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Abstract—This work considers the benefits of allowing spec- inter-cell interference. This fundamentally alters thengmal-
trum sharing among co-located wireless service providers oper- ysis for spectrum sharing as two types of interference now
ating in the same multicell network. Although spectrum sharing dplague the system: inter-operator and inter-cell interiee.

was shown to be valuable in some scenarios where the create in thi th ider th lti-cell difical
interference can be eliminated, the benefits have not clearly N thiS paper we thus consider the multi-cell case spedica

shown for multicell networks with aggressive reuse. We explore ~ Towards this we examine a system consisting of two cells,

this question and show that spectrum sharing is preferred for jus  where in each cell spectrum is shared among network op-

a certain subset of the users defined by their distance from the erators. We show that the spectrum sharing gain depends

serving bases, while beyond this distance, an orthogonal division on the users position in the cell. Depending on the user

of resources between operators gives better results. The claim o o )

are backed with theoretical analysis matching our simulations. ~POsition orthogonal division of spectrum may outperform
the spectrum sharing strategy. Based on this we propose an

|. INTRODUCTION adaptive spectrum sharing policy.
In current cellular systems, network operators are alemtat
exclusive frequency bands so that inter-operator inteniees [l. SYSTEM MODEL

is trivially avoided. As the radio spectrum is a valuable and ) o ]

finite resource, recent activities promote the idea of sigari We consider a system consisting of two cells, where in

the spectrum among otherwise competing service provid@r%Ch cell communication services are offeredibyoexisting

resulting in significant interference yet potentially iesed Network operatofs Let O = {o(V,0(®),... o)} denote

efficiency [1]. the set of network operators. Ort_hogonal Frequency Dimisio
Although multiple antenna techniques can be used to coMuItiple Access (OFDMA,) is considered. The total bandwidth

bat this extra interference, it is not clear whether spectri@vailable in the system ik B = KN, Af, where KN, is

sharing will bring gains overcoming the signal degradatioif® number of subchannels amilf is the bandwidth of a

resulting for inter-operator interference [2], [3]. Foraexple, subchannel. On a given subchannel, each operator with one

[3] indicates that there is marginal or no gain in spectrufi@nsmitter (TX) communicates with a unique receiver (RX)

sharing compared to that of a non sharing scenario. In [\?\ﬁ/ a time. Each TX and RX are equipped witth antennas.

spectrum sharing is modeled as a Multiple-Input Singlepout We assume that in each cell the TXs belonging to different

(MISO) IC. The intuition behind the marginal gain is thapperators are collocated. This represents the scenarioewhe

even though by sharing each operator gets double bandwidfif base stations belonging to different operators shage th

each one has to sacrifice some degrees of freedom (DSRNe cell cite. The channel matrix between the TX of operator

per bandwidth unit to suppress the inter-operator interfee ¥ in the j-th cell and the RX of operator in the i-th cell on

thus making the effective DoF same in both sharing and no-subchannet, H,,, , € C*>MVi, j € {1,2} andz,y € O

sharing scenarios. This type of studies serve to demoastri§t 9iven by

the difficulty of establishing real benefits for spectrumrsig

and the high level of dependence of deployment parameters, J@5:Guuq 124,y operate on

such as the number of antennas, the topology of the networkgy —— _ T the subchannel g L

etc. Note that spectrum sharing comes with an extra overhead %/ 0 otherwiso.

of transfer of Channel State Information (CSI) among the '

operators. Therefore to get practical results the gaindtreg The elements of the matri& ., , are i.i.dCAN(0,1), ag,y,

should overweigh the CSI overhead. is a positive real number modeling the distance based long
A common trait of most previous evaluations of spectrufgrm attenuation.

sharing was the consideration of a single cell scenario.-How

ever, in reality operators must deploy base stations inipt@lt  1The reason behind choosing a twocell network is becausegaser to

cells so as to reach a satisfactory Bits/Hz/m2 performand@luate the performance of spectrum sharing techniquésgtiaally and get
some insights. However, the techniques used and the cometudrawn are

Furthermore, base_ stations In mUIt.'plle cells typlcallyseg.u not specific to the twocell asumption. In principle similaruks should be
the same frequencies for greater efficiency, causing additi obtained in the multicell scenario.



