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Abstract— Recent studies have demonstrated that millimeter- technique for reducing the other-cell interference is rfiete
wave cellular networks may operate either in the noise- or irthe  ence Alignment (I1A) [5], since it is capable of best using the
interference-limited regime, depending on several paramers, a\qijaple degrees of freedom in interference channelsAln |

which include the density of base stations, the density and . .
size of obstacles/blockages, the antenna beamwidth, and eth clusters of BSs, which serve different MTs on the same phys-

transmission bandwidth. The objective of the present paper ical channel, cooperate and apply linear precoding mettwds
is to exploit tools from stochastic geometry for obtaining a suppress the other-cell interference at each intended MT. |
mathematically tractable framework that allows us to identfy  applied to interference-limited mmWave cellular netwoiks
the operating conditions under which millimeter-wave celular provides opportunities for suppressing the strongestfariers

networks operate in the inference-limited regime and to assss d enh ina th d rate. The | th b
the potential advantages of interference alignment, by takg into ana enhancing the coverage and rate. 1he larger the number

account the overhead cost of base station cooperation due toe  Of cooperating BSs is, in general, the smaller the othdr-cel

estimation of channel state information. interference is and, hence, the better the performancenis. |
order to appropriately work, however, 1A necessitates nean
|. INTRODUCTION state information at the BSs. This is usually obtained with

the aid of pilot signals that are transmitted before the data

The use of the millimeter wave (mmWave) frequency bangignals [6]- [8]. In general, in addition, the larger the rhem
for application to the wireless access of heterogeneous-ultof cooperating BSs is, the longer the time for estimating the
dense cellular networks constitutes a promising solutmn fchannel is. This negatively affects the achievable ratedof |
achieving the data rate that the fifth generation (5G) oli&ill ~ Motivated by these considerations, we investigate the po-
systems is expected to provide. Recent results have shownteintial throughput of 1A for application to mmWave cellular
fact, that mmWave cellular networks may outperform theffetworks. The objective is to quantify the interferenceured
counterparts that operate at conventional frequencies, ition vs. training overhead tradeoff of IA, as a function o th
below 6 GHz, provided that the Base Stations (BSs) af@mber of cooperating BSs. To this end, we exploit tools from
sufficiently densely deployed, highly-directive antenreae stochastic geometry and model the BSs of mmWave cellular
used at both the BSs and the Mobile Terminals (MTs), anétworks as points of a Poisson Point Process (PPP) [9]dBase
the transmission bandwidth is sufficiently large [1]- [4].  on the mathematical approach introduced in [10], we develop

In [1], in particular, it is shown that mmWave cellulara tractable framework that is easier to compute than nuaileric
networks with an average cell radius of 50 meters and withsimulations. From it, we show that an optimal number of
transmission bandwidth of the order of GHz may outperforgooperating BSs that maximizes the potential throughput of
conventional cellular networks in dense urban environsienlnmWave cellular networks that use IA exists.
The reason of this performance gain is that mmWave cellularThe remainder of the present paper is organized as follows.
networks operate close to the noise-limited regime whilea Section I, the system model is introduced. In Section
conventional cellular networks are interference-limitdthe 1lI, the proposed mathematical framework for the potential
mathematical analysis and numerical illustrations shown ihroughput is presented. In Section 1V, the framework is-val
[1] have unveiled that mmWave cellular networks exhibit dated with the aid of Monte Carlo simulations and numerical
noise-limited to interference-limited transitional bele as illustrations are shown in order to quantify the impact of 1A
a function of the inter-site distance of the BSs, the antenas a function of the density of BSs and of the number of
beamwidth, and the transmission bandwidth. Stated diitsre cooperating BSs. Finally, Section V concludes this paper.
mmWave cellular networks may operate in the interference-
limited regime as well, if practical constraints on the #an
mission bandwidth and on the antenna beamwidth need to/ePPP-Based Cellular Networks Modeling
imposed and, consequently, the density of BSs needs to b&ve consider a downlink cellular network where the BSs are
increased for providing an adequate coverage to the MTs. modeled as points of a homogeneous PPP, denotefigay

In these application scenarios, interference managemehtensityAgs. The MTs are modeled as another independent
schemes need to be applied, in order to exploit the potesftialhomogeneous PPP, denoted iy, of density A\yr. Each
mmWave cellular networks for wireless access. A promisirS and MT are equipped wittvy transmit andNg receive

