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Multi-cell processing for uniform capacity
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*University of Lyon, INRIA, INSA-Lyon, CITI F-69621, France
fUniversity of Lyon, CPE Lyon BP 2077, F-69616, France

Abstract—In this paper, we study the potential of Multi- precoding strategies. They derived the capacity regioms an
Cell Processing (MCP), via Base Stations (BSs) coordination, hounds for various cooperative strategies including tteallo
to improve the uniform capacity of a wireless network. MCP a5 for two classes of users (inner and outer), and showeed th
is particularly efficient for edge-cell users that experience very tradeoff bet th £ f MCP and th d
low SINR when an intensive spectral reuse is employed. _ra eoit between the per orma_mc_e 0 an € cor_respon B

We choose a baseline form of MCP to show that a simple iNg cost of cooperation. A distributed power allocation and
Alamouti-like code can enhance the SINR by accounting the scheduling algorithm for DL based on local SIR information
strongest interferer as a useful signal at the receiver. only was proposed in [2]. In every slot, the most interfering

After having introduced the formulation for uniform capacity,  ragoyrces are switched off as long as this operation coigsb
we numerically derive the optimal conditions to use MCP. We L
to the overall capacity increase.

then validate our approach by simulation and show that this ; ; .
optimal MCP can increase the uniform capacity by up to a factor ~ Some of previously cited methods can be coupled with
2 and 6 compared to Fractional Frequency Reuse (FFR) and a Fractional Frequency Reuse, which consists of applying a

simple Reusel mode by using an urban micro-cell channel model. frequency reuse of one in the inner, close to the BS regions,
Index Terms—Multi-cell processing, uniform cell capacity, anq g higher reuse in the outer, cell edge areas. Many variant
macro-diversity, interferences coordination, small cells . ; .
of this method have been addressed in recent literature, and
it was shown that using two reuse factors is in general hetter

then just one. For example, a FFR based both on the distance

The forthcoming mobile wirglgss_networks need to face " receiver SINR criteria coupled to graph-based interfes
problem of spectral resource limitation due to the contiraip coordination is studied in [3]. The authors in [4] analyse th

ghrowmgl amouhnt, ralteTEnq quallt)l/l .Of d?ta tran§m|ttgd 0V%rotential of FFR for ubiquitous coverage in cellular system
the wireless ¢ annel. The |_nter_-ce__ interierence Is _recﬂgll However, no interference coordination is studied, and enly
as one of the main capacity limiting parameters in mOdeQ?rnple path loss channel model was used

cellular systems. The classical solution adopted in pe/io Ay inter_cell cooperation scheme also called Multi-CebPr

generation networks Was.to increase the spatial frequerl%/ssing, or Coordinated Multiple-Point (CoMP), is expedte
reuse factor and thus the distance between the co-charilsgl cgg, 5, important feature in future standards like LTE-A and

aiming at the co-channel interference avoidance. Togethed, 1o By using the MCP, multiple BS coordinate their

with a cl_osed loop power control an(_j possibly ime_rferen%ansmissions, and the received signals combined at the UT
cancellation performed independently in each cell, thithoe provide the diversity gain in SINR.

helped to maintain a sufficient Signal _to Noise and Interfeee From the providers point of view, an objective consists
Ration (SINR) level at the user terminal (UT) to perform th‘?o guarantee the uniform service in target areas, in order to

correct Qe_tectlon. The main drawback of those teChn'q_“esplﬁ)vide a maximum of users with the position-independent
the inefficient use of expensive spectral resources duatic SthS

aIIoEanon. i hnologies | h ibili In this paper we study the uniform cell capacity, since in
The emerging 4G technologies integrate the possibility glis context it is a suitable system performance metric. The
full spectral reuse (Reusel) in each cell, which would le

) : iform capacity is the criterion which defines the appro-
to a very poor receiver SINR, especially for UTs IocateF

I. INTRODUCTION

. S riate allocation scheme for a fixed total per-cell amount of
at the _ceII bo_undanes. The_ modern vision is therefore Bsources, to deliver the same data transmission rate for an
recognize the importance of interference managementefratiy .oived SINR level at the UT. The worst SINR mobiles, will
than mitigation) through inter-cell cooperation. strongly unbalance the resource partitioning, monopugizhe
Several inter-cell interference coordination (ICIC) teChmajor portion of resources. This results in a very low sgectr
hiques can be found in the literature and practical syste iciency that impacts all the users. The network with highe

applications. The authors of [1] have provided an in-dep{f}itorm ‘capacity is expected to offer a more homogeneous
study of the BS cooperation on the downlink (DL) for Variou%overage with only few poor SINR users.

