVFa.y}. The W )
received signal vector at the the BS on thth cell is given R. = WQ E [IOgg ‘IN + PG Gl (Aa+oiln)” H . (13
by
y? = G, D.He.oSe + G..cDexe + GecDene + \/Fxf +n? Provided that we select the quantization rates according to
MAC limits, we can represent the received signals of each RS
o with a certain fidelity at the BS. As our aim is to find the sum-
=GeecDeHee s+ 2 @ of-rates from the MSs to the BS, having multiple independent
whereG... € CN*N channel matrix from all RSs in theth representations of the received signals at the RSs will belp
cell to the BS inc-th cell, z. € CV*! is the equivalent noise to improve the network capacity.
term which has the foIIowmg covariance matrix The BS jointly decodes the MSs messages using the quan-
tized signals in (9) which have the following vector form

A, =E {zczf] = G..D. (A, 4 021 y) DIGH, + VFAL + o3l n

Ve = Ach,cSc + AcXc + Acnc + nd,c
whereA, = E [x.x] = diag{acl, 02y,...,02 5} and . "
Ay = E[XngH] _ dlag{od N d s o2 where A, = diag{A.1,..., A, n} and D, = ]E[ndycndyc] =

Then, the achievable ergodic sum-of-rates (in fbits/sten]) diag{De.,-- -, De.v}. Then the ergodic sum-of-rates for CF
UL communications in the-th cell is given by relaying is given by (in [bit/sec])

Rar = Wi, . ..} [1og2 (lN n PSDCHC,CHECDfQH ®) Rer =B, 6.} [Wilogy|In +He HIT|]  (14)

c,cmrc

1
whereQ = G” A'G. . and|.| stands for determinant. wherel' = P, A" (AC (A, +o2ly) Al + DC) A..

B. Compress-and-Forward Relaying C. Comparison with Other Cellular Systems

In CF relaying strategy, the RSs compress their obsengtion In this section, we look at both conventional cellular sgste
and send them to the BS. It has been shown in [2] that a&ere the BS antennas are co-located, and ideal DAS where
the RS-to-BS links improve the system mimics single-inptihe antennas are distributed in space and connected to the BS
multiple-output (SIMO) performance. Due to no direct linkvia noiseless links. We note that for both cases there is no
assumption between the MSs and the BS, the RSs canR& in the system anymore. The ideal DAS should provide
facilitate from side information of the received signal se¢ better performance due to different shadowing and path-los
the BS. Hence, compression done at the RSs boils down to #tieeach antenna [7]. These two schemes provide benchmark
standard rate-distortion scheme. Note that higher pedoo®a for relaying schemes considered above.
gains can be achieved by exploiting correlations between th As we considerN RSs for the relaying schemes, to have
compressed signals at the RSs (distributed source coddjy [1fairness we assume for both of the conventional cases that

The RSs first invert the channel gains to have unit-varianteere areN receive antennas at the BS which are either co-
i.i.d. ZMCSCG sourcey;, i.e., §.; = Aci Yei, Vi, Where located at the BS or distributed in space (at the same latstio
A = am—/\/ﬁ. The RSs generate the quantized codewords the RSs) and connected to the BS via noiseless links.



TABLE |
IV. MINIMUM OF ACHIEVABLE USERRATES FORSIC SIMULATION PARAMETERS

DECODERS

. . . . . Cell layout || B = 19 Hexagonal cells
In this section we will look at the minimum of the achiev- Cell radius || Reg = 2 km

able user rates which we believe is a good metric for fairness RSs to BS distancd| drs_.zs = 2 km
in cellular networks. We assume that the receiver is equaippe____MSS, RSs per cell GK :t6' ]|V=t6 s

. . sectoral antennas a
W|th_a SIC decoder Wher_e user sugna@ls are decoded by as- Antenna Type || | o o1 antenna at RS
suming undecoded user signals as noise and then subtracting 1 omni-directional antenna at MS
the decoded user signal from the received signal. For this Antenna Pattern|| 0345 = 60°, Amar = 20[dBi]