Il. SYSTEM MODEL



antennas, respectively. We assumg > Ags, i.€., saturated C. Directional Beamforming Modeling
traffic conditions hold and, thus, the BSs are all active.lEac

BS is assumed to emit a constant transmit power In order to overcome the large path-loss at high frequency

bands, mmWave cellular networks are expected to use direc-

B. Channel Modeling tional antennas for enhancing the link reliability and reidg

A quasi-static channel model is assumed, where each BBe other-cell interference. We assume that directionahbe
to-MT link is characterized by a blockage probability, whic forming is employed at both the BSs and MTs. Similar to
takes into account whether the link is in Line-Of-Sight (lOSprevious works, a two-lobe model for the radiation pattefn o
or in Non-LOS (NLOS), path-loss, shadowing and fast-fadinghe directional antennas is assumed [1]. The generalimtio

1) Blockage Modeling:In the mmWave frequency band,to other radiation pattern models is possible by using the
modeling blockages is of primary importance [1], [4]. A BSapproach recently introduced in [10]. Accordingly, theeamta
to-MT link is said to be in NLOS if a blockage, e.g., again of BSs and MTs can be formulated as follows:
building in an urban environment, is present in the straligiet M) it | <
between the BS and the MT. Otherwise, itis in LOS. Typically, G, (0) = { ‘(ZS) ] = 2)
the presence of blockages and, thus, the occurrence of LOS Gq if 0] >
and NLOS conditions is taken into account statisticallthitwhereq € {BSMT}, § € {—=, 7} is the angle off the

the aid of probability functions that depend on the diStan‘Eﬁ)resight directiong, is the beamwidth of the main lobe,

between BSs and MTs [10]. In this paper, the LOS and NLOS(m) (S : : :
probability are denoted byios (-) andpnios (+), respectively. éq and Gy " are the afray gains of main and side Iobgs.
They are assumed to depend only é)n the BS-to-MT distan eThe typical MT and its serving BS are assumed to estimate
r, and the identitypos () + prios (r) — 1 holds for everyr %hé angles of arrival and to adjust their steering direcion
The mathematical analysis of mmWave cellular networl?s(ig)o T'g%%’;gwgh?hth%_d'ri(_:t!}[”ty g.alnfotfhthg Lntt:ndemk'lgl;
in the presence of realistic blockage models is known to i) — YBS YMT* € |reg ity gain ot the interfering bBss,
intractable. To overcome this issue, we adopt the tractatgebev‘;gi:jeolm'lde(;‘;'gﬁfeéhe?&:‘ r'g;egi['?g eBai’h ?)rtﬁe?SaS#éntidbe
model first introduced in [1] and then generalized in [10] fol° Cend y dl . WII | t% o Thoret
arbitrary blockage models in the presence of shadowing a‘r%*epe” ently and uniformly distributed i, 7). Therefore,

general load conditions. The adopted blockage model is knoW'® Probability density function ofi®) can be formulated as:

SESENIS

as the multi-ball model and it is summarized as follows [3]. wgg) ny?% (m) ()
In the multi-ball blockage model, the distance between thdco (9) = Z Z 775 (9 — Gpg GMT)
typical MT and its serving BS is divided if8 + 1 annular me{M,8} ne{M,S}
regions, which correspond t8 balls whose center is the MT. 3)
Let0=Dg < Dy < Dy <--- < Dp < Dpy; = oo denote . . M) )
the radii of the B balls. The LOS and NLOS probabilities,‘;Vhe_re‘s('f)o:rs tze{DB'gal‘\;ddTe}'ta functiony, ™ = w, andw, ™ =
ps (+) for s € {LOS, NLOS}, can be formulated as follows: T W 4 ’ ’
B+1 o o
ps (r) = Z glPr=1:D011 (Dy_y < 7 < Dy) 1) D. Cell Association Criterion
b=1 The cell association is based on the highest average receive

whereqL””’y] for s € {LOS, NLOS} is the probability that a Power criterion, which accounts for the path-loss and sivado

link of lengthr € [z,y] is in states and1(-) is the indicator iNg While the fast-fading is neglected. We assume that the
function. Since a link can be only in LOS or NLOS, thd-OS or NLOS status of a BS-to-MT link is independent of
equality . L os Lo ¢¥ = 1 holds in every region. the LOS or NLOS status of any other BS-to-MT link. Stated