This work has been carried out in the frame of the joint lab eetwINRIA Our main _ObJeCtNe IS to evaluate_the pOtent|a_-I of multi-
and Alcatel-Lucent Bell Labs on "self organizing networks” cell processing to increase the uniform capacity, through



increasing the edge users’ SINR. We adopt a very simplee BS-local "resource cost” for user atand only depends
MISO transmission strategy based on “matrix A’ issued fromn ~(z). The minimisation of this criterion will result in the
standards [5], that allows to select up to 4 transmit antennincrease of system efficiency. We notice that the definition
We qualify our MCP method as optimal, since for any locatiomf w(x) provided in equation (5) satisfies the total available
we choose the number of cooperating BSs such that ttesources constraint.
resource cost is minimal. The obtained baseline performanc
of this optimal MCP is superior to other existing resource
partitioning methods (Reusel, Reuse2, FFR). In present study, the whole system is considered as a
Section[1l introduces the uniform capacity, Section [ipnapshot and time dimension is therefore omitted. The users
presents the system model, and decribes the multi-celepsac are supposed to be uniformly and continuously distributed i
ing method for 1D and 2D scenarii. The performance ana|y§§ace over the considered cellular network both for 1D and
of MCP in comparison with other methods for 1D and 28D scenarii. This continuous formulation allows us to define
cases is provided, respectively, in Section IV and Section @ per cell capacity that depends only on users’ density. The

Section VI draws a conclusion and derives the perspecti@stem is supppsed to be fully loaded, i.e. all resources are
for this study. used by all stations.

We consider the DL transmission with no Channel State
[I. UNIFORM CAPACITY Information at Transmitter (CSIT) available at BS. Indeed,
In a uniform capacity approach, the capacity at any locati®ven a perfect CSIT is difficult to obtain in realistic netk®r
z in a given cell is defined to be constant and independent btpreover, in order to fully benefit from the MCP, not only the
the SINR leveh(x) at this location. The uniform capacity mayCSIT from a BS to its mobiles, but also the CSIT from this BS
also be called aibiquitous capacity or a maximum fairness. to neighbouring BSs’ users is needed, difficult to obtaireial 1

This uniform capacity constrair®,, is defined as follows:  time. We rather assume that a central (or distributed) ¢eord
nator performs the scheduling scheme selection and resourc

IIl. SYSTEM MODEL

Vo, C(x) = C, , (1) allocation to the BSs, based on UT received power level made

_ available via feedback for handover purposes. We consider a
which leads to full spectrum reuse system, and the multi-cell processing i
Cu = w(z)logy(1 +v(x)), Ve (2 designed to use the whole available spectral resources ea

cell in a coordinated manner. The combination of signalsfro

where w(x) is the portion of bandwidth (or amount oftwo or more BSs allows users to improve their SINR level: the
resources) allocated to the positian C,, is the normalised interference level is strongly decreased by using the gasi
constant capacity that any user at any locationf a given interferers as useful signals.
cell will achieve. In a continuous formulation, i.e. coresiithg Two models are studied here. First, a simple 1D continuous
a density of users distributed in a cells, we consider alsiids  linear network with regularly spaced BSs is presented teeser
x locations.C,, can then be defined in [bit/s/Hz/user] . Thean example to understand how the MCP contributes to the
cell sum capacityC;,; of a cell, in [bit/s/Hz], is the total uniform capacity improvement. It also allows the derivatio
capacity reached in a given cell for an unitary bandwidtlef the corresponding analytical model. Next, a more realist
C,o¢ Can be derived a€'y,; = C, D Sce, WhereS,..; is the 2D system is investigated.
area of the cell and its user’s density. In each cell, the totalA. Channel model

available amount of resources is limitefd; , w(z)dz < Wiot. Al BS are assumed to transmit with a constant power level
Combining this with the equation (2) immediately gives:  p gt any resource, i.e. no power control is performed. Antenna
C, gains are supposed to be 1 since we use omnidirectional

