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Abstract—In this paper the benefits provided by multi-cell ’

processing of signals transmitted by mobile terminals whil
are received via dedicated relay terminals (RTs) are assess.
Unlike previous works, each RT is assumed here to be capablé o
full-duplex operation and receives the transmission of adjcent
relay terminals. Focusing on intra-cell TDMA and non-fading
channels, a simplified uplink cellular model introduced by Wyner
is considered. This framework facilitates analytical dervation of
the per-cell sum-rate of multi-cell and conventional singt-cell — Zm+1,n
receivers. In particular, the analysis is based on the obseation
that the signal received at the base stations can be interpred as
the outcome of a two-dimensional linear time invariant systm.
Numerical results are provided as well in order to provide futher
insight into the performance benefits of multi-cell procesmg with
relaying.

Wm+1.n

I. INTRODUCTION Xon 10 Xom o Xontion

Techniques for provision of better service and coverage
in cellular mobile communications are currently being swe Fig. 1. Network model
tigated by industry and academia. In this paper, we study
the combination of two cooperation-based technologies tha
are promising candidates for such a goal, extending previolhich defines the gain experienced by signals travelling to
work in [1] [2]. The first is relaying, whereby the signalinterfered cells. Notwithstanding its simplicity, this o
transmitted by a mobile terminal (MT) is forwarded by #aptures the essential structure of a cellular system and it
dedicated relay terminal (RT) to the intended base staB@) ( Provides insight into the system performance. The RTs added
[3] (see also [4] for a more recent account). The throughpi@® the basic Wyner model in [1][2] are assumed to operate in
of such hybrid networks has recently been studied in thet lin# half-duplex mode and to receive signals from the MTs only
of asymptotically many nodes [5][6]. Moreover, informatio (&nd not from adjacent RTs).
theoretic characterization of related single-cell scmsahas  In this work we relax the latter restrictions by allowinglful
been reported in [7]. The second technology of interest isereduplex operation at the RTs and considering the signal path
multi-cell processing (MCP), which allows the BSs to joyntl between adjacent RTs. Focusing on an intra-cell time-idinis
decode the received signals, equivalently creating aibliged multiple-access (TDMA) operation and non-fading channels
receiving antenna array [8]. The performance gain provid®¢ assess the gain provided by the joint MCP approach
by this technology within a simplified cellular model wag$Vver the conventional single-cell processing (SCP) schigyne
first studied in [9][10], and then extended to include fadingeriving the per-cell sum-rate in the two scenarios. We ffinal
channels by [11], under the assumption that BSs are corthed@mark that a further contribution of this paper with reggec
by an ideal backbone (see [12][13] for surveys on MCP). [1][2] is the extension to a relaying scenario of the anabti

Recently, the interplay between these two technologies H&gmework introduced in [9], whereby the signal received by
been investigated for amplify-and-forward (AF) and decodéhe BSs is interpreted as the outcome of a linear time-iawéri
and-forward (DF) protocols in [1] and [2], respectively.€rh System.
basic framework employed in these works is the Wyner uplink
cellular model introduced in [9]. Following the linear vaani
of this model, cells are arranged in a linear geometry andWe consider the uplink of a cellular system with a dedicated
only adjacent cells interfere with each other. Moreovegrin RT for each transmitting MT. We focus on a scenario with no
cell interference is described by a single parameter [0, 1], fading and employ the framework of a linear cellular uplink
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channel presented by Wyner [9]. RTs are added to the basii,ﬁ hy e R By v
Wyner model following the analysis in [1][2] (see Fig. 1 for % T ! %
a schematic diagram of the setup). Throughout this paper we J
make the following underlying assumptions: z hs
o The system includes infinitely many identical cells ar-
ranged on a line. Fig. 2. Equivalent 2D LTI channel.
« A single MT is active in each cell at a given time (intra-
cell TDMA protocol).
« A dedicated single RT is available in each cell to relais given by

the signal from the MT.
« The signals from the MTs are received by the BSs vigd'mn

== 'YRm,nf)\+77Rm71,n7)\+77Rm+1,n7)\+Wm,n 5 (2)

the relays (and not directly from the MTs). _ where W represents the additive complex Gaussian noise
« Each RT receives t_he signals of the MTs from its OWBrocessW,,., ~ CN(0,02,), which is assumed to be i.i.d.

cell and the two adjacent cells only. _ with respect to both the time and cell indices and to be
« Each BS receives the signals of the RTs from its own ceffatistically independent of. In addition, the RTs’ gainy

and the two adjacent cells only. is selected to satisfy the average power limitation
o The channel power gain from the MT to its local RT,

and its two adjacent RTs are denoted By and o? o2(9) £ E{|Rnnl’} <Q .

respectively.
« The channel power gain from the RT to its local BS, I, SUM-RATE ANALYSIS

and its two adjacent BSs are denoted by and ~2 In this section, we derive the per-cell sum-rate of the ¢alu

respectively. system at hand with MCP at the BSs and in the reference case
« The channel power gain from the RT to its two adjacentith SCP.