: : TAntenna Gains, in [dBi]|| Ggs = Grs = 15, Gpys =0
type of decoder the decoding order plays a crucial role. T Bolzmann constani| fa = 138 10~

find 'Fhe best deching order, one need_s to look at all of the5perating temperaturé| 7 = 200 Kelvin
possible permutations. Note that there is no rate penatty fO Band-width (first hop)|| Wi = 20 MHz

the achievable sum-of-rates in using SIC decoder. Rician fading factor || 10[dB] (only for RS to BS link)
. . . ) With 0 dB mean
Assum ! -norm
ssuming K users, there aré&! possible decoding orders Log-normal Shadowing ou — 8[dB] (BS to RS)

which we will denote with the arrall; = [r;(1),...,m(K)], osn = 2[dB] (BS and RS to MS)
Vi € {1,2,...,K!}. If we denoteR, ) as the achievable Path-Loss,PL(dB) [| 138 +39.61log,((d), d in [km]

user rate for thé-th user on the order séf;, we can find the

decoding order that gives the best minimum user rate as o KTOMSSN=6RSS P =30 [BM] R =2k dpg oo =2k
42% r r T T T
R . = max min R . 15 L —
T e(1,2,.. K} LETT; () (15) f — T I
38 “r P —
The SIC decoder provides a kind of degrees of freedomt = | 7.7 /7  g..--= - o oas
. . . . 3.6 - H
controlling the decoding order which would be used in favo Al
of increasing the achievable rate of the worst user. In othe . SR
words, it would be possible to have a fairer cellular system b 37 Torroa]

using the SIC decoder.

w
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V. NUMERICAL RESULTS

Average Sum-of-Rates [bits/sec]

~
k-

In this section we give some numerical results for the
achievable average sum-of-rates and minimum average ut
rates for the schemes described above. The cellular layc *%5 % R m?‘gBml = % 5
depicted in Fig.1 is used for the simulations whéte= 19 '
cells are considered. The cell radius is taken tofhg; = 2
km and RSs are placed at the corners of the cells. The BSs
are assumed to hawy sectoral antennas each directed to a

unique RS, each having a single sectoral anteARh&ISs with o
single omni-directional antenna are randomly and unifgrmfn® AF and CF schemes also mimic the performance of the

distributed in each cell. All channel gains include pathsio ideal DAS, i.e., they also have better performance in terims o
shadowing and antenna gain terms. We used parabolic antefdfess than the co-located antenna system.

pattern for the BS and RS witl3dB beam-width, 05,5

in degrees, and maximum attenuatiof,,,, in [dBi]. All VI. CONCLUSIONS

parameters used in the simulations are specified in Table I.

In Fig.2, we plot the achievable average sum-of-rates inln this paper, we consider relay-aided cellular UL communi-
[bits/sec] for the MSs in the central cell with respect to theations under intercell interference. Assuming orthogjfrea
relay transmit powerP,. in [dBm] for fixed MS transmit power quencies for the MS-to-RS and RS-to-BS links, the achievabl
P, = 30[dBm] and for different BW ratiosF' = 2,3,4. For average sum-of-rates and minimum user rates are analyzed
high P., we see that both AF and CF performances confer the AF and CF relaying schemes and compared with
closer to that of ideal DAS. Also, for alf’ values it can be two well-known cellular systems, namely the conventional
seen that atP, = 40 [dBm] the CF relaying performance cellular system and the ideal DAS. It is shown that a small
comes closer to the ideal DAS performance. For moderateBW expansion on the RS-to-BS links is sufficient for the AF
high RS transmit powers just with a bandwidth expansion ahd CF to approach the performance of the ideal DAS. In
two, the CF achieves the same performance as the ideal DA8dition we see that with the SIC decoder the ideal DAS

In Fig.3, we plot the achievable average minimum user ratestperforms the co-located antenna system in terms of the
with respect to the relay transmit powét, in [dBm] for fixed achievable average minimum user rates. Furthermore, it is
MS transmit powerP, = 30[dBm]. From the figure it can be shown that for moderate to high RS transmit powers the AF
seen that the ideal DAS is much more fair than the co-locatadd CF schemes provide better fairness than the convehtiona
antenna system. With the optimum ordering for SIC decodegllular system.

2.4

Fig. 2. Average sum-of-rates [bits/sec] verdgs



K=6 MSs, N:SRSS'PS:BO[dBm]’RceII :ka'dRS~BS:2km
T

== CONV.
——ideal DAS

15 1

Minimum Average User Rate [bits/sec]

30 35 40 45 50 55
P in [dBm]

Fig. 3. Minimum average user rate verdgswith SIC decoder after optimum
decoding ordering.
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