2) Path-Loss Modeling:The path-loss of LOS and NLOS differently, no spatial correlation among the BS-to-MTkiin
links is formulated as, (r) = k. for s € {LOS,NLOS}, IS considered. Under this assumption, the homogenous PPP
wherek, denotes the path-loss constafif,denotes the path- of the BSs, ¥gs, can be partitioned into two independent
loss slope, and is the BS-to-MT distance, respectively. ~ and inhomogeneous PPPé¥gs, for s € {LOS NLOS},

3) Shadowing Modeling:Consider a link of length- in such that . s n1.osy ¥Bs,s = Uss, Whose intensities are
states € {LOS,NLOS}. The shadowing, denoted by,, is AssLos(r) = AsspLos (Tg and AgsnLos(r) = Asspnios (7).
assumed to follow a log-normal distribution with mean Let Ly(r) = Is(r)/xs for s € {LOSNLOS} be the
(in dB) and standard deviatiom, (in dB). The probability generalized path-loss that accounts for shadowing, be., t

density function of shadowing can be formulated fgs = inverse average received power, of a BS-to-MT link of length
101 gy (1000802 —pe)® r. The generalized path-loss of the serving BS of the typical
N(10) Vara.x 207 ) MT can be f lated a&© — min J7© . [© h
4) Fading Modeling: In addition to blockage, path-lossMT can be formulated aé _mln{LLOS’LNLOS}'W ere

and shadowing, each BS-to-MT link is subject to fast-fading () for s € {LOS,NLOS} is defined as follows:

which is modeled as an independent complex channel gain

denoted byh. The power gainh|? is assumed to follow an Lgo) = min {Ls (T("))} 4)
exponential distribution (i.e., Rayleigh fading is assdineith ne¥ess

mean value equal t® os = QnLos = 1. andr(™ is the distance between thgh BS of Ugs ; and MT.



~ B [P, ,.D _ ~ ~
As ([0,2)) = mABss D Z]\L bt b]H (x — ksD{j 1) H (a: — kngs) ((a:/ks)Q/ﬁS - Dg_l)
_ b=1 (5)
- B (D, ,.D ~5\ [~ ~ ~ Dp,00 =3, 2/8: 1
+wABS,Sb§:jla£ " (2 - kDY) (D3 - DRy ) + mhesds i (v - kD% ) ((@/k)* - DY)
E. Tractable Mathematical Modeling cooperation among BSs may reduce the impact of strong

Taking spatial blockages and shadowing into account mal{ggerferers. AS an example of BSs CO‘?Per?‘t_'o” for interfer-
the mathematical analysis of mmWave cellular networks ir‘%nce reductlor), we arjalyze IA. F_or S|mpl|c_|ty, we assume
tractable. To overcome this limitation, we capitalize oe th'at @ single information stream is transmitted. As far as
approach introduced in [10], which is referred to as th&® typical MT is concerned, in particular, IA operates as
Intensity Matching (IM) approach. The interested readees afollows [6]_' [8]. First, the K BSs pro_wdlng the s_mallgs_t
referred to [10] for further information. In simple termketiM K generalized path-lpsses to the tYP'Ca' MT are |de_nt|f|ed.
approach is an approximation that allows us to account fr tﬁhe smallest generalized path-loss is denotedBY, while

impact of blockages and shadowing at an affordable analytié1€ kth smallest genre]ralizEd path-loss is denotedLlSl(X) lfor
complexity. It is based on the following assumptions: k=2,3,..., K—1.Then, thek” cooperating BSs apply linear

e _ precoding and decoding vectors in order to suppress the-othe
« Any blockage mofje'* i _dlfferent _from the_ mUIt"ba"_ceII interference generated by thé — 1 interfering BSs for
model formulated in (1), is approximated with a mum'the typical MT. The mathematical formulation for obtaining
ball model whose number .Of balls, den_oted By is recoding and decoding vectors is available in [5]. We use th
chosen to tradeoff computational complexity and approgﬁin—leakage algorithm for obtaining them [6]- [8]. The BSs

|mat|0|:f_a_cculracy. Usually thrlee—ﬁve balls are enough g side the cluster ofc cooperating BSs, on the other hand,
get su |<_:|en_ty accur_ate results. . __still create other-cell interference towards the typical.M is

. Shadowmg is taken |n_t0 account as follows: |_) by Sca“nﬂlorth noting that the number of cooperating BEsneeds to
the density of BSs in LOS and NLOS with respehe chosen according to the feasibility conditions:

to the typical MT ashgss = ApsE,. {Xg/ﬁs} _
Ny +Ngp>(K+1) and min{Np,Ng}>2 (6)

