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Abstract—We study the coverage performance of multi- that in some scenarios space-division multiple access (SDMA)
antenna (MIMO) communications with maximum ratio combin-  was an inferior scheme to single user eigen-beamforming. In
ing (MRC) at the receiver in heterogeneous networks (HetNets). [5], [6] area spectral efficiency of MISO-SDMA systems has

Our main interest in on multi-stream communications when investigated assuming CA rule of maximum average received
BSs do not have access to channel state information. Adopt- 9 g g

ing stochastic geometry we evaluate the network-wise coveragePOWer. In [7] the outage performance of space-time block
performance of MIMO-MRC assuming maximum signal-to- codes at the transmitters and optimal combining received filters
interference ratio (SIR) cell association rule. Coverage analysis have studied. Work of [8] has focused on the advantages of

in MIMO-MRC HetNets is challenging due to inter-stteam niarference cancellation in zero-forcing based received filters
interference and statistical dependencies among streams’ SIR .

values in each communication link. Using the results of stochastic in enhancing the coverage performance of cellular systems.

geometry we then investigate this problem and obtain tractable However, the CA rules of [7], [8], [9] are simply a duplicate
analytical approximations for the coverage performance. We of the counterpart in single-antenna (SISO) systems of e.g.,

then show that our results are adequately accurate and easily [3]. It is then very compelling to develop analysis based on
computable. Our analysis sheds light on the impacts of important CA rules that comprehensively encompass the traits of MIMO

system parameters on the coverage performance, and provides nications in improving multiplexing and diversity. For
guantitative insight on the densification in conjunction with high communications proving muflipliexing a ersity. Fo

multiplexing gains in MIMO HetNets. We further observe that  this reason, we here focus on maximum SIR rule.
increasing multiplexing gain in high-power tier can cost a huge ~ We chiefly focus on multi-stream MIMO-MRC HetNets.
coverage reduction unless it is practiced with densification in Degpite the practical significance of MIMO-MRC — chiefly
femto-cell tier. because of its straightforward implementations, affordable
computational complexities, and near to zero feedback over-
heads — the literature dealing with its performance in HetNets
Traffic demands of cellular networks—heavily driven by thés small. This is because of inherent complexities rooting from
popularity of video streaming and mobile social networking—+esidual interference among data streams each communication
are rapidly growing. Densification is one of the main apink suffers from. It was however previously studied in the
proaches operators are advocating to smoothly deal with thisrature of ad hoc communications, see. e.g., [10]. But, in
unprecedented deluge of traffic [1]. Spectral efficiency iomparison to cellular systems in ad hoc communications the
expectedly growing substantially because of small commumietwork configuration lacks CA stage, which render inappli-
cation distance and universal frequency reuse. Much betteibility of the derived results therein for HetNets. Besides,
performance will be, on the other hand, materialized by vasfly the literature of MIMO communications, both ad hoc and
exploiting multi-antenna (MIMO) techniques. cellular systems, the coverage probability per a data stream
Nevertheless, the network performance of MIMO communivas merely studied, while in reality coverage probability per a
cations in conjunction with densification and heterogeneity dommunication link (global coverage probability) comprising
yet to be truly understood. One way to pave the road for suohmultiple streams is the main performance metric. To bridge
comprehensive assessment of the network can be achievedigh gaps, we therefore provide accurate approximations on
adopting tools from stochastic geometry. It has been vasthe latter metric via analysis. The derived bounds explicitly
employed for evaluation of the various performance metricapture the impacts of important system parameters such as
in wireless networks including heterogeneous networks (Hetensity of BSs and multiplexing gains. Our results, further,
Nets), see, e.g., [2], [3]. Work of [2] has proposed a flexiblmdicate that, in general, increasing multiplexing gains worsens
approach in modeling the network bl tiers of indepen- the coverage performance of HetNets.
dent Poisson point processes (PPPs) and maximum signal-
to-interference ratio (SIR) for purpose of cell association
(CA). Authors in [4] have then used the framework of [2] Consider downlink communication paradigms in heteroge-
for studying the coverage and rate performances of MIS@ous cellular networks (HetNets) comprising/6f> 1 tiers
HetNets. By providing ordering results, it has been showosf randomly located BSs. BSs of tier € K are spatially
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Il. SYSTEM MODEL



distributed according to a homogenous Poisson Point Procassociated with;-th data stream is
(PPP)®; with given spatial density\; > 1 [2]. For mathe-

. e P oy H —a pymre
matical tractability we assume that the processes are mutu mre _ S < zi,li
independent. Each tigrcan entirely be characterized with the™ “¢"" g; zil| e H™E S %”‘rjnfaGglvr?
parameters: spatial density of BSs, transmission power of ’ U jeKa €D o ] I

BSs P, Watts, SIR threshold; > 1, number of BS’s transmit . (2

antennasN?, and finally the number of scheduled streamBer each stream and across streams all fading coefficients are
N A .. . .

