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System model

Abstract—In this paper, we study precoded MIMO based
small cell networks. We derive the theoretical sum-rate cagcity,
when multi-antenna base stations transmit precoded inforration
to its multiple single-antenna users in the presence of inte
cell interference from neighboring cells. Due to an interfeence
limited scenario, increasing the number of antennas at the &se
stations does not yield necessarily a linear increase of tleapacity.
We assess exactly the effect of multi-cell interference onheé
capacity gain for a given interference level. We use recenibls
from random matrix theory to obtain the ergodic sum-rate
capacity, as the number of antennas at the base station, nurebof
users grow large. Simulations confirm the theoretical clains and
also indicate that in most scenarios the asymptotic derivadns Fig. 1. System model: multi-cell network. BS witl¥ antennas, servingd
applied to a finite number of users give good approximations fo users. Users aX experience nominal interference and user¥ axperience
the actual ergodic sum-rate capacity. high interference

Index Terms—Cellular networks; MIMO; Small cells; random
matrix theory; linear precoding.
In our contribution, we want to asses exactly the effect of
I. INTRODUCTION multi-cell interference in MIMO based small cell networks.

Small cell based wireless networks are gaining wide pop&mall cells being in close proximity experience higher lev-
larity to provide the end user with uniform coverage, synmnetels of interference, which would bring down the capacity
and throughput [15], [14]. Existing cellular networks ligsM gains significantly. We want to study the impact of muilti-
and WIMAX do not achieve expected throughput to ensufgll interference when base-stations employ linear priegod
seamless mobile broadband, owing to large coverage area tgsdiniques, such as channel inversion (Cl) at the baserstati
inability to reach indoor users. For a given radio architegt ~ As mentioned before, linear precoding techniques such
dividing a large (macro) cell into number of small (Pico)lsel as channel inversion(Cl) and regularized channel inversio
is one of the most effective ways to increase both systeffiCl) offer a convenient trade-off between complexity and
capacity [14] and coverage to bring the user a step closeraehievable sum-rate performance [7], [8]. The behavior bf C
any-place, any-time, any-device mobile broadband access.in uncorrelated MIMO broadcast channels (MIMO-BC) has

While, dividing a macro-cell into multiple small cells en-already been studied in [7], [8] for i.i.d. Gaussian chaanel
hances the capacity, the spatial dimension has been esgbloin particular, the authors in [7] showed that Cl achieveedin
in the recent past to enhance the capacity further. It is nelv wgrowth in multiplexing-gain. Further, authors in [2], enxteed
established that Multiple antenna at the transmitféy) (and the case to include antenna correlations due to dense jgackin
the receiver {V,) achieve capacity gains which grow linearlyof the antennas at the transmitter. The analysis carried out
asmin(Ny, N,.). considers single cell systems and they show that for the case

Recently, the MIMO broadcast channel [13], [6], [7], wheregf Cl, the sum-rate is maximized when the number of antennas
a multi-antenna base station, transmitting on M antennasté on the BS is equal to the number of uséfs
K single antenna users is shown to achieve capacity gaind-or the multi-cell case, the problem of interference co-
which grow linearly asnin(M, K), provided the transmitter ordination in uplink has been discussed at length in [4].
and receivers all know the channel [9]. To achieve thi§) [5], authors address downlink macro-diversity in celtul
several methods have been proposed among which linegstems. They study the potential benefit of base-stati®) (B
precoders offer a good compromise between complexity andoperation for downlink transmission in a modified Wyner-
performance trade-off [1],[8]. type [19] multicell model. They compare various precoders

Further, MIMO based systems have been studied in thed obtain analytical sum rate expressions for both thenéadi
framework of multi-cell networks. In a multi-cell scenarioand the non-fading case. They demonstrate via monte-carlo
the achievable sum-rate in the downlink, diminishes due simulations the effectiveness of linear precoding. Aushior
interference from neighboring base stations. Thus inargas[13] suggests that asymptotically, equal power allocai®n
the number of antennas at the base-stations does not neoptimal when the channel is i.i.d. Gaussian.
sarily yield a linear increase in capacity. Frequency reurse  In our work, we are interested in studying the impact
various forms of interference co-ordination [3], [5] haveeh of interference from adjacent base stations, which is more
proposed to achieve linear growth in capacity. pronounced in MIMO based small cell networks on the achiev-