/66” m dz < Wiot , () antennas. No fading is considered in this study and shadpwin

will be introduced depending on the scenario.

which, in the case of full resource use leads to: In general, a SINR of a mono-antenna signa @t a point
o Wiot x attached to celf can be written as:
Cp=— it @)
fcell logy (14~(x)) N PZ(J?)
T (33) - ) (6)
Then, it is straightforward from equations (2) and (4): 2 Bj(@) +no
Wit 1 For any celli, the received power atis P;(z) = PKd; “(x),
w(z) = T dz ogy(1 1 7(2)) (3)  whereK is the constant attenuation factr = (£%)2, which
cell log, (1+7(2)) ° equals—43 dB for f = 3.5 GHz [6], ¢ is the speed of light,

Provided the knowledge of(x) for any locationz, the d;(z) is the distance from B$ to locationz in meters,« is
equation[(5) enables us to compute the portion of resouccedhe path loss exponent ang is the thermal noise power.
be allocated to an UT placed at Thanks to this definition, all For any spectral sharing method used in this study, the
users obtain the same capacity independently of their SIN&.stem is considered interference limited rather than naige
The factor1/log,(1 4+ v(x)) in equation [(5) is viewed as limited.



B. Downlink macro-diversity A B
Macro-diversity is used here like a distributed MISO tect | : |

nique, while we assume users have only one receiving anter 0 L-e, L L+e, 2L
We then define the resulting SINR at a locatierusing the  cell A— Reuse1 | Cell A&B | Cell B — Reusel
macro-diversity between BSandk : " mMcp ]

Pi(x) + P (x)
2 jin Fi() + 10
This SINR can be obtained by an Alamouti scheme (2x1 - . _
MISO) without any CSIT knowledge. For 1D model, weP’K - Shi(z) - d;®(x), where Sh;(x) is the corresponding

only consider a 2x1 macro-diversity. For 2D model, we a@hadowmg that follows a log-normal distributioftgp ~
consider the possibility to use a 3x1 or 4x1 MISO. Thé/(0dB,o?), with ¢ its standard deviation (dB).
corresponding SINR can be written as:

Pi(z) + Py(z) ()= P;(x) + Py(x)

2jai B3 (@) + o 2itisetmd 3 (7) +n§ As introduced in previous section, to perform an efficient
k,1,m being the BSs used for macro-diversity. These SINRacro-diversity, we need to compare the capacity obtaiyed b
are due to Alamouti scheme created by 2 active BSs, Whﬁ\esmgle _antenna tra}nsml_ssmn, and a BSs coordination. The
the other cooperating BSs are kept silent. This is the sedalf2"9€t uniform capacity being the same everywhere on the cel
“Matrix A" in standards like 802.16e [5]. We choose the 3! depends not only on a particular user's SINR, but on all
strongest received signals to be the active part of the Mayri USers’ SINR. To maximise the uniform capacity, the resource

since standard offers the possibility to choose the pertioata CONSUMption for every user has to be optm":;xsed. The total

to use. resources needs of aI_I users is desc_rlbe_(ﬂ N and
This formulation is obviously a baseline performance fdi€terminates the achievable capacity.

MCP techniques. More efficient schemes could be used usind" & cooperating network the total resource need of a cell

more than 1 antenna at receivers, or assuming to know fR&ludes not only its own users’ consumption, but also the

instant CSIT (for example, Zero-Forcing, Dirty-Paper-@ag neighbouring cells users’ consumption, Wlth which the gdd

Beam-Forming...[1], [7]), that promise a strong improveine cell performs MCP (see Figure 1). The uniform capacity can