S; < min{N!,N"}. S; is referred to as multiplexing gainmdependent. Also, (2) is identically, but notdependently

here. Also, N" is the number of antennas user equipmenggstributed across streams. The nominator and denominator of

(UEs) possess. The modelled system of multi-stream dé@d are respectively represent the effective power of intended

communication is considered & pipes of information as signal of streami; and inter-stream interference plus ICI.

[11], [10]. UEs also randomly scattered across the network

and form a PPP®y, independent of{®;}s, with density lIl. COVERAGE ANALYSIS

Au > >, \i. At each given time slot only one UE is served . o .
per active cell [12], [4], [7]. In the case that more that one UE We merely consider fixed-rate transmission (FRT) scheme,

! . . ; . . . In,which the transmission rate on each strelans constant,

is associated with a given BS time-sharing per cell is adoptgﬂd equal toR,., ;, — log (1 + ;) bit/sec/Hz, assuming that

for scheduling. i ) , the typical UE“i:s associated with BS;. Typical UE is
Note _that eccordlng to_Sllvnayaks theorem and thanks _Egsociated with the best BS that its weakest stream is stronger

the stationarity of the point processes [13], [14], the spatig{, the corresponding SIR threshold. To declare the coverage

performance O_f the netwer_k can be adequ_ately obtameel f“ﬂ@r communication link, FRT scheme mandates that asall

the eye of dypical UE positioned at the origin. Let the typical scheduled streams the corresponding SIR values satisfy the

UE be associated with BS; transmitting S; data streams. required SIR threshold; > 1, i.e., the typical UE is claimed

Denotey, € CN'*! as the received signal: to be in coverage if set
Yo, = Iz S Hyso, + > Y il 2 Haysey, (1) Apy = {ai €K:max min SIR]T > ﬁ} ©)

JEK 2;€D; /20

is nonempty. We therefore define coverage probahbilftyf =
where s;;, = [sg,1... 82,57 € C%*1, so thats,,; ~ P{As # 0}. Note that exact evaluation aff’'® is very
CN(0, P;/S;), is the transmitted streams at BS, H,, € complex mainly because of dependency of SIR values (2)
CN"*5: is the intended fading channel matrix between BS&cross streams per each communication link as well as the
z; and the typical UE with entries independently drawinter-stream interference on each stream. We thus in the
from CN (0, 1), i.e., Rayleigh fading assumption. Transmittedollowing resort to approximating the coverage probability.
signals are assumed independent. Likewise, channel matriceBroposition 1: With MIMO-MRC and maximum SIR CA
are independent]z;||~* is the distance-dependent path-los&lle, the coverage performance can be approximated as
attenuation wheréz; || denotes the Euclidian distance between i ) s,
BS z; and the origin, andv > 2 is the path-loss exponent. x ( P, )“ A (NZ_I (=D ari 455 >

t=1

We further defined = 2/a. We assume that the typical UE .. _ v Clay \Sifi ) SF | [fzg it 78 (148"t
knows H ., perfectly—perfect CSI at the receiver (CSIR). "™ = e K \ (B & (T(&+5;) Si

We focus on the scenarios that BSs do not have access to J; I <§> ( I'(s5) >
the channel state information at the transmitter (CSIT). Thus 4)

BSs of each tiei simply turn onS; transmit antennas and air Proof: See the Appendix.

information-bearing signals with fixed transmission powtr  (4) demonstrates impacts of many important system pa-
that is equally divided among the transmitted data streamgameters such as deployment density, transmission power,
open-looptechnique [10], [11]. For the specific purpose ofmultiplexing gain, and SIR threshold of tiers. Note that, in
this paper maximum ratio combining (MRC) at the receivegeneral the nominator and denominator of (4) are respectively
is considered. Accordingly, for decodirigth stream of data corresponding to the intended communication link and ICI.
the typical receiver extracts-th column of matrixH ,, and On the other hand, the impact of inter-stream interference
multiplies its corresponding conjugate with the received vectisr captured by(1 +t5;)% " that solely depends on SIR
(1). Letrv.s H™¢ be chi-squared wittN" DoFs, H™'¢ be threshold and multiplexing gain.