able sum-rate capacity. We consider multiple-input midtip  Theorem 1. Let the entries of thek' x M matrix W be
output (MIMO) multi-cell systems, each cell composed of ai.d. Gaussian with zero mean and varianc&//. Let X
transmitter equipped witld/ antennas and( single-antenna and Q be respectivelyk’ x K and M x M Hermitian non-
receivers. We consider Wyner-type cellular models in ouregative definite matrices with eigenvalue distributiong
study. We neglect the effects of channel correlation due émd . We impose further that the largest eigenvalues of
densely packed antennas at the base-station transmitter, \X and Q are bounded independently &, M. Let Y be
a view to keep the analysis tractable. an K x K Hermitian matrix with the same eigenvectors as
The analytic expressions of the sum-rates for Cl are deriv& and let f be some function mapping the eigenvalues of
by applying recent tools from random matrix theory (RMT)X to those ofY. Let z € C* = C\ R*. Then, for M,
These expressions are independent of the specific chankielarge with K/M = 1/, the Stieltjes transforn® (z) of
realizations. H = X'/2WQWHX'/2 + Y is given
In our study, we find that .
« The achievable sum-rate is significantly diminished by q - pq(9)dg
the effect of multi-cell interference in MIMO based small m(z) = / <f(x) + x/ 1+ %q’TH(z) a Z) Hx () dz
cell networks. )

o The sum-rate capacity tends to grow sub-linearly Witiyhere73; is a solution of the fixed-point equation
respect to the number of base-station antennas as long as

the interference is non-zero. q - nq(q)dg -
« Also, there is an optimal number of users for a givedH(z) = /x f(z) +$/71 L Tuts) - px (z)dx
number of antennas at the transmitter, which maximizes A

the sum-capacity. This depends on the interference level . . . .(3) .
. . An immediate corollary, when only right-correlation is
and the transmit power at the base-station.

. . ) i _considered, unfolds naturally as follows,
The remainder of this paper is organized as follows: SectlonCorollary 2: [11] Let the entries of the x M matrix W

Il briefly reviews various tools of random matrix theory whic be i.i.d. Gaussian with zero mean and variang8!. Let Y

WIIII be ﬁsed in later ((jielnvlanosns. .Secfl\c/)n i mtrgducr?sa thege anK x K Hermitian non-negative matrix with eigenvalue
multi-cell system model. In Section we study chann istributionyy (x). Moreover, letQ be aM x M non-negative

inversion precoding. Section V provides simulation r‘_Bljlﬁefinite matrix with eigenvalue distributiong(z), such that

which are shown to corroborate the theoretical derivatiorme eigenvalues o) are bounded irrespectively off. Then
Finally in Section VI we provide our conclusions. ' ’

: : for large K, M, such thatK /M = «, the Stieltjes transform
Notations: In the following, boldface lower-case symbols g / « )

) : on C* of the matrix
represent vectors, capital boldface characters denotécemt
(Ix is the N x N identity matrix). The Hermitian transpose H=wWQW"+Y (4)
is denoted(-)". The operatortr[X] represents the trace Ofverifies
matrix X. The eigenvalue distribution of an Hermitian random
matrix X is ux (x). The symbolE[-] denotes expectation. The _ . / q
derivative of a functionf(z) of a single variabler is denoted Su(z) = Sy {# 1+ aqSH(z)MQ(q)dq ®)
f'(z). All logarithms are basé-logarithms.
[1l. SYSTEM MODEL AND ASSUMPTIONS
[I. RANDOM MATRIX THEORY TOOLS

In this work, we are interested in the behavior of Iargﬁ1

random Hermitian matrices, and particularly in the asyripto

We discuss the system model in this section. We consider a
ulti-cell Wyner-type model, for example as shown in figure
(2). For simplicity and to be able to keep the analysis ttaeta

practical cases, to a definite probability distribution;eadter
called theempirical distribution of the random matrix, when
the matrix dimensions grow to infinity.