7 Fig. 1. Reusel and MCP zones in a 1D system for overlappirg. cel

Y2(x) =

IV. 1D SCENARIO PERFORMANCE ANALYSIS
A. SNR and uniform capacity formulations

Y3(w)=

of this simple MCP capacity scheme. be written:
.. C _ Wtot
C. Scenarii u—fL,El . +fL in e 4
1) 1D scenario: In the first scenario the BSs are placed 0 log;(4m(@)) ©/L—elogy(1492(2)) T L 1°g2(1+”i”1’)}
glon_g the line (Flgurgl). Similar models exist: W)_/ner’s [8] Considering a symmetric system, one can write:
is simple and considers only adjacent cells as interferers,
with discrete path gain channel. A more elaborated model C, = Wiot (12)

. i . . . L—e dx L d

in .[9J acpounts for 'multlple tiers mterfergnces and a path fo m +2fL_6 m
gain varying depending on the users locations. To couple our . o .

continuous approach with the simplicity of a 1D model, we WhereL — ¢ is a switching point between the Reusel and
consider few adjacent cells and a distance dependent path glCP modes. The radius of each cellfis The cell 4, is the
We consider 4 regularly spaced BSs A, B andC. For any attached cell placed &, and the interfering cell$3, C' and

UT at z attached to the BSl, the received SINR is: Z are placed, respectively, a2, +4L and —2L. Since for
now only the path loss is considered, for any ]0, L] one
y(z) = Pa(z) (9) can write the SINRs as:
Pp(x) + Po(z) + Pz(z) +no JS
e = ; (13
o ) a0 "W Ermyerar—o et @i e
dg™(x) +ds*(x) + d;%(x) + %
When using the MCP technique, the celdlsand B can Yo (x)= (2L-z)*+z . (14)
(AL—z)=+(2L+x)~*+ 2%
coordinate their signals, and adjacent cellsgnd Z) of this ’ PK
cooperation would then be viewed as interferers. B. Transmission mode selection criteria

2) 2D scenario. The .2D V”Ode_' s baseq on a.clalssigal According to equation (12), the uniform capacity is max-
hexagonal pattern and is still using an 'ur?lform d'St”b'"'t'oimised, when the switching distance equls- ¢, with «,
of users. In order to have a more realistic channel mod Hven by the solution of:

the shadowing is generated with a Sum-of-Sinus method [10]

that allows parametrizable correlation distances. Theived . Le ()dz + L (2)d (15)
signal power atc from BS i can now be written a$;(z) = e o grir)ar . LfegQ aled
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|| = = = Reusel (9,())
O Optimal combination MCP-R1 7 |

(9]
T

= Optimal MCP

= = =FFR2
' Reuse2

----- Reusel

A
o

IN
T

o
S
~

w
n
T

Switching Point (L- 80) ’

w
T

Resource cost
o
o
Cell spectral efficiency (bit/s/Hz)

04 254 s
2 200 a=
Lo =TT
0.2} R
== .
0 . . . . 2 25 3 35 4
0 20 40 60 80 100 Pathloss exponent a

Distance to antenna, cell radius = 100
Fig. 3. Cell spectral efficiency for 1D system, as a functionpath loss
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4.5

When the only channel effect is path loss, the solutic
consists to determine the valug of « for which g;(x) =
1 _ 2
e 0@ and gs(z) = e @)y e equal. Thus,_fqr
everyx € [L—ep, L] we should use the MCP mode to optimist
the overall cell resource sharing.

Cell spectral efficiency (bit/s/Hz)

1.5} Optimal MCP ' ‘N, '*\
C. Numerical results N i . |
©oooo Reuse2 \,\ S
By solving the equation’ (15) numerically, we find tha o5l == Reusel RIS l
without shadowing nor fadingegy = 0.31L (for a = 3). 0 ‘ ‘ ‘ T 4
Figurel 2 explicitly shows that MCP should be preferred to 0 2 4 6 8 10