1 pP_ _
Ry = EE [IOgQ det (I + MR 1H0iOiHZiOi>:| ’ (3)

where

P
R =%+ MHOW?HZM, 0€0 (4)

is the interference plus noise covariance matrix at the RX,

® opersort i =mod (i,2)+1. The factorl /K in front is because in each

g g cell an operator get®v, subchannels from the total df NV,
subchannels. Note that the power allocated for a streaﬁ: is
and hence the total power emitted on a subchannél. is

) IV. NON ORTHOGONAL SPECTRUM SHARING
Fig. 1. A two cell network, each cell has 3 operators. In eaghthe TXs

are mounted on the same cell cite. In this scenario the total bandwidth df N, subchannels
is available to all the operators. As a result of sharing the
spectrum, there is a significant amount of interference gmon
I1l. ORTHOGONAL SPECTRUM ALLOCATION the operators. Since the TXs belong to different operators,
This represents the traditional way of allocating the speare assume that they are not allowed to exchange users
trum, where the spectrum is divided into chunks and excldata symbols, giving rise to an MIMO Interference Channel
sively assigned to the licensed to operators. Here we assui#MO IC). However, all the TXs have the knowledge of the
that the total bandwidth ofK N, subchannels is divided CSI of the interference channels and hence can coordirgite th
equally among the operators so that each operator ets transmissions. We model this as symmetii¢, M, K') MIMO
subchannels. Since the spectrum is divided orthogonblyet IC. Interference Alignment (IA) is used within each cell
will be no inter-operator interference. Now the only sourcamong the operators to combat the inter-operator intaréere
of interference is that of from the TXs of the neighboringn order to get meaningful results in multicell network, ffirs
cells of the same operator, operating in the same frequerthg parameterd< and M are to be properly chosen such
band. In the following a brief description of the some welthat spectrum sharing is indeed beneficial in the single cell
known frequency reuse schemes will be given. Using theseenario.

basic schemes later we design the adaptive spectrum ShaEi:nogollary 1. [4] The DoF of a two user MIMO interference
scheme. channel with each TX, RX haviny antennas isM.

A. Frequency Reuse Corollary 2. [5] In an (M, M,K), K > 3 IC with desired
The inter-cell interference can simply be avoided by usingoF ¢ = 1 per user, IA is feasible if and only if/ > LESS

a reused /2 scheme, where the bandwidth available is equally _ )
divided between the two cells. In this case, inter-cell iiete Remark 1:If spectrum sharing between two operators, each

ence is avoided at the cost of reduced bandwidth. On a givperator gets double bandwidth compared to the orthogonal

subchannel the transmission scheme is modeled as a peintd¥ision. However, from corollary 1 we can see that each
point MIMO channel. The average rate of operatoin the opgrator has to sacrlflge half of it's spatlal DoF per bancﬂm/ld'
i-th cell in bits/sec/Hz is given b§ unit to suppress the inter-operator interference thus mgaki
the effective DoF same in both sharing and non-sharing sce-
Rp = L E [10g2 det (I + LHO.O.HT )] o€ O, narios. Therefore, we model the spectrum sharing scenario a
2K Mo? 7o (M, M,K) IC, K > 3 with desired DoRd = 1 per operator.
9 . , . (2,) We consider a tight feasibility setting i.df = 2M — 1
where o s the noise variance. The factoy2K in front is g o that o) spatial DoFs of the operators are consumed in
because in each cell an operator gaty2 subchannels from dealing with the inter-operator interference and thenuatal

the total of KN, subchannels. _ the performance in the presence of inter-cell interference
In universal frequency reuse, users in each cell have acCesy, the multicell scenario the total bandwidth & N
S

to bth: entllre _Phgndw;]dth avaHsbIe fth’ ,th? oper?ttcr)]r e, tsubchannels is available to all the operators in each aalhsF
subchannels. This scheme makes eflicient use ot the SpeCtiyffty - of the operatop uses a linear precod@é”) e cMx1
but users in the cell are affected by out-of-cell interfeen to man the symbok® to its transmit antennas
We assume that there is neither cooperation between TXs nor P y i '