A tool of particular interest in this work is th&ieltjes
transform Sx of a large Hermitian non-negative definite matri
X, defined on the half the spadgt = C\ Rt = {z €
C,Re(z) < 0}, as

the neighboring base stations as shown. Each cell sdkves
users from a base-station witlf antennas. We assume that
the base station antennas are uncorrelated. The informatio
from the base-station to its user set is precoded assuming
)berfect channel state information at the transmitter (§SIT
i.e, each base station knows perfectly the channel towards
the users in its cell, but not the interfering channels. Bser

oo g receive desired signal plus interference signals fromcadja
Sx(z) = / T Hx(A)dA (1) Dbase stations. We assume channel inversion (Cl) precotling a
0 the transmitter. The transmitted signals from the bas@stat
whereux is the empirical distribution oX. undergo Rayleigh fading and path-loss. Further, we assume

Couillet et al. [10] derived a fixed-point expression of thenat the channel is constant for some interval long enough fo
Stieltjes transform for Gaussian matrices with corref&it the transmitter to learn and use it until it changes to a new

the following theorem, value. We are interested in the behavior of the system and



its sum-rate capacity. Many of our results are obtained f& Asymptotic analysis for a single-cell

large limits, because the limiting results are often trbleta |, s 3 function of H and asM. K — oo, « tends to a
Nevertheless, we often considif, K small in our simulation -gnstant. Thus the sum-rate can be written as

examples. Further, all users are assumed to have the same

average (but not instantaneous) received signal powerniso o Rei = Klog (1 +my) (13)
model assumes that the users are similar distances from the . s qenotdd’ — _L_H. It follows from (9) that When
base station and are not in deep shadow fades. VM

M is large withM /K = 3,

1 —1
IV. CHANNEL INVERSION PRECODING Mtr (H’H’H) =

1

M

Channel inversion precoding, also referred to as zerasfgre k{1 E
(ZF) precoding, annihilates all the inter-user interfeery = — | = Z —)
performing an inversion of the channel matrl at the MAK =X
transmitter. We begin our analysis with the single cell case K
which is discussed in detail in [2], [7], and further we shall =

consider the multi-cell case. i=1
1 1
A. Sngle cell 1
- BSH/H/H (O)
Without loss of generality, we consider cell 0. The signal
received by users in this cell is As a consequence, for lard&’, M)
= Hx +n. 6 a? B3
where, H is the K x M channel matrix with zero-mean H'H
unit-variance i.i.d complex Gaussian entrigss= Gs is the and the sum-rate is
transmit vector obtained by linear precoding of the symbol P
vectors with the precoding matrixa. Symbols; € s for any Rei = Klog (1 + 87(0)) (15)
userk is complex Gaussian with zero mean and unit variance. H/HH
The M x K linear precoding matrix is defined as According to Corollary 2 Sy ¢+(0) is the solution of
G = oH" (HH") . 7) B
where« is chosen appropriately to satisfy the total transmit =~ Sy, 11(0) = (/ %N()‘)d))
power constraintr(E[xx]) < tr(GGH) < P. 1+ 58umm(0)
Now the received vector in Cell 0 - / A S(A—1) -
y = as+n. (8) N 1+ %SH’H/H (0)
The parametery which satisfies the transmit power con- _ 14 Saran(0) (16)
straint and depends only on the channel realizakbis given I}
b . :
y ) P o Solving for Syp/grn(0) yields,
¢ T w(EET) ) ©
p
The SNR (signal to noise ratio) for any udeis defined as Span(0) = G-1 (17)
Eq {|ask|2} o2 and the sum-rate is re-written as
= = . 10
" Elngl? o? (10) Rei = Klog (14 p(3—1)) for g >1 (18)
is independent of the selected uset.is the noise variance.  The rate-per-antenna is
The ergodic capacity for usér is R
<= Zlog(1+ p(B—1)). 19
Ci = log(1 + m). (11) o~ plost el —1) 19)
and the sum-rate is As 3 — 1, Ri/M — 0, which implies that the sum rate of
K channel inversion does not increase linearly with(or K)
Rei = Z 10g(1 + 77’“)' (12) lit is important to note here that we slightly misapply Caaofl 2 since
k=1 the result is only proven valid outside for aay> 0.



C. Optimizer 5* for the single cell

Following [7] we now look for a valug* of the ratioM /K 2y 1 9 H Hy —2 H
such that, for a fixed number of transmit antendds the Bl = K (voiHo Hy (H: HY)~"H, Hy,
sum-rateR.;(3) is maximized. By differentiating eqn (19) +vo? Hy H" (H_,H",)?H_ H} )
with respect to3 and setting the derivative to zer@? is the

2
solution of the implicit equation +o°l
_— . M iee(l . 20 E. Asymptotic analysis for the multi-cell
pp7 = (Lt p(B" =1 log (L+p(F" = 1)) @0) ) o AS KM — o0
. 1 1
D. Multi-cell T (Ho HY (HHY) " H HGy ) — 3—1