. .. s . . . Shadowing standard deviation (dB)
single BS transmission when users’ location is L. —¢q, Since

the latter needs a greater amount of resources. For exaatplesig. 4. Cell spectral effiency for 1D system, in function of tteadowing
the cell borderr = L a user in Reusel mode nee2ls times standard deviation, experiencing a path loss exporent. 3.
more resources to reach the uniform capacity than if the MCP
mode was used.
The selection of either Reusel or MCP mode based on tHisPe more efficient compared to FFR2, when the shadowing
optimal limit considerably decreases the total resouraaisie Standard deviation is beyortldB, which is even below the
in the cell. This strategy implies the uniform capacity gafn Standard shadowing observed for small cells [11].
30% over the full Reuse1 mode (the optimal FFR mode offers 10 take an example, in a typical urban cell environment,

the comparable gain of 32% over the Reusel), with a patffh the shadowing standard deviation of 5 dB amd= 3,
loss exponent = 3 and no shadowing. While the position ofth® optimal MCP outperforms FFR2 b}0.7%, Reuse2 by
this switching point is relatively constant with the patrsdo 19-47 and Reusel by14%. Thus, we can claim that for such
exponent (Wher < a < 4, ¢, only varies betweef.32 and ealistic scenarii, the MCP turns out to be the most efficient

0.30L), the uniform capacity of the cell is more dependent ofPmmunication strategy among the four studied methods.

path loss exponent and shadowing parameters.

Thanks to the macro-diversity effect, the optimal MCP is _
less affected by the shadowing effect than other method, Algorithm
and its spectral efficiency degrades only a few with strongerWe assume that every UT feeds back the measured received
shadowing. Figure |3 shows that for all studied methods, tpewer levels from the neighbour BSs. Based on these mea-
spectral efficiency increases with the path loss exponeatalu surements, the BSs (or any network manager) can compute
the reduced level of interference. However, it can be ndticéhe SINRs described in equations (6), (7) (8). Based on
that for bigger values ofi, the performance gap between théhese SINRs, the optimal MCP is obtained by comparing the
optimal MCP and FFR2 is reduced. Figufes 3 and 4 shaesource costs of 1, 2, 3 or 4 coordinated BSs at every latatio
that the optimal MCP offers higher uniform capacity thain the cell. To maximise the global system capacity, for gver
Reusel or Reuse2, for any path loss and shadowing conditidosation z, it is decided whether one of the MCP schemes or
From Figure 4, we can deduce that the optimal MCP appeguist a simple Reusel mode is used.

V. 2D SCENARIO PERFORMANCE ANALYSIS



[ Parameters [ Value |

The total resource cost needed by a Nx1 MCP, is

N .. K . Cell radiusR 100 m
g, (T~ @) This is straightforward from the observation Fath 1085 EXpONERE 35
that a Nx1 MCP consumes a fracti ng(lj ~) of re- Transmit power + gaing’ 40 dBm
sources at the BS to which the UT is attached and also the Center frequency 3.5 Ghz
i Il other BSs concerned by the MCP. Thermal Noise 174 dBm/Hz
same resource portion at all o y . Bandwidth 50 MHz
For anyz, the selection of the optimaV, x 1 MCP mode Shadowing decorrelation /e at 25m
is given by N, that satisfies: Reusel portion of bandwidth 30 %
N TABLE |
(16) SIMULATION PARAMETERS

min ——m——
N logy (1 +yn(2))