_ =2
ABs exp (2% + 2%), where E{-} is the expectation
operator, andii; and 5, are the mean and standard In order to compute the precoding and decoding vectors,
deviation of log-normal shadowing expressed in neper, fij¢ cooperating BSs necessitate channel state information
b?/ Sca"ng the radiiD;, and the occurrence probabi"ties]ﬁhe links inside the cluster. To obtain estimates of the 8S-t
D
ds

~

=100 of the B balls in (1). TAh[e scale]d radii andMT cganner: gai_?s insidﬁ th(;e clujteir. ﬁf[7c]ofoperatir|!Q BSs,
=~ Dy_1,Dy we adopt the pilot overhead model in or application to
probabilities are denoted by, andgs ' frequency-division duplex systems. In simple terms, a lbloc

- The approximated (scaled) parametefs D, and fading channel model is assumed, where the block-length

Dy_1,D . e
CIAL *™] are obtained by minimizing the mean squarexpressed in terms of multiple of the symbol timé, depends
error between i) the intensity measure of the generalizegl the Doppler spreadp, i.e., N, = ==—. According to the

2fp

path-loss corresponding to the exact blockage and shaflot overhead model in [7], the number of pilot symbal&,,
owing models and to a density of BSs equalXgss that are needed for channel estimationNis = Nps 4+ Npr +

and ii) the intensity measure of the generalized pativg, 4 N4, where Nyt > K N7, Npr > KNp, Npp > K>Nr

loss corresponding to a multi-ball blockage model witnd Npq > K. As a result, the number of symbols available
parametersB, D, and qALDb*“Db] and to a density of for data transmission i8/q = Np — Np. Since a finite number
BSs equal tO:\\BS,s- The definition of intensity measureOf pilots are used, in addition, the channels are estimated
of inhomogeneous PPPs and the mathematical detailswdth some errors, which does not permit perfect interfeeenc
the matching criterion are available in [10]. suppression inside the cluster & cooperating BSs. For

With the aid of the IM approach, the set of generalizefd”ther details, the interested readers are referred to[§]
path-losses corresponding to the PPP of BBgg, can be In the rest of the present paper, we assuMg = KNr,
shown to be an inhomogeneous PPP whose intensity meas]MPé: KN,
is A([0,2)) = X cquosnwos) As ([0,2)), where &, ([-,))
is defined in (5),H(-) is the Heaviside function anff (z) =
1 — H(x). Since inhomogeneous PPPs are completely characin this section, we provide a tractable mathematical
terized by their intensity measure, (5) constitutes an kmab framework for computing the Potential Throughput (PT) of

Ny = KQNT anded =K.

Il. SYSTEM-LEVEL PERFORMANCEEVALUATION

result for the analysis of mmWave cellular networks. mmWave cellular networks with IA. The PT is defined as:
F. Interference Alignment PT = 7log, (1 + yn) Pr{SINR > v} (7)
As mentioned in Section |, ultra-dense mmWave cellulavherer = Se—UNertTert Nt Noa) ecounts for the effective

networks may be interference-limited. Thus, allowing theesources used for data transmission and, thus, takesltte pi



Q\,(U)

PT = 7logy (1 + ) o5 fonae

(12)
+oo p4oo thO5 intra t inter t
X Jo o €xp —m%giﬂ’i(mx)j\/[ t (Wiw)x :zr,y)M t (W}h(m ‘ >fL(:c,y)da:dy
N 2 B 5 . Bl ~ ~
Ty (Q, 2 |u) = TAps, (i) "0.(2,2) % DDl (u - ksts) H (u - kstjl)
b=1
Dy_1,D ~ — ~5 ~ _ ~5.
tedas 3287 (D2 0. (1 )T (u kD)~ Bjo. () T (u - kD7) 09)

1
s ](D2® (—Dg,z)ﬁ(u—ksﬁgs)jt(k—i)%@s (%,Z)H(u—ksﬁ%))

training overhead into accouni, is the decoding threshold, account for channel estimation errors and for the deperaenc

and SINR is the Signal-to-Interference+Noise-Ratio. of the aggregate interference on both the smallest genedali
Based on the system model introduced in Section II, ttRath- |OSSL(O) and on the K —1)th smallest generalized path-
SINR of mmWave cellular networks with IA can be formulatedoss LS~ which are correlated random variables.
as follows (the details are omitted for brevity): By using the same line of thought as in [10], a mathe-
© /70 =© matically tractable and computable expression of the PT is
SINR — (PG /LO) g provided in (12), wher¢,, (-, ) is the joint probability density