In this section, we study the effect of multi-cell interfece.
Without loss of generality, we consider users in Cell 0 aéfdc ~ Proof: Denote
by interference from adjacent base-stations. We consider a
cell Wyner-type model as shown in figure 1. C€} is at the
center. Adjacent cells are designated Cglland CellC_;. Now,
Following our analysis of the single cell case, the received

A =HY'HH!)?H,

1

vector for users of celCy, is =t (Hn AHY,) = =E [tr (Hor AHY,)]
= 1

y = HoGoso + v7Ho1G1s1 + /7Ho-1G 151 +n. (21) _ ?tr (E [Hy AHH))
As before,H, is the channel matrix from base station in cell 1

Cy to its usersHy; andH,_; are interfering channels from
cell C; and C_,, respectively.G; and G_; are precoding
matrices for users in cell; andC_;, respectivelyy is the
signal (interference) attenuation.

As stated earlier, all users in cdll, are assumed to have
the same average received signal power, so our model assumes

?tr (E[tr(A)] Ixxk)
E [tr(A)]

E [tr (H;HY)™Y)]

E [tr (HY (H,HY)?H,)]

(28)

that the users are similar distances from the base station #nX x M matrix H; is zero-mean, i.i.d. Gaussian, th&y =

are not in deep shadow fades. H,H!! is aWshart matrix. For a Wishart matriX,
The precoding matrices in cellcan be written as
B [ (W)™)] = -2
G, = oHIEHHH! (22) M-K

The ergodic capacity for usérin cell Cy is expressed as

E [tr (H;H)™Y)]

2
= _%
Ci = log (1 + E[InkIQ]) (23)  and hence,
Where,n,, is thekt" element of the covariance matnix The itr (Ho1H§'(H1H?)_2H1HE'1) — 1
expectation of this matrix can be written as K g-1
Enn"] — 7H01G1GTHE'1 Thus the expectation in eq. (28) reduces to,
1 1
+ yHo.1G_1G" Hf | + 071 (24) E[|n|*] — oz%'yﬁ T + 042,175 1 + o2 (29)
Expanding and simplifying, _
P g plitying And hence, the sum-rate is
Enn"] = ~yoiHeHY(HHY)2H HY, 03(3 - 1)
2 H H \—2 H Rei = K1 1+ 30
+ ol Ho HY,(H,H?,)""H_Hj ©8 ( a3y 4ot v+ 023 - 1)> (30)
2
+ o (25) Following (14), for large( K, M),
Since, 5 5 2
Qp o] ATy pB 2
Ellm[?] = Bllnaf?] ... = Elnif? (26) 02 o2~ o Sppeio) "MNerer =L/ (B
We can write, Thus the above sum-rate expression can be simplified as
K
1 BB~ 1) )
2 - |2 Rei=Klog |1+ 32
Bllnaf) = & 2 Ellnil? ’ ( B~ Sumn) +2798)
1 2Refer section 2.1.6, equation (2.9) of [16] and the refegeribere-in ([17],
_ Etf (E[nnH]) @7 us) q (2.9) of [16] (a7



Substituting forSg g+ (0),

o p(B—-1)
Rei = Klog (1 + 1+29p > (33)
Re-writing,

Rei 1 p(B—1)

We observe that whens = 0, that is when there is no

interference, the capacity formulais that of the singlitazse.
As 3 — 1, R.i/M — 0, which implies that the sum rate of

channel inversion does not increase linearly with(or K)

Fig.
F. Optimizer * for the multi-cell

Following on similar lines of the single-cell case, we now
look for a value g* of the ratio M/K such that, for a
fixed number of transmit antenndd, the sum-rateR;(3)
is maximized. By differentiating eqn (34) with respect fo
and setting the derivative to zerg; is the solution of the
implicit equation

= -1)+(1+2 log |1+ —— 35

pB" = [p(B" — 1) + (1 + 2vp)] log [ 11977 (35)

One can observe that by setting= 0, we fall back to the Fig.
implicit equation (20) of the single cell case.

G. Some observations:

Following our single cell and multi-cell analysis, we plot
in figure 2, the optimals, i.e, 5* (refer equation 35), which
maximizes the sum rate and in figure 3 the corresponding
optimal number of userE™* = M /5* for M = 16 and different
SNR. We observe that,

1) With increasing SNR more and more users should be
served to maximize the sum rate.

