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ABSTRACT other proposals for next generation wireless networks 1o in
crease system capacity and coverage fairness such as DAS
nd multi-cell coordination. The impact of limited-capsci
ackhaul on both multi-cell processing and MS cooperation
or the uplink (UL) and the downlink for non-fading Gaus-

In this paper, we consider a cellular network assisted bylfixe
relay stations (RS), which are used by mobile stations (MSZ
to access the base station (BS) via a relaying strategy, Iylamef

Amplity-and-forward (AF) and Compress-and-forward (CF). ;. ' onviog have been studied in [7, 8]. Even though the

We analyze the achievable sum-of-rates for uplink commu= . )

L . L ._above proposals provide huge system performance gains, the

nications. It is assumed that mobile signals and relay sig-, : . ) .

. ) L deployment of RSs in cellular networks is preferable since i

nals are emitted on orthogonal bands, with the possibifity o. d . ; .

: . .~ _is easier (due to relay terminal size) and more flexible (due t
having a larger bandwidth (BW) on the relay-to-base lmkshavin wireless links between RSs and BSS)
Our key result is that with a relay bandwidth just twice that 9 '

of the mobile’s bandwidth, the system capacity approaches In this.paper, we analyze the achievable UL sum-of-rates
: é)f relay-aided cellular systems. We compare the AF and CF

ideal DAS requires new backhaul links with very high capac-.relaym.g strategies, with two well-known cellular systentere
ity. Moreover, with the successive interference candeliat in the first case the BS antennas are assumed to be co-located

(SIC) decoder at the BS, it is shown that under certain Condi(_conventional cellular systems) and in the second case they

tions the fairness performance in terms of minimum usesrate®'© assumed to be distributed in the cell and be connected to

achieved by relay-assisted cellular systems is the sanags tthe BS via very high capacity wired links (vyhic_h compligates
of an ideal DAS. backhaul network deployment). The contributions of this pa

per are: firstly, we propose a theoretical analysis of thagai
brought by fixed RSs in a cellular scenario. The key point is
1. INTRODUCTION that we exploit the ability of the system designer to enginee
] . ) near line-of-sight links between the RSs and the BS at de-
Lately, deployment of relay stations in next generatiofueel oy ment time. Secondly, a major novelty of this paper is the
lar systems has been envisaged as it provides better link quayjicit taking into account the inter-cell interferencepiact
!ty, coverage and/or higher network throughput, and hencgy, ne relay performance. Thirdly, we compare AF and CF
improves the overall system performance [1, 2, 3]. Up t0 NOWg|aying which are two leading forms of relaying strategies
different relaying stra;elgles have been widely studiedo i o case of a strong RS-to-BS link [2]. We show the advan-
prove the spectral efficiency and system performance whetg e of CF in a situation where the bandwidth allocated to the
AF, CF and decode-forward (DF) are the main relaying strater s 15-BS links is greater than or equal to twice the bandwidt
gies. In this paper, we consider the AF and CF relaying strat&y the MS-to-RS links. Moreover, we show the gains brought
giesin prder to benefit from joint processing at the BS Wthl’by relays when compared with the ideal DASs (more expen-
is possible due to a strong relay-to-base link. sive and unrealistic), and the conventional cellular syste

Recently, there has been a great deal of research on relayina|ly, it is shown that with the SIC decoder one can get in-
assisted infrastructure based networks due to the paténtia  perent fairess in terms of achievable minimum user rates.

provements in system performance provided by the relaying

mechanism. The performance improvements take the form

of reducing deployment cost, reducing terminal transraissi 2. SYSTEM MODEL AND PROBLEM DEFINITION
power, enhancing network capacity, extending radio range,

mitigating shadowing effect and providing spatial diversi In this section, a generalized signal model for multi-cel-n
[4], [5], [6]. In addition to relaying, there have been someworks comprising infrastructure RSs will be given. We con-



sider UL (from MSs to the BS with the aid of RSs) communi-
cation in a hexagonal wrap-around cellular topology with
cells. Each cell hag” MSs wishing to communicate with the
BS through/V RSs which are placed at the corners of the cell. o, s =
Each BS is assumed to havé sectoral antennas. We con- &—&-——f—#—— & f—# A
sider a network scenario where the total number of RF chains % ¢ N
(i.e. antennas) added due to the deployed RSs is equal to the/ “,." \_~ *,
number of RF chains in the BSs. Therefore for each of the® & F
consideredV sectoral BS antennas, one sectoral RS antenna
is added into the network. The added RS antenna is assumeg
to be directed at the corresponding BS sectoral antenna, for
maximum power gain. Each MS has single omni-directional
antenna. This system set-up is depicted in Fig. 1.