chi-squared with2(S; — 1) DoFs, andG;; be chi-squared Please note that evaluation of (4) is actually computationally
with DoF 25, respectively, standing for the intending channeiffordable. But, it is yet possible to provide bounds excluding
power gains associated with-th data stream, inter-streamthe evaluation of high-order derivatives as is carried out in
interference on streany, caused by streamg§ # [;, and following:

inter-cell interference (ICl) caused by BSs # x; on data Proposition 2: Another approximation on the coverage
stream/;. Regarding [10] we can show that the SIR expressig@robability of MIMO-MRC system with maximum SIR CA



rule might be
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Proof: To prove this claim, we apply the following heuristic ol - . 3§
approximation 10 o, 10
(s szt 1 (5,1 Fig. 1. A\ = 104 4, N" =10, P, = 50 W, P, — 10W, 3 = 2
3.)Si—1 _ i i i L Fig. 1. A =107% a=4, N" =10, P = , P1 = ,B1 =2,
(1 + tlﬁl) - ZZO ( l; )ﬁl tl ZZO < l; )Bl " andf =5.
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coverage Probability

The claimed result is then obtained recalling thgt" is chi- —propL 575,72
squared r.v. with DoRN". -- PRz 559,2

Corollary 1: Let S; = 1 Vi and N = 1, thus (4) is R |

s Z i€ A1( BPI ) ) N = mPIOP2 576 5,72

reduced tosiso = &gy W which coincides with .
the result of [2] of single- -antenna (SISO) HetNets. '

Corgljarly 2 Let 5 = 1 Vi thus osmio = Fig. 2. Mo =104 a =4, N" =10, P, = 50 W, P, = 10W, 3 = 2,
0SISO Z % and 32 = 5.

Note that in the case of SIMO scenario the results are . _ o .
actually accurate. On the other hand, by comparing SISO andVioreover, both of these illustrations highlight many im-

SIMO cases it is easy to confirm that portant trends showing the impacts of multiplexing gains and
densifications on the coverage performance.
OSIMO Z Oé+7’ First, as Fig. 1 reveals when; is fixed (the density of
0SISO I'(a ) high-power BSs in tier 1) by increasing, smaller coverage

will follow if S; = Ss. In the contrary, Fig. 2 indicates that
Using this result, one may show that by applying Kershawg,ep, \, is kept fixed (density of low-power BSs in tier 2) by
inequality [15] we have increasing); higher coverage performance is resulted again
NT_1 NT-1 whensS; = Ss. In fact, for the cases that the multiplexing gains
(&) 2SO > Z (r+0.5d)dfl ~ / (z+0.5d)5"1 d», are the same across the tiers, the coverage probability _coqld
0SISO decreaselincrease depends upon the tier that the densification

= 0 is practiced in. The findings of these illustrations indicate
or equivalentlyﬁ% o (N7)&, that for. sqch cases it is better to densify the tier with higher
transmission power.
IV. SIMULATION RESULTS Second,on the other hand, Fig. 1 shows that for fixed
In this section we present simulation results. For clarity w;, increasing); is beneficial and renders higher coverage
set K = 2. The simulation results are based on Monte Carferformance whenS; = 6 and S, = 2. Fig. 2 further
technique. highlights that whenS; = 6 and Sy = 2 and \; is fixed,

We study the accuracy of the analytical findings of the papicreasing); extremely exacerbates the coverage probability.
against deploying densities of the BSs in Fig. 1 and Fig. £onsequently, in scenarios that multiplexing gains are not the
In the former (the later) we fix\; = 107% (A, = 10~%) same itis better to densify the tier corresponding to low-power
and change\, (\;). As it is seen Proposition 1 providesand low multiplexing gain.
accurate bound on the coverage probability while the accuracyThird, for high values of A\, Fig. 1 indicates that both
of Proposition 2 is generally questionable. However, theseenarios ofS; = 6, S; = 2 and S, = Sy = 2 perform the
are scenarios, see, Fig. 2 caseSf= 6 and S, = 2, that same. While, Fig. 2 indicates that for high values\gtthere is
Proposition 2 is also accurate. a huge gap between the coverage probability of regine: 6,



S, = 2 and coverage probability of regime& = S, = 2. In [8] S.T. Veetil, “Performance of pzf and mmse receivers in cellular networks
the other words, when the network is ultra-dense in Iow—power with multi-user spatial multiplexing,[EEE Trans. Wireless Comm.
fi it i ible to i th ltinlexi . f hiah vol. 14, no. 9, pp. 4867-34 878, Sep. 2015.
ler, 1 '?’ pOSfS| eto mc_rease € muluplexing gain of hig [9] C. Li et al, “Analysis of area spectral efficiency and link reliability in
power tier without worrying about the coverage performance. multiuser MIMO HetNets,"in Proc. IEEE Int. Conf. Commun. (ICE)
In summary, the above observations suggest that increasin g{U”HZ%ﬁL- o ot al. “Opend il multiolexi 4 diversit