RTs is 2. . . .
o The MTs use independent randomly generated compléx Joint Multi-Cell Processing

Gaussian codebooks with zero mean and paiter In this section we assume that the signals received at all
« The average transmit power of each RT{Js BSs are jointly decoded by an optimal central receiver. The
. The RTs are assumed to be oblivious and to use an Agceiver is connected to the BSs via an ideal backbone and

relaying scheme. is assumed to be aware of the Gaussian codebooks of all the

« The RTs are assumed to be capable of receiving aN's: It is noted that using similar arguments as in [9], it can
transmitting simultaneously (i.e., we assume full-dupldk® shown that in this setup an intra-cell TDMA protocol is
operation, which amounts to assuming perfect echeptimal.

cancellation between transmit and receive paths). Extending the one dimensional (1D) model introduced in
« The RTs amplify and forward the received signal with &]. the linear equations (1) and (2) describing the netwafrk
delay of A > 1 symbols (an integer). Fig. 1 can be interpreted as a two dimensional (2D) lineag tim

« The propagation delays between the different nodes of thariant (LTI) system. The block diagram of the equivalent
system are negligible with respect to the symbol duratioAD LTI system is depicted in Fig. 2 where the 2D filters read
« No cooperation is assumed among MTs. Pimn = 0n(@bm—1 + BOm + adpmi1)

« No cooperation is assumed among RTSs.
P g h2m,n = 571(776771—1 + ’76m + 775m+1)

« All the attenuation parameters are known to the BSs. ()
The main differences between the current model and the hremn = 90n—x0m
model presented in [1] [2], are: (a) full-duplex operatidrnte R3m.n = 1100 (Om—1 + Omi1)

relays (which introduces the relaying delay, (b) no direct \ i, 5 genoting theKronecker delta function. The corre-

conr!ection betvvee_n the MTs and the_BSS; and (c) the Rgﬁonding 2DFourier transforms of the signals in (3) are given
receives also the signals of the two adjacent MTs.

Accounting for the underlying assumptions listed above,bay Hi(0,0) = 8 + 2acosd
baseband representation of the signal transmitted byrthte ’
RT for an arbitrary time index. is given by Hy(0, ) =7 + 2n cos f 4)
Hr(ev (P) = ge_J)\Lp
Rm,n =g (ﬁXm,n + aXm—l,n + aXm+l,n+ ]{3(97 90) — 2# cosb .

Bt + 1Bt + Znn) 5 (1) Since the noise processes and W are zero mean i.i.d.
where Z represents the additive complex Gaussian noise pasmplex Gaussian and statistically independent of eacéroth
cesSZy » ~ CN(0,0%), which is assumed to be independerand of the input signak’, the output signal at the BSs can be
and identically distributed (i.i.d.) with respect to bottettime expressed as
and cell indices. The received signal at theth BS antenna Yin =8nn + Nmn s (5)



where S, , and N,, ,, are zero mean wide sense stationaryn addition, by setting: = 0 in (10) we obtain that
(WSS) statistically independent processes representieg t Q

. . . . 2 _
useful part of the signal and the noise respectively. Nowgus 9o = P +2a2) + o2 (12)
the 2D extension of Szegd’s theorem [9], the achievable rat Z
in the channel (5) (without spectral shaping), which is équa
to the achievable per-cell sum-rate of the network, is gieen

arbitrary g by

2) Half-duplex operation: In this case, the RTs are not ca-
pable of simultaneous receive-transmit operation. Adogyy,
the time is divided into equal slots: during odd numberetsslo
or o the MTs are transmitting with powe&P and the RTs only

ep = L/ / log (1 + Ss(0, ¢) > dp do, (6) receive, while during even numbered slots the MTs are silent
P @ Sn (8, ) and the RTs transmit. It is easily verified that the per-agths

where Ss(0,¢) and Sy (0,¢) are the 2D power spectralrate in this case is given by multiplying (11) by2 while
density (PSD) functions of and N respectively. replacingP and@ respectively with2 P and2@), in both (11)

On examining Fig. 2, we see that the PSD of the usefahd (12).

signal is given by B. Single Cell-Ste Processing

H,H,H, |*

Ss(0,0) =P |H5(9,<P)|2 _p : @) I_n this section we consider a conv_entional SCP sche_zme in
1—-H,Hs which no cooperation between cells is allowed. According to
while the PSD of the noise is given by this scheme, each cell-site receiver is aware of the codeboo
| H H, 2 of its own users only, and it treats all other cell-site signa