Every locationz is then attributed to a set of antennas
S:,|Sz|=N, (|Sz|=1 means no coordination mode—ReuseB. Smulation results
is chosen for this location). To compute the uniform capacit |, his section the simulation results for a continuous rhode
of BS B, we cumulate the resource cost over all locatiof§; \icp and FFR4 are presented. The performance of these
{z:BeS:} two methods is compared, based on the criteria previously de
fined by equations 17 and 18. The fixed simulation parameters
_ Wtot H
= e (17) are presented in Table I.
f{x:BESz} log, (1+n, (2)) In our simulation setup, the mobiles are attached to the clos
est BS. The latter is the strongest in the absence of shagowin
The Fractional Frequency Reuse with a pattern of 4 celi@d is expected to stay the best in average over shadowieg. Th
(FFR4) used for comparison applies a similar way of sharingtroduction of shadowing in the model modifies the signal
good and bad users. Two modes are available : Reusel dgength at the receiver. As mentioned previously, in oseca
inner users and Reuse4 for outer users. These two moggRich holds for most practical cellular systems), the riesbi
need to share the total available bandwidth. Reusel magle not necessarily reattached to the strongest BS in case of
gets pWiot, 0 < p < 1. The 4 cells of a pattern equallylocal channel variation, in order to keep a handover mamgin t
share the rest of resour¢e — p)WW;,; for their Reuse4 mode. avoid the ping-pong effect and the induced signalling cost.
For obvious practical reasons, this resource sharing has ti&ote, that we account for all the incoming co-channel
be static to avoid frequency overlap between adjacent celigerference, and not only the one from the direct neighingur
that would strongly decrease the interest of the Reuse4 moglglls, or the first tier of co-channel cells.
The frequencies using Reuse4 mode benefit from the transmifl) Shadowing impact on uniform capacity.: Without fading
power 4 times higher (+6dB) than Reusel ones, in order fi@r shadowing, the only channel parameter is the path loss
have a total per cell power similar to reusel or MCP, andexponent. Thus, the distance between the BS and the mobile
stronger signal at borders. is the only criterion to impact the solution of equation 16.
Allocation of resource in FFR4 has been made so that us@ptimal MCP and FFR4 are applied in low SINR zones (i.e.
in both modes achieve the same capacity. In a cell, the Reus¢4ells’ edges) fo21% and44% of the cell surface.
users’ resources are accounted 4 times, since the same amoufihe simulation results are presented in Figure 5. As well
of resources has to be reserved in the 3 other cells of the for the 1D model, the 2D model shows that the optimal
pattern. MCP performs slightly below the FFR4, when no shadowing
Let’s call Xz ; the set of locations: attached to cellB
using the Reusel resources, akig ; the set of locations:

Cu,B

using the protected Reuse4 resources. The uniform capas 18p
of the cell B is derived as (similar reasoning can be found i 16fF——= Optimal MCP
) < ‘N, = = =FFR4
[4]) % Lar \’\\ ----- Reusel
S 120 g
ffr _ Wiot é‘ ‘N
u,B T f dz + f 4 dx 4 3 ir >
T€Xp,1 logy(1+71 () TEXp § 10%2(1+"/f(93))(18) © 0.8
where the SINR in Reuse4 modenig(z), defined as go'ef
8 o4r \'s,N \\~
_ P/ (x) ith o/ — | L Jco-channel 02r el
vr(x) = ST swithe; =< 07 Cierwise o R S A S N S S S bkt
.. P! x)c-+n0 y 0 1 2 3 4 5 6 7 8 9 10
JF#LT g J (19) Shadowing standard deviation (dB)

with be(f) is the power received at from the BS: on Fig. 5. Uniform capacity for 2D simulation versus shadowirigngard
Reuse4 frequencies. deviation level (dB) ¢ = 3.5)



) Cell spectral efficiency vs acceptation rate Vl . C ONCLUSION AND FUTURE WORK

Optimal MCP

‘‘‘‘‘ e The uniform capacity appears to be a useful criterion to de-

sign and evaluate the wireless network: in a given propagati
environment the density of users defines the data rate dffere
to every user. It can be used as a design tool for a provider
to perform a network service provisioning in terms of target
capacity.

The studied optimal MCP transmission method was shown
to be efficient to reduce the total resource consumption and
T thus improving the uniform capacity compared to other clas-

= sical methods. Moreover, it is more resistant to shadowing

Cell spectral efficiency (bit/s/Hz)

a=26,shadoving=4d|
o o o o o ok oy ok o phenomenon, and reduces the impact of worst SINR users on

User acceptation rate

uniform capacity.

_ _ _ _ _ _ We plan to extend our results to more realistic time-
Fig. 6. Uniform capacity for 2D simulation versus active sser varying fading channels, as well as to provide and analyse
scheduling algorithms and impact of various parameters) su

. . ._as availability and quality of feedback information on thei
occurs, due to the lack of diversity. In these case, the mpt"sterformancey qualty

MCP obtains a gain 08% over Reusel and FFR4 perform
3% better than the optimal MCP. .
We observe that the optimal MCP outperforms FFR4 and The authors would like to thank Laurent Thomas (Alcatel-

of course the Reusel, when the shadowing standard deviafisgent) for sharing his ideas and for his valuable remarks.
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