We index the BSs by = 1,2,..., B. The system per-
formance in terms of achievable sum of rates will be ana-
lyzed where we choose the central cell (eglifor perfor-
mance evaluation. Unlike in single-cell networks [9], ifisth Fig. 1. RS deployment i = 19 cells network. The BSs
paper we want to see the effects of interference on the infra§iave N = 6 sectoral antennas each directed to a unique RS.
tructure relaying schemes. Lkt x = /Tm’b’k ilc’i,hk, Each RS consists 8fRF elements each serving a unique cell.
i=1,2,...,N,k=1,2,..., K andVe¢,b € {1,..., B} de-
note the channel coefficient at the first hop (from the MSs to
the RSs) betweek+th MS in theb-th cell andi-th RS in thec-
th cell whereh, ; ; 1, is an independent identically distributed
(i.i.d.) zero mean circularly symmetric complex Gaussia
(ZMCSCG) random variable unit variance aifid; ; 5, is the
channel gain fronk-th MS in theb-th cell to thei-th RS in the
c-th cell including path-loss, transmitter and receiveeant
gains and shadowing effects.
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3. TRANSMISSION STRATEGIES

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 belV; and to the second hop B&; where BW ratio is
integer and given by’ = W, /W, € N't. By controlling
- it will be possible to make second hop appear more ideal. We
Similarly, 1€tge.i.b.n = \/®c.ib.n Ge.ib,n dENOtE the chan-  assyme frequency division duplex (FDD) relaying, i.e. tfirs
nel coefficient at the second hop (from the RSs to the BSjnq second hop communications take place on orthogonal fre-
betweenn-th RS in theb-th cell andi-th beam of the BS in - qyencies. It is assumed that there is no direct-link between
thec-th cell, wherej. i » is ani.i.d. ZMCSCG random vari-  \ss and the BSs which will serve as a lower bound for AF
able with unit variance ané. i ;. is the channel gain from  ang CF schemes for cellular networks. The MSs communi-
n-th RS in theb-th cell toi-th beam of the BS in-th cell,  cate with the RSs in the first hop, while the RSs communicate
Vi,n € {1,2,..., N}, including path-loss, transmitter and \yith the BS in the second hop.
receiver antenna gains and shadowing effects. The specifica \\e assume that each RS knows its corresponding receiver
tions of channel gains are explained in details in Sectidn 5. cs| and each BS knows just the CSls for the MSs that are
what follows, we will consider ergodic rates and thus the sin|ocated in its cell, and they treat the signals coming from su
gle coefficient channel model is sufficient even to charéser rounding cells as interference signals which are taken to be
wide-band channels (e.g. OFDM). Gaussian random variables with zero mean and some vari-
ance depending on the channel gain between each BS and
interfering nodes.
2.1. Problem Definition In the first hop, the received signal at théh RS in the

c-th cell is given by
It is clear that DAS are an idealized form of fixed RSs where

there is no concern of backhauling the MS data to the BS  y.; = thﬂ;.CSc + Xeit+nei, i=1,2,...,N (1)
through the RSs. However, with wireless connection from

the RSs to the BS back hauling of the MS data becomes &heres, = [s. 1, .. .,qu]T ands.. j; is the transmitted signal
bottleneck for the overall communication. Consideringthi from k-th MS in thec-th cell with average power constraint
problem in this paper we try to find answer to the following E[|s.x|?] = Ps,Vk, heic = [heict,--sheicx]t is the

questions: what is the impact of the nonideal link betweerthannel vector from all MSs in theth cell to thei-th RS in
the RSs and the BS on overall capacity? How much bandhe c-th cell. Andn.; ~ CN(0,02) is the noise ai-th RS
width should be set aside for the RS-to-BS links? And whichin the c-th cell wheres? = NyW; for N, representing the
relaying strategy performs better ? noise power spectral density, ; ~ CN (0, a§7i) with aii =



b=1 —, Y..u.1Ps. Invector form, the received Signals whereG,. . € C XN channel matrix from all RSs in theth
k=1 0,0, )
b#c

cell to the BS inc-th cell, z. € CV*! is the equivalent noise
term which has the following covariance matrix

Y. = HeeSe+ Xe+Ne @ A -k [zczf]:GC’CDC (Ar +02IN) DIGHE, + VA4 + o3l n

wheren, € CX*1 is the noise vector at the RSH,.. €
CN*K s the channel matrix from all MSs in theth cell to
the all RSs in the-th cell, andx. = [xc.1,-- -, Xen]? is the
total interference vector at the RSs in thth cell.