RXs have interference cancellation capabilities. Theeeémch XEO) — v§0> 81(0)7 (5)
RX treats out-of-cell interference as noise. The average ra ()
of operatoro in the i-th cell in bits/sec/Hz is given by where the transmitted symbolg™,Vi € {1,2},0 € O

are i.i.d CN(0,1). The precoder is normalized such that

2|n order to simplify notation, we omit the subchannel index wie focus 2 .
on a single subch%r%eL ‘ v§°) = % Since we do not know how the future regulatory




requirements for spectrum sharing scenarios look like, iemma 1. DenoteT), = u!Grv wherev,u € CM*! are

will keep the power emitted in both orthogonal allocatiom anunit vectors independent &&; € CM*M_ The matricesG

spectrum sharing scenarios equal. are independent and they have i.iddV(0,1) entries. Then
The received signal at theth RX of the o-th operator is T Vk are i.i.d with T}, ~ CA/(0,1).

yl@ H,,,,x 50) + Z H,,, X(W + Z H,, 7X£“) + 771(0) Proof: Since the distribution oG, is rotationally invari-
teO\o ) ant andu, v are independent o, we can perform change
(6) of basis such thaf}, = eijeJ—, wheree;, e; are standard
where the first summation term in (6) represents the intexrthonormal basis [9]. After performing the change of basis
operator interference, second summation term represkats the distribution ofT}, is same as that of the eleme@, (i, j),
intercell interference and;EO) represents the additive whitewhich are i.i.dCN(0,1). [ ]
?/E\A/LEE,SL??I; noise at the RX; and its elements are i.i.d Lemma 2. Let 7 & 111;( be a random variable wheré,

2 N 2
Analytical expressions for the precoders and RX filters f nea:;?ulr;dip;?gcé?sr][tngﬂ'ﬁ) N véfch ge rgéé ’o\]fvf?:;)é mdg;cf)fr?;
IA are not known (expect for the 3-user MIMO IC) but ther q 9 9

exist numerical methods for designing them [6], [7], [8]. £ Bz [logy (1 + 2)], we have
L
1 1
. ) , . \ Al () +ZA2r12 <7“, ,%) ,
simulations is based on interference leakage [7]. A brief V2 Ba! —1 712
description of the main steps in the algorithm is given here

for the sake of completeness. First arbitrary RX filters’ Wgerelld(b) Iy ('l’ X )1'2 given in(16), the termsA,;, A,, are
for each receiver are used for initialization. Then at edep,s obtained by solving14).

A. Interference Alignment Lo ye) =

A simple precoding scheme that we will consider in thejyg, (¢ ('h)

the precoders and RX filters are updated as Proof: See Appendix. ]
©) 0O 5 Proposition 1. The average rate of operaterin the spectrum
v, = Amin Z Hto u;'w;” Heo, |, sharing scenario is given byR, (K,v1,72), where y; =
° Poco 0; Qojor
1o\ (7) ®or andne = 1oy
uz(_t) — Ain Z Htioivgo)vgo)TH;o , Proof: Since the TXs of th_e operators are assumed to
e o be mounted on the same cell citg, .. = a,,,-Vu € O. The

SINR expression in (8) can be rewritten as
respectively until a stopping criteria is reached. Thi&thm

converges to an alignment solution when IA is feasible and Pooo, | (o)t v{®
. . s (Ko?) i G0i70L (o)
removes the inter-operator interference within the celie T o !
signal to interference plus noise ratio SINR is given by SINR = Paso o 2 : C)
2 ol Go,ur oy | +1