(PG® /LO) 4O) 4 62 + Pl,g, (L© LE-1)  function of L and LE-D), Mi““a(-| -,-) is the Laplace
(8) transform oflgfé'ﬂgra (,-) conditioned onL(®) and L1, and

where 0% is the noise power, I, (L@, LKD) = pinter (..} is the Laplace transform afi2ter () conditioned

fintra (LO) LIK=1)) 4 pinter (LIK=1)) is the aggregate other-on L5~V The functionf,, (-,-) can be formulated as:
ceII interference, wherd‘“t“(-,-) originates from thek

agg A —A([0,2)))"
cooperatmg BSs and is due to channel estimation errors andfz (z,y) = (A([O’y))(K[i(é(;} )) eXp (— ([O,y))) (13)
{lg%or -) originates from all the other non-cooperating BSs, < A ([ij))x(l) ((0,9) H (y — x

)
u  is the equivalent channel gain of the intended link after ~
decoding, andu(®) is the equivalent channel gain of the where A() ([.,)) is the first-order der|vat|ve1 A ([-)) in
intended link after decoding due to channel estimationrerro(®), Which can be explicitly expreased & ([0,2)) =
With the aid of some algebra, the following can be proved=se{LOS,NLOS} AV ([0,2)), whereAL ([-,)) is:

— . . . - A — 72/55 s—
. 2" is an exponential random variable with mean AL A([va))—ﬂ)\Bs,s (2/8s) ks /70 a2/

Q_© = NpaP/(0} + NpaP). « 3 glPr Dl (x Y 555) I (m kD )
. @ is an exponential random variable with medgo, = =1 -

0%/ (0% + NpaP). u 7 and@©® are independent. +7ABs.s (2/8s) k;2/5sx2/65—1a£D§’°°]H (I _ ksﬁg‘“)
o Ira(...) and I;‘;fg“ (-) can be formulated as follows: (14)
[inera (LO) LKD) and Mintra (.. .) and Mter (.| .) can be formulated as:

K intra intra
=% ff:jg(’“)l (L(O) < L0 < L(K—l)) 9) MR (2| y) = exp (Zse{LOS NLOS} s ¢ (z|:v,y))

k= inter inter
' M™r (2]y) = exp (Zse{LOS NLOs} s ' (z|y))
L™ (LU0 | | (15)
- > (a7 + ”(”) 1(L0 > 1) (0 where min™ (zfry) = To(%zlp) — T2 (@ ly)
i€¥ns m* (zly) =T (1= Q). 2[y)+ s (g, 21y), Lo (- [)
oy () is defined in (16) and:
whereg®), g andg ) are independent and exponen- .
tially distributed random variables with meafig) = 0,(Q,2)=1- Y Yes “ur
Qq Qum =1-Q, andQAm = (g, respectively, where: me{M S}ne{M, s} (17)
. xaFy (—2,1,1- 2, -06E Gl 2)
Q _ NTa'N + oN
= NptP (KNT NR)P (11)
X NR + KNTNR 1+ NRG'N
Niy Np: P IV. NUMERICAL AND SIMULATION RESULTS

We note that, with respect to currently available mathemat-In this section, the accuracy of the proposed mathematical
ical frameworks for the analysis of cellular networks byngsi framework is validated with the aid of Monte Carlo sim-
stochastic geometry [10], the main difference of the pnwbleulations and the feasibility of IA for enhancing the PT of
formulation in (8) is the presence of additional terms thamWave cellular networks is studied. The following setup is
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of BSs and of the number of cooperating BSs. We observe
that the proposed mathematical framework is in good agree-
ment with Monte Carlo simulations. Due to the presence of
blockages [10], an optimal deployment density for the BSs
exists. It depends, in general, on the number of cooperating
BSs K. As far as the impact of IA is concerned, a too large
cluster size, X, may lead to a considerable reduction of the
PT because of the associated training overhead for channel
estimation. An optimal value of{ that maximizes the PT,

in general, exists. In Fig. 2, in particular, we provide the
maximum PT with respect to the density of BSs and as a
function of K. We conclude that, in the considered setup,
K = 7 corresponds to the optimal number of cooperating BSs,
which optimally tradeoffs interference reduction and a&ln
estimation overhead. The maximum gain originating from 1A
is of the order of 0.7 bits/s/Hz.