At the second hop, assuming the BSs havsectoral an-
tennas, each directed to a unique RS, the received signal atRar = WiE. . 6.} [log2 )IN +P5DCHC,CH56D£’QH
thei-th sector antenna of the BS érth cell is given by

atthe RSs, i.ey, = [yc1,--.,y.n]7, are given by

whereA, = E [x.x] = diag{o?,,02,,...,07 y} and
AV E[nggH} = dlag{adcl,adc2,...,02

Then, the achievable ergod|c sum-of-rates (|n [b|ts/sec])
for UL communications in the-th cell is given by

whereQ) = G A

c,C C

-'G. . and|.| stands for determinant.
ygz = gcT.i,cXc + Xf:iz + ng,iv i=1,2,...,N (3)
wherex, = [z.1, ..., 7. n]T andz., is the transmitted sig- 3.2. Compress-and-Forward Relaying
nal from n-th RS in thec-th cell with average power con- In CF relaying strategy, the RSs compress their obsenation
straintE[|z. n|*] = P, Vn, andx?, ~ CN(0,07 ;) with  and send them to the BS. It has been shown in [2] that as
Zh ) Zn L @eipnPr, andnd; ~ CN(O 02) is the RS-to-BS links improve the system mimics sir?gle—ir}put
multiple-output (SIMO) performance. Due to no direct link
assumption between the MSs and the BS, the RSs cannot fa-
cilitate from side information of the received signal seén a
vl = GueXet x4+ nd (4) the BS. Hence, compression done at the RSs boils down to
¢ © e the standard rate-distortion scheme. Note that higheoperf
whereG, . € CV*N is the channel matrix from all RSs in mance gains can be achieved by exploiting correlations be-

2

d c,t
the noise at theth sector antenna of the BSérth cell where
o2 = NoW,. Combining all of the received signals we get

thec-th cell to the BS in the-th cell, y¢ = [x?,,...,x% y]T  tween the compressed signals at the RSs (distributed source
is the total interference vector at the RSs in ¢ké cell. coding [10]).
The RSsfirstinvert the channel gains to have unit-variance

Aci = aci//P-. The RSs generate the quantized codewords
In AF the received signal at the RSs are scaled according tccording to the distributiorf (ve s|je.s) ~ CN (§e.i, Dei),

nodes’ power constraints and forwarded to the BSs. Thougiyhere D, ; is the noise variance due to the distortion in re-
simple, the AF relaying strategy suffers from noise amplifi- constructingj,.;, i.e.,
cation. For AF the same signaling dimensions can be used in ~
the first and second hop, i.8}; = W5, hences? = o2 = Ve,i = Ye,i T Nd,c,i 9)
NoW;. For fairness in comparison between the AF and CE/vherend i ™ CN(O D..). Each RS sends the compressed
schemes, the RS transmit power is increased by a f@ttor signal to the BS with ratéﬂc ; which is (considering (9))
the AF scheme. ’

According to the received signal at the RSs given in (1), Res = Wi T (§osi ves) = W1 log, (1 . 1 ) (10)
the scaling factors are given by ’ e D,

or in terms of distortion
Qi = F 5-(5) Ho_ 1 ‘ O
E [|ye,il?] Hhcch Py +0cz+a i = SR W ] Vie{l,2...,N}. (11)

The signal vector transmitted by the RSs ondtih cell is To be able to send compressed signals reliably to the BS,
the RSs should select the compression ralks, according
Xe = Dey,=DcHeeS+Dexe+Dene (6) o the MAC rate region on the second hop which is [11]

whereD, = diag{VFac1, VFaca,....VFaen} The N R =T(X.s; Y Xese) ¥S C{1,2,...,N}. (12)
received signal vector at the the BS on thth cell is given ies
by Assuming all RSs operate on the equal-rate point inside the

d d d achievable rate region, i.&.1 = Rco=...= R.n = R
= G..D.He .S + GeDexe + Ge.cDone + VF n gion, I.€c 1 c,2 N e
Ye 7 S+ Ge cDexe + G, TVEXe e have the following rates for each RS

=G Do Hee S + 2 (7  Re= Ij/j [log2 (IN + PG Gl (Aa+odly )*H . (13)

Zc



decoding order that gives the best minimum user rate as
Provided that we select the quantization rates according to
MAC limits, we can represent the received signals of each RS min = ie{lr.g??.(,KI} {2}}1 R, 1y- (15)
with a certain fidelity at the BS. As our aim is to find the sum- ’
of-rates from the MSs to the BS, having multiple independenThe SIC decoder provides a kind of degrees of freedom by
representations of the received signals at the RSs willli®lp controlling the decoding order which would be used in favor
to improve the network capacity. of increasing the achievable rate of the worst user. In other
The BS jointly decodes the MSs messages using the quamords, it would be possible to have a fairer cellular systgm b
tized signals in (9) which have the following vector form using the SIC decoder.