+ot, , as interference. Notice that since the RTs are obliviousy th
AF operation is not influenced by the fact that the BSs are
(8) p y

where the transfer functiond,, H,, H,, andH; are defined not cooperating. In addition, since the input signals andeno
in (4) statistics remain the same, expression (10) is also vafithio

current setup.
Proposition 1 The per-cell sum-rate of MCP with AF relaying The output signal can be expressed as

is glven by Ym,n — SUm,n + Slm,n +Nm,n ,
27 / 2
Ruep = 2i/ log (A tB+yv(A+B)?-C ) do where the useful part of the output sigrfa) is defined as
T Jo

Sn(0,¢) = o7 |[Hn(0, )| +ofy =0%

1-H.H;

B++B?2-C? o
©) SUmn = Y hsoniX
Um,n — S0,n—1xm,l »
where , , , s
A
A= Pg™(B + 2accos )7 (v + 2n cos 0) andhg and hy are the signal and noise space-time impulse
B £ 6%9%(y + 2ncos0)? + oy (1 + 4g°p* cos® 0) response functions whose Fourier transforms are given)in (7

and (8) respectively. The interference part of the outpgnali
St is defined as

oo oo
Slm,n = E E hsmfll,nbeh,lz ,

(10) llll—;é—moo l2:—OO

and the noise part of the signal is defined as

C4 40‘2,Vgucosb' .

Furthermore, the optimal relay gain g, is the unique solution
to the equation 02(g) = Q where

2 2 2
o2(g) = (PB% + 0%)g? 4Po’g

VI=(2p9)t /1= (2p9) +1 - (2u9)?
is the relay output power.

Proof: See Appendix A. n Non= Y > ‘No-tyn-taZiis + Wi -

It can be seen that the optimal gain is achieved when the ly=—00 ly=—00
relays use their full powe®, and thatg, 0o 1/(2p). Other  sincex, 7, andW are independent of each other, zero-mean
observations are that the sum-rag,., is not interference complex Gaussian and i.i.d. in space and time, it is easily
limited and that it is independent of the actual RT delay galwerified thatSy, S, and N are independent and zero-mean
A. In the following, we consider some relevant special casezomplex Gaussian as well. It is also evident that for each

1) No adjacent RTs reception (1 = 0): This scenario the processes are WSS along the time axisAccordingly,
refers to the case in which the RTs are employing directiondle output process at the’th cell can be seen as a Gaussian
antennas pointed toward their local BSs (see also disaussinter-symbol interference (ISI) channel with additive a@d
in [1] [2]). In this case, the general expression (9) reduoces independent interference and noise.

Ruep—da = Proposition 2 The per-cell sum-rate of SCP with AF relaying
1 /2” ( PgQ(ﬁ + 2acos 6)2(y + 21 cos 9)2) " is given for an arbitrary relay gain 0 < g < g,, by

0%9%(y + 2ncos6)? + o, ('11) o 1 /277 og <1 N Su(p) > dy
P or Si(¢) +Sn(p) ’
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Sum-Rate with Optimal Relay Gain (P=10[dB], Q=20[dB], 0\2N=c§=0[dB], B=y=0.8, a=n=0.2)
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considered. The received signal at the BSs can be seen as the
output of a 2D LTI channel. Using the 2D version of Szegd'’s
Theorem, a closed form expression for the achievable der-ce
sum-rate of intra-cell TDMA protocol has been derived. As

a reference the rate of a conventional SCP scheme, which
treats other cell MTs’ signals as interference, has alsam bee

1 derived. Comparing the rates of the two schemes, the benefits
of the MCP scheme has been demonstrated. Moreover, we
have observed that the rates of both schemes are decreasing
with the intra-relay interference factog,. The latter can be
explained for the MCP scheme, by the fact that the equivalent
2D LTI channel becomes more distorted with increasing
Since no MTs cooperation is allowed and no rate splitting is
used, this distortion can not be mitigated by power allacati
over time or space, and the resulting rate decreases with
u. We also have shown that using the full power of the
u RTs is unconditionally optimal only for the MCP scheme.
Numerical results have revealed that under certain camdifi

the SCP setting produces an equivalent noisy ISI chanrel, th
rate of which is not necessarily maximized by using the full
RTs power. Other more sophisticated relaying schemes, are
currently under further investigation.