. . . . H. Y. Louie et al, “Open-loop spatial multiplexing and diversity
the density of low power BSs (tier tWO)_ShOL_JId beilnterprlete[tlj communications in ad hoc network$EEE Trans. Inf. Theoryvol. 57,
as a welcome for the growth of the multiplexing gains of tier 1 no. 1, pp. 317-344, Jan. 2011.
without damaging the coverage performance. Moreover, if vl R;ﬂ:/azﬁt??d R-t W. H. Jr., “thansm!fs'ton Capzc'tz Ct’_f ad'hg‘? ?etf""orks

. Y . . . . with multiple antennas using transmit stream adaaptation and interrerence

are allowed to practice dgnS|f|cat|on in t|e_r 1 it coulq ren_der cancellation|EEE Trans. Inf. Theorol. 58, no. 2, pp. 780-792, Feb.
higher performance provided that the similar multiplexing 2012.
gains are set across the all tiers. [12] V. Chandrasekheet al, “Coverage in multi-antenna two-tier networks,”

. . . IEEE Trans. Wireless. Compvol. 8, no. 10, pp. 5314-5327, Oct. 2009.
ACCOI‘dIng T[O the _reSU|tS of b(_)th Fig. 1 and Fig. 2 W 13] J. F. C. KingmanpPoisson Processes Oxford University Press, 1993.
observe that increasing the density of low power BSs of ti@f4] M. Haenggi and R. K. Ganti, “Interference in large wireless networks,’

ields a much profound impact on the coverage probabilit Foundations and Trends in Networkingol. 3, no. 2, 2008, Available
y : P P ; -g -p : Y at http://www.nd.edu/ mhaenggi/pubs/now.pdf
thar? does tier 1. For example’ 10 fold densification of tl?{S] K. Huang et al, “Spatial interference cancellation for multiantenna
2 (tier 1) changes the coverage performance by more tharn mobile ad hoc networksEEE Trans. Inf. Theoryvol. 58, no. 3, pp.
30% (10%). This is actually very important from practical 1660-1676, Mrc. 2012. _ '
viewpoints because installing more low-power BSs is moff! W- C. Aoetal, "Bounds and exact mean node degree and node isolation
. . : . . . probability in interference-limited wireless ad hoc networks with general
economically feasible than increasing the density of high- fading” IEEE TVT vol. 61, no. 5, pp. 2342-2348, Jun. 2012.
power BSs of tier 1. Finally, both of these figures confirm th&t7] M. Haenggiet al, “Stochastic geometry and random graphs for the
HH analysis and design of wireless networkEEEE JSAC vol. 27, no. 7,
for large values of\; as well as); the coverage p_roba_\blllty op. 1029-1046. Sep. 2000,
is stable and does not responde to densities, which is known

as scale invariancy phenomenon in the literature [2]. APPENDIX PROOF OFPROPOSITIONL

V. CONCLUSIONS According to Lemma 1 in [2] and recalling that we have
We studied the coverage performance of multi-anten@&sumeds; > 1 Vi, we can write
(MIMO) communications with multi-stream maximum ratio
combining (MRC) at the receiver in heterogenous networks  ofi¢ = ZE Z 1 (l_rlnins SIR;"] > ﬁi) . (6
(HetNets) when BSs did not have access to channel state infor- €K €, o
mation. We utilized ppwerful tools of stochastic ge_ometry an@) is further simplified as:
PPP to comprehensively evaluate the network-wise coverage
performance of MIMO-MRC when the cell association rule 7
was maximum signal-to-interference ratio (SIR). Our analysis % = D_ 27\ /xip {15:1}251 SIRzi, > ﬁz} da;
provided accurate, and easy-to-use bound of the coverage per- er 0 '
formance. Combined with simulations, it further demonstrated o0
various important aspects of denseness and high multiplexing — Z Qmi/xi]g{@j}]p{SIngﬁi > B VL|{®;}} das
gains in HetNets. It was observed that increasing multiplexing ek i
gains could severely damage the coverage probability unless it

practiced in high-power, low density tier in conjunction with 7 i re
densified low-power tier. =22 / viBayy [ P{SIREE > B:[{@;}} doi (7)
i€k 0 1;=1
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where the last step was due to the fact that K8 are
i.i.d. across streams. Note that
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By substituting (11) into (10) the deswed result is 0 tained.