2) Also, the number of users required to maximize the sum
rate tends to saturate with an increase in the interferexuaterf
Y-

Next, we plot the optimal sum rate (refer equation 34),
i.e, the sum rate achieved wheh = 3* in figure 4. We "9
compare this for example witl8 = 2, shown in figure 5.

We obtain the sum-rate by computing the rate per user in
the asymptotic regime and then multiplying this with a finite
number of antennas/ at the BS. For this example we have
usedM = 16.

There are some interesting observations here:

1) The sum-rate tends to increase at a constant rate when
8 = B*, when there is no interference & 0).

2) The sum-rate tends to saturate with interference and the
saturation occurs sooner when the interference is higher.

3) The sum-rate with interference for any othgy for
example3 = 2 (fig 5), is not much different fromg = g Fi¢-
(fig 4) in the presence of interference. The rate per transmit
antenna tends to saturate with interference.

B* vs SNR for various interference factory (M=16)
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H. Single cell and multi-cell with unequal power as
We re-define the power-constraint as

1 -1 -1
Effnef?) = -t (Ho B (L) Py (HLHY) HHY,
tr[xPx"] < tr[GPGH] < P (36)

—1 -1
. +H0_1Hﬂl(H_1H|j1) P_l(H_lHﬁl) H—ngfl)
such that theé:*" diagonal element oP represents powey;,

2
for userk with S>r, pp = tr(P). +o71 (44)
Expandingtr[GPG"], As M, K — oo,
tr (GPGY) = & (H'(HH")"'P(HH") 'H) tr (Ho, HY (H,HY) P, (H, HY) "'H, HY))
= tr ((HHH)—IP) _ - 1 1tr(Pi) (45)
= tr(HH™)™! itr(P) _ .
K Therefore, the expectation can be written as,
1 Ho_1 1
= —tr(HH)' —tr(P) 1 tr(P 1 tr(P_
M K Efjn 2] =y 2P0 1P )
1 1 -1 K -1 K
From eqgn (36) and (37), we see that The capacity of usek is
1 Pg -1
Lu(P) € =0 S (B-1)
B0 = log (47)
K St (0) ,Ytr(}r;l) +,ytr(1;(,1) 2B —1)

With p = P/o?,

1 PP
= ST
g ?tr(P) SH/H/H(O)

Substituting eqn (38) fot /o2,

(38) p(B—1) p

Cp=log |1+ (48)
< vp tr(]l;l) +p tr(l;;fl) + trg) )

SubstitutingSyy 4 (0) = 3/(8 — 1), the ergodic capacity

for userk in the single-cell case is and the sum-rate is expressed as
Ci = log (1 + p—k) =log |1+ M . (39) ¢
o2 Ltr(P) K -1
K p(B—1) pr
- Z log { 1+ w(Py) t(P_1) | t(P) (49)
and the sum-rate is P o T +yp TR 4+ P

Zlo LGl pkp (B-1) (40) Notice that if tr(P;) = p = py, the above expression will
& tr(P) reduce to the expressions derived for the multi-cell cagh wi

equal power constraint (egn 33).
We can easily see that with equal power for all users, The sum-rate per antenna is

L = tr(P) = p = pr and the above expression will reduce to the

expressions derived for the single-cell case with equalgoow Rei =
constraint (egn 18). M
The rate per antenna is 11 & -1
P 3K Zlog (1 + tr(Pl)p(ﬁ t)r(r]?i) tw(P) ) (50)
k=1 R ol it e et i e

it (P) We observe two things here. 1) One can come up with
an optimal power allocation policy (for ex. based on the
For the multi-cell case, the ergodic capacity eqn (23) fehannel characteristics) which maximizes the sum-capacit

userk is in the unequal power allocation scheme. 2) If some of the
users in the adjacent base stations are not being servieed, i
Ck =log [ 1+ [Inkl ] (42)  their respective antenna at the transmitter is switchedtlo
interference comes down (for ex. if one or more user links
Where, are inactive in celll, thentr(P;) < P;) and hence the sum-
Enn"] = ~HpG,P,GHHY, capacity scales up.
+ ~Hy,G_,P_GHHY

V. SIMULATION RESULTS
+ o’ (43) . . . . .
In this section we evaluate by simulation how interference

After suitable simplification similar to the multi-cell alyais from neighboring base stations impacts the behavior of the
in the previous section, we can re-write the above exprassisum-rate of linearly precoded MIMO small cell networks when



the antenna array at the transmitter are large. We compare nu Rate per antenna vs 8 (SNR=20dB)
merical results obtained by Monte-Carlo simulations with o ‘ ‘ ‘ ‘
previously derived asymptotic expressions for finif€, M).