Optimal Relay Gain
T N
T

Fig. 3. Sum-rates per-cell

where Sy (¢), Si(¢), and Sy(yp) are the 1D PSDs of the
useful signal, interference, and noise respectively:

) 9 APPENDIX

Su(p) = % Hg(6,¢)do A. Proof of Proposition 1

(2m) ) 0 ) , Itis easily verified that the RT output sign&l,, », (1) is a

P [T 2 P T WSS complex Gaussian 2D process with zero mean. Hence,
Si(p) = %/0 |Hs (6, 0)|" d0 - (2m)2 Hs(6,0)d0)| g power can be expressed by
2 2m 2 2

Sn(p) = ”—Z/ |Hn (0, 9)|° d6 + o2 . 0,(9) = E{|Bmn|"}

27 0 B 1 27 2m (P|H1|2+0'%)|HT|2d i

Proof: See Appendix B. )y 11— H, s ¥

_It is noted that_ in con_trast to the MCP s_cherﬂés,Cp is on  pom (21)2(P(8 + 2acos0)? + 02)g?
interference limited. It is also easy to verify th#t., is = T4 2 3 1022 cos2 0 de db
independent of the actual RT delay vale o Jo 1 4gucosdcos(Ap)+4g?u? cos (13)

where the third equality is achieved by substituting (4)- Ex

amining (13), it is clear that in order for the relay to tramsm

In Fig. 3-a the sum-rates per-cell of the MCP and the SGfpiie nower (or for the whole system to be stable) the poles
schemes are pI(;tted as funct|on520f the mter-reglay mtgemtae of the integrand must lie inside the unit circle. Assumingtth
fa20toru for P/o* =10 [dB], Q/0” <20 [dB], 07 = oy = ig real this condition implies that
c® =1, a=n=0.2,andg = v = 0.8. The curves are plotted
for an optimal selection of the relay gajnwhich is shown for _
both schemes in Fig. 3-b. Examining the figures, it is obskrve 2p
that for this setting the MCP scheme demonstrates a meaniftgs also verified by differentiating the integrand of (13ithv
ful improvement on performance over the SCP scheme. Ttespect tog that o2(g) is an increasing function of with
deleterious effect of increasing inter-relay interfencis +2(0) = 0. By making a change of variable’ = \p, and
also demonstrated for both schemes. Moreover, the optinategrating (13) overy’ we get
relay gain for both schemes also decreases witlAnother o
observation is that the optimal gain of the SCP scheme isg2(g) = i/ (P(ﬁ—f-?ac;)sf)z—;—a%)
lower than that of the of the MCP scheme ferlarger than 2m Jo 1 —4g°p? cos® 0
some threshold. Hence, using the full power of the RTs ighere the last equality is achieved by using formula 3.616.2
sub-optimal for the SCP scheme under certain conditions. of [14] and some algebra. It is noted that (14) implies that th
power of the relay signal isndependent of the actual relay
delay duration. Expression (14) can be further simplifietd in

In this paper, joint MCP of MTs that are received onlyts final closed form of (10), by applying formulas 3.653.2lan
via dedicated RTs applying full-duplex AF relaying, hasibee3.682.2 of [14] and some additional algebra.

IV. NUMERICAL RESULTS

g <

2
949, (14)

V. CONCLUDING REMARKS



To derive the per-cell sum-rate expression for an arbitraand that the 2D Fourier transform 6f9mm is given by
RT gaing, we substitute (7) and (8) into (6) to obtain ﬁz(t?, @) = Flhsmn} * +F {1 — 5}

L = Hs(0, )+ +((2m)°5(0)3(p) — 276(9))
Rmcp = o2 9
@) Jo Jo CH(0.0) — [ He(0, 0)d0
log [ 1+ P |H H Ho dp db . (15) ST gy
(0] .
& o2 |H,Hs|* + 0%, |1 — H,Hs|? 4 Hence, the interference PSD is given by

Itis easily verified by differentiating the integrand of jMith ¢ (o) =P 1 [ (0 (p)‘r"d@

respect tog, that the rate is an increasing function of the RT 2 Jo

gaing for 0 < g < 1/(2u). We can conclude that, sineé(g) 1 2 1 2 2

is also an increasing function of the rate is maximized when = P~ / Hs(0,¢) — o Hs(0',p)do"| do

the RTs use their full power by setting their gainggowhich 02 0 , )

is the unique solution to?(g) = Q. Finally, by substituting _ , L (™", V20 p 1 " (6. 0\do

(4), applying formula 4.224.9 of [14] twice to (15), and ugin 27 Jo [Hs(6,0)] (2m)2 s(0,¢)

some algebra we obtain (9). ACKNOWLEDGMENT
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First, we express the three PSDs of interest in terms
the system signal and noise 2D transfer functidhs(d, )
and Hy (0, ¢). Starting with the noise component, it is easil
verified that its PSD is given by
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