V. CONCLUSION

We have proposed a tractable mathematical framework for
estimating the PT of mmWave cellular networks with IA. Our
study shows that: i) due to the training overhead for channel
estimation, an optimal nhumber of cooperating BSs exists and
ii) due to the presence of blockages, an optimal density of
the BSs exists. The proposed mathematical approach is in
good agreement with Monte Carlo simulations and provides a
tractable tool for optimizing mmWave cellular networks.

ACKNOWLEDGMENT

This work is supported in part by the European Commission
through the H2020-ETN-5Gaura project under grant 675806
and the H2020-ETN-5Gwireless project under grant 641985.

REFERENCES
(1]

M. Di Renzo, “Stochastic geometry modeling and analygisnulti-tier
millimeter wave cellular networks'|EEE Trans. Wireless Commuywol.
14, no. 9, pp. 5038-5057, Sep. 2015.

W. Lu and M. Di Renzo, “Stochastic geometry modeling of kvave

cellular networks: Analysis and experimental validationEEE Int.

(2]

considered: i) the carrier frequency is 28 GHz, &) = 30
dBm, iii) 0% = —174 + 10log;, (By,) + Fas, Where B,, =
0.5 GHz is the bandwidth andcgg = 10 dB is the noise
figure, IV) ﬁLOS = 2.1, ﬁNLOS = 2.92, kos = 61.4 dB
and kxpos = 72 dB correspond to a mmWave channel at
28 GHz [2], v) a blockage model based on random shap[g]
theory, i.e.,pLos (r) = arsexp (—brsr), with parameters
ars = 1, brg = 0.046 meter! is considered [10], Vi)
pros = pixtos = 0 dB, oros = 5.8 dB andonros = 8.7 1O
dB, vii) G4 = G0N =20 dB, G} = GJ). = —10 dB, and
wps = wyvt = 30 degrees, Vii)Ny= 64 and Ng= 2, and ix)
o= Wavclc’;”%, wherevyt = 50 kilometer/hour is the
velocity of the MTs. The decoding threshold+g, = 30 dB,
which maximizes the PT for the considered setup. 8]
The mathematical framework is obtained by approximating
the random shape blockage model with log-normal shadowing
with a 3-ball (B = 3) blockage model, as discussed in Section
Il and using the IM approach. The resulting parameters are:

(3]

(4]

(7]

D1=4.7139, Dy = 18.6449, D5 = 67.7784,@&1%1) = [0
0.8089, a7 — 0.3680, 312%™ — 0.0580, 172> — 0.

In Fig. 1, we illustrate the PT as a function of the density

Work. Measurements & Networkingpp. 1-4, Oct. 2015.

W. Lu and M. Di Renzo, “Stochastic geometry modeling ofdar net-
works: Analysis, simulation and experimental validatiocACM MSWiM
pp. 179-188, Nov. 2015.

W. Lu and M. Di Renzo, “Millimeter wave cellular networkStochastic
geometry modeling, analysis and experimental validatiomin\Wave
Massive MIMO — A Paradigm for 5CGElsevier, Nov. 2016.

V. Cadambe and S. Jafar, “Interference alignment andresesg of
freedom of the K-user interference channdBEE Trans. Inf. Theory
vol. 54, no. 8, pp. 3425-3441, Aug. 2008.

0. E. Ayach, A. Lozano, and R. W. Heath. Jr., “On the ovedhef
interference alignment: Training, feedback, cooperdfidBEE Trans.
Wireless Communvol. 11, no. 11, pp. 4192-4203, Nov. 2012.

R. K. Mungara, G. George, and A. Lozano, “Overhead andtspkef-
ficiency of pilot-assisted interference alignment in tisedective fading
channels”, IEEE Trans. Wireless Commuyrvol. 13, no. 9, pp. 4884-
4895, Sep. 2014.

R. K. Mungara, D. Morales-Jimenez, and A. Lozano, “Sgsievel
Performance of interference alignmen&EE Trans. Wireless Commun.
vol. 14, no. 2, pp. 1060-1070, Feb. 2015.

M. Di Renzo, A. Guidotti, and G. E. Corazza, “Average rafelownlink
heterogeneous cellular networks over generalized fadiapmels — A
stochastic geometry approacHEEE Trans. Communvol. 61, no. 7,
pp. 3050-3071, July 2013.

M. D. Renzo, W. Lu, and P. Guan, “The intensity matchimpmach:
A tractable stochastic geometry approximation to systevetlanalysis
of cellular networks”,|IEEE Trans. Wireless Communol. 15, no. 9,
pp. 5963-5983, Sep. 2016.