‘ uEO)T Ho, 0; vl

K2

SINR = (8) At each step of the alternating minimization method, direct

+o0? channel links do not appear in the computation of TX, RX

filters and are also independent of out-of-cell interfedings
Remark 2Different algorithms such as Max-SINR, MMSE(7). Using Lemma 1SINR £ 1S \where S and I are

have superior performance compared to the leakage alguwit - 1+N 2 _ Pago,
[7]. But due to their iterative nature, the exact dependesfce r\ndepindent withS ~ x3 and I ~ x3, m = o)
TX, RX filters on the channel matrices are unknown hence = Tx.7) - The average rate is obtained by substitutfiig
there distribution is difficult to get. Although these algoms 71 andyz in the functionR; (., .,.) of lemma 2. ]
are expected to give better performance than the considereth Fig. 2 we compare the performance of above discussed
one here, to simulate these algorithms on a large systepectrum allocation policies. Spectrum is shared anféng 3
as we will consider in Sec.V is computationally prohibitiveoperators and each TX, RX have = 2 antennas. We plot
Therefore, we consider the IA Leakage algorithm so ththe average rate of the operatof’) in cell 1. Since the
we can provide analytical results that gives insights itie t system is symmetric, S|m|lar results can be obtained foersth
performance of spectrum sharing techniques. Referring to Fig. 1, R)@ ) is moved from the center of cell

1) Statistical properties:Here we give some simple statis-1 towards the edge along the straight line connecting the TXs
tical properties of the signal and interference terms tedul of two cells. The precoders and RX filters in each cell are
from the IA algorithm. Later they are used to compute thebtained by using the IA algonthm mentioned in Sec.IV-A.
average rate achieved by the operators in the spectrumnghadt each position of RXo( simulation results are averaged
scenario. over 1000 small scale fadmg realizations. In the spectrum

2
U,EO)T Hoi 7u7'UZ£O)

ueO

and




by [10], [11]
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T T
Tint
1 reuse-1/2 (Orthogonal) N — N
N h I int ’( s ( ’
12 (Nemericah 1 R (10)
- = reuse-1(Orthogonal) — _ .
Non orthogonal Nezt - L(Ns Nmt) /AJ )
10k (Theoretical) |

where N;,; and N.,; denotes the number of subchannels
allocated to interior users and exterior users aknds the
frequency reuse factor. Here we assurke= 2. In each cell
users are uniformly distributed on the straight line cotingc

the TXs in the two cells. The system is fully loaded meaning
that at any given time there are enough users to serve and all
the subchannels are used.

Average Rate [bits/s/Hz]

B. Fractional Spectrum Sharing

. From Fig. 2, we can see that for cell edge users orthogonal
Distance of user from the base station [km] allocation and reusé/2 scheme outperforms the spectrum
sharing scheme. Therefore based on the user positions we can
Fig. 2. Average rate of different strategies as a functionsr position. Chose different strategies. Similar to the FFR, we intreduc
User of an operator in Cell moves from center to towards the cell edge. the concept of FSS where operators share only a fraction of
the total spectrum and the rest is divided orthogonally. The
important design parameter is the interior radiys; which
sharing scenario, in addition to averaging over fading-realecides the amount of spectrum shared among the operators.
izations results are also averaged over R;}@, k=2,3.and The frequency partitions are given by
oé’“), k =1,2,3. positions which are generated uniformly and

Tint
independent of R)@ﬁl). We assume no power control at the Nspr = [KNS ( ;{fﬂ ) (11)
1 "
TXs so the average rate of') depends only on the position News = [(KN, — Nonr) /KA,

of RX ogl) and independent on other RX positions. The cell

radius is1 Km. The pathloss between the TX and RX whic/{er€ Ns»- denotes the number of subchannels shared among

are separated by distancé Km is 128 + 37.6log,, (dt) . Fhe operators and they are used for interior users. The remai

Average cell edge SNR 20 dB. ing KN, — N4, subchannels are divided among the oper-
ators orthogonally i.e. each operator geiSN, — Ngp,) /K