In particular, we have the following cases.

1) We fix the SNR 6 = 20 dB) and calculate rate achieved
per antenna as we vary = M /K (refer equation (34)). We
plot this in figure (6) for various interference factoys We
observe that the rate per antenna is maximized for a certain
8 = [*. This matches with thgg* computed by solving the
implicit eqn (35). It is also interesting to observe that
increases with increasing interference. Also, beygrid the i 2 3 4 5 6
capacity growth is not in proportion to the growth in number B
of antennasi/ at the base station. Fig. 6. Rate per antenna y$ at SNR of 20 dB for various interference

2) We fix the SNR f = 20 dB) and the ratioM /K = factorsy
£ = 2. We compute the rate achieved per antenna as we vary
the interference factoy. We compare asymptotic results via 35
monte-carlo simulations. We plot this in figure 7. We observe —
that the achievable rate is very sensitive to interferefite. : ’
drop in rate is very steep in the beginning and tends to
saturate for higher interference. Thus, the rate per aatenn
saturates withy. This seems to indicate that the high amount
of interference envisaged in small cells might not be as
harmful. Many of the proposed interference management and
co-ordination schemes might work well even in the case of Tre
small cells. ™ : B

3) Next we show how the sum-rate increases with increasing o 02 o2 o5
number of base-station antenn@sat SNR = 0, 20dB) for Y
various interference factorg, v_vhenﬁ = 2. We compute f[he Fig. 7. Rate per antenna ws when, 3 = 2, SNR p = 20 dB for various
rate per antenna from equation (34) for the asymptotic paiterference factors
to compare it with monte-carlo simulations. The observetio
are plotted in figures (8), (9). We observe that the increase
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in sum-rate is linear when interference is nil. The increase 16
is sub-linear for other interference factors. Since the lnem ur | e o
of antennas at the base station and number of users are 120 o yeou o et

increasing simultaneously, the capacity is expected tavgro
in proportion tomin(M, K'), scaled by a factor, that depends
on the interference factoy and the SNRp.

In all the cases, we observe that in all simulations the
asymptotic results closely match the numerical resultseve I
for small values of K, M). o er
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VI. CONCLUSIONS
Fig. 8. Sum rate per antenna as a functionMffor 3 = 2 at SNR of 0

We looked at the problem of inter-cell interference in MIMQB for various interference factors
based small cell networks. We started our analysis with a I Sum-rate vs M (SNR=2048) _
single cell, where multi-antenna base station employ célann
inversion precoding to communicate with multiple single- 1001
antenna users. We extended the case to multi-cell scenario,
using a simple wyner-type model. We derived the sum-rate
capacity in the asymptotic regime, i.e, when the number of
antennas at the base station and number of user grow latge, bu
with a fixed ratio. We used recent tools from random matrix
theory, which have proven to give reliable results even when 20
the quantities involved are practical and finite. We further P I
derived3*, the ratio of number of transmit antennas to users,
which maximizes the achievable sum-rate. The asymptotic

f ; : _ . . . g. 9. Sum rate per antenna as a functionAéffor 3 = 2 at SNR of 20
gnglyms _Was validated with monte-carlo simulations in tlﬁés for various interference factors
finite regime.
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We conclude that the achievable sum-rate is significantly[18] A. Lozano, A. M. Tulino, and S. Verdu, "Multiple-anteancapacity

diminished by the effect of multi-cell interference in MIMO Z‘gth;p'Oé"é‘g;’wgéﬁgg‘cet"’z'gog'f Trans. on Information Theorgl.
based small cell networks. The sum-rate capacity tends t@,g) aaron D. Wyner, "Shannon-Theoretic Approach to a Giars€el-

grow sub-linearly with increasing interference. Also, rihés lular Multiple-Access Channel”, IEEE Trans. on Informati@heory,
an optimal number of users for a given number of antennas  Vo!- 40, pp. 1713 - 1727, Nov. 1994

at the transmitter, which maximizes the sum-capacity. This

depends on the interference level and the transmit powéeat t

base-station. For a given number of transmit antenna, rgovin

away from the optimal,5*, tends to saturate the capacity

growth at high SNR. The saturation occurs sooner with higher

interference.
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