Ve = AcHecSe + Acxe + Aclle + Nac 5. NUMERICAL RESULTS
whereA, = diag{A.1,..., Acn} andD. = E[nq.ng'.] = n this section we give some numerical results for the achiev
diag{De,1, ..., Dc,n }. Then the ergodic sum-of-rates for CF ap|e average sum-of-rates and minimum average user rates fo
relaying is given by (in [bit/sec]) the schemes described above. The cellular layout depicted i

_ - Fig.1 is used for the simulations whele= 19 cells are con-
Rerp =By, 6.0} [Wl log, ||N + Hcvch,cFH (14)  sidered. The cell radius is taken to Be.;; = 2 km and RSs
. are placed at the corners of the cells. The BSs are assumed to
wherel’ = P, AX (Ac (Ar + 072;|N) Al 4 Dc) A.. have N sectoral antennas each directed to a unique RS, each
having a single sectoral antenn&. MSs with single omni-
directional antenna are randomly and uniformly distriblite
3.3. Comparison with Other Cellular Systems each cell. All channel gains include path-loss, shadowint a
antenna gain terms. We used parabolic antenna patterrefor th

In this section, we look at both conventional cellular syste . . .
where the BS antennas are co-located, and ideal DAS wheft> and RS witiBdB beam-width/);q5 in degrees, and max

_ : um attenuatio in [dBi]. All parameters used in the
the antennas are distributed in space and connected to the S Mg in [AB] P

via noiseless links. We note that for both cases there is nglmulat[ons are specified in Table L. .
In Fig.2, we plot the achievable average sum-of-rates in

RS in the system anymore. The ideal DAS. should provid bits/sec] for the MSs in the central cell with respect tortire

better performance due to different shadowing and path-lo . . . :

at each antenna [7]. These two schemes provide benchmal transmit power/?, in [dBm] for fixed MS transmit power
' P s = 30[dBm] and for different BW ratiosF’ = 2, 3, 4. For

for r:laylng sch_zm;s;cs)ns;de{sd atl)ov_e. h o h high P,., we see that both AF and CF performances come
S We conside s forthe relaying schemes, 10 NAVe - qar 10 that of ideal DAS. Also, for alt’ values it can be

fairness we assume for both of the conventional cases thgéen that af, — 40 [dBm] the CF relaying performance
there areN receive antennas at the BS which are either co- "

L . ~~comes closer to the ideal DAS performance. For moderate to
located at the BS or distributed in space (at the same lotsatio P

. . . high RS transmit powers just with a bandwidth expansion of
as the RSs) and connected to the BS via noiseless links. two, the CF achieves the same performance as the ideal DAS.

In Fig.3, we plot the achievable average minimum user
4. MINIMUM OF ACHIEVABLE USER RATES FOR rates with respect to the relay transmit powerjn [dBm] for
SIC DECODERS fixed MS transmit poweP; = 30[dBm]. From the figure it
can be seen that the ideal DAS is much more fair than the co-
In this section we will look at the minimum of the achievable located antenna system. With the optimum ordering for SIC
user rates which we believe is a good metric for fairness islecoder, the AF and CF schemes also mimic the performance
cellular networks. We assume that the receiver is equippe@f the ideal DAS, i.e., they also have better performance in
with a SIC decoder where user signals are decoded by assuigfms of fairness than the co-located antenna system.
ing undecoded user signals as noise and then subtracting the
decoded user signal from the received signal. For this type 6. CONCLUSIONS
of decoder the decoding order plays a crucial role. To find
the best decoding order, one needs to look at all of the posa this paper, we consider relay-aided cellular UL commu-
sible permutations. Note that there is no rate penalty fer thnications under intercell interference. Assuming orthwjo
achievable sum-of-rates in using SIC decoder. frequencies for the MS-to-RS and RS-to-BS links, the achiev
AssumingK users, there ar&’! possible decoding orders able average sum-of-rates and minimum user rates are ana-
which we will denote with the arrall; = [m;(1),...,m;(K)], lyzed for the AF and CF relaying schemes and compared with
Vi € {1,2,...,K!}. If we denoteR,, as the achievable two well-known cellular systems, namely the conventional
user rate for thé-th user on the order sél;, we can find the cellular system and the ideal DAS. Itis shown that a small BW



expansion on the RS-to-BS links is sufficient for the AF and
CF to approach the performance of the ideal DAS. In addition

Table 1. Simulation Parameters

we see that with the SIC decoder the ideal DAS outperforms

the co-located antenna system in terms of the achievable av
erage minimum user rates. Furthermore, it is shown that for

Cell layout || B =19 Hexagonal cells
Cellradius|| Ree;p = 2 km
RSs to BS distance drs_.ps = 2 km
MSs, RSs percelll K =6, N =6

moderate to high RS transmit powers the AF and CF schemes
provide better fairness than the conventional cellulatesys

6 sectoral antennas at BS
1 sectoral antenna at RS
1 omni-directional antenna at MS

Antenna Type
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