V. SPECTRUM PARTITIONING AND RESOURCE ALLOCATION Subchannels. In these subchannels there is no inter-operat

. . interference. Here we assume redgeé- scheme is applied
From the above section we see that there is no SCheWﬁhin the operator in these subchannels

outperforming the others at all user positions. Hence, it IS|h Fig. 3 we compare the performance of an operator
natural to think of an adaptive transmission strategy bam;edo in cell 1 when using traditional FFR and proposed FSS
the user locations. In this section we compare two SChemgéhemes as a function of interior radius,,. Since the

t-

a well known FFR scheme in orthogonal spectrum aIIocaU%n stem is symmetric, similar results can be obtained foeroth

scenario and the Fractional Spectrum Sharing (FSS) SChe&%%rators. The total bandwidth 648 MHz corresponding
in the non orthogonal sharing case.

to 432 subchannels with each subchannel having a bandwidth
Af =15 kHz is considered. At each value of,;, number of
interior and edge users are given by (10), (11) for FFR and FSS
FFR techniques are widely used in multicell networks tgchemes respectively. Then the user positions are gederate
improve the cell-edge user performance. Cell interior siSqfiniformly according to the definition of interior and edge
are allocated a common set of frequencies while the celeedgsers. In order to simulate this scenario, first TX, RX filtars
user’s bandwidth is partitioned across the cells based ongaye computed by using 1A algorithm in two cells and then the
reuse factorA. One of the most important design parameteggte is to be calculated usisNR given in (8). This procedure
is the interior radiusr;,,;, which determines the size of thenas to be done on each subchannel and for large number
frequency partitions. One common and practical method d$ supchannels it is computationally prohibitive. Thanks t
to classify users based on their average received SINR. Tﬁ“r%position 1, at each Monte Carlo iteration, we avoid the

base station can classify users with average SINR less thgmputation of TX, RX filters by generating statistically
a predetermined threshold as edge users, while users védH{yivalent terms in th6INR expression.

average SINR greater than the threshold are classified as

interior users. First the total available bandwidth is déd VI. CONCLUSION

equally among the operators so that each operator §ets Spectrum sharing among the operators in a two-cell network
subchannels and then each operator applies FFR scheimenalyzed. Spectrum sharing is shown to greatly improve
Within each operator the subchannels allocations are givéme average rates of cell interior users but not for the cell

A. Fractional Frequency Reuse
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Fig. 3. Average rate of FFR and FSS schemes as a functief,f

edge users. A fractional spectrum sharing scheme is prdpose
in which only certain portion of the total spectrum is shared
among the operators and the remaining spectrum is dividd§ SAPHYRE,

orthogonally.
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APPENDIX

A. Proof of Lemma 2

The cumulative distribution function (cdf) ¢f can be easily
derived as

672/71

Fr(z)=1— —MM—.
7 () (2 +2/71)"

(12)
The expectation ofn (1 + z) on Z is derived as follows,

Ey [ln (14 2)] = /Ooom (14 2)dFy

71— FZ (Z)
= /0 a1 dz (13)
(&) [ et
= o 17 z
2/ Jo (z+m/v2)" (2 +1)
Using partial fractions,
1 2 Ji Air
I = Z T (14)
(z+71/7)" (2+1) ‘= (2 + a;)

(10]

(11]

(12]

whereJ, =1,J, = L,a; =1 anday, = 2

% .

e_z/"fl

006—2/’)’1 (')
X Au/o ] dz—i—;AgT/o EETwy dz
n\" AR L 7
= <> Anl () +) Agd <7”77 )
Y2 M — Y1 72
(15)

where the functiond;, I are given by [12, 3.352.4], [12,
3.353.2]

I (p) = e" Ei(—p),

IQ (rmuaﬁ):
1 = | r—k—1 Hp—k (*N)T_l B s
mZ(k—l)-(—#) B —me Ei(—pB).
k=1
(16)
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