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Abstract

The Poisson point process (PPP) is widely used in wireless network modeling and
performance analysis because it can provide tractable results for heterogeneous cellular
networks (HetNets) analysis. However, it cannot accurately reflect the spatial distribution
characteristics of the actual base stations (BSs). Considering the fact that the distribution of
macro base stations (MBSs) is exclusive, the deployment of MBSs is modeled by the Matérn
hard-core point process (MHCPP), and the deployment of pico base stations (PBSs) is
modeled by PPP. This paper studies the performance of multiantenna HetNets and improves
the energy efficiency (EE) of HetNets by optimizing the transmit power of PBSs. We use a
simple approximate method to study the signal-to-interference ratio (SIR) distribution in
two-tier MHCPP-PPP HetNets and derive the coverage probability, average data rate and EE
of HetNets. Then, an optimization algorithm is proposed to improve the EE of HetNets.
Finally, three transmission technologies are simulated and analyzed. The results show that
multiantenna transmission has better system performance than single antenna transmission
and that selecting the appropriate transmit power for a PBS can effectively improve the EE of
the system. In addition, two-tier MHCPP-PPP HetNets have higher EE than two-tier PPP-PPP
HetNets.
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1. Introduction

Currently, with the exponential growth of mobile data traffic, cellular networks are facing

huge challenges. As is known, the traditional cellular networks structure using macro cells
cannot support future demands. Heterogeneous cellular networks (HetNets) with both small
cells and macro cells have been widely recognized as a solution for the rapid growth of mobile
data traffic [1-3]. Stochastic geometry provides an effective tool to evaluate the performance
of HetNets [4]. In [5], a tractable model for downlink HetNets is developed. The model
consists of k-tiers base stations (BSs), the BSs at each tier are randomly deployed, and each tier
has a different transmit power, data support rate and base station density. In addition, the
multiple input multiple output (MIMO) is also an effective way to address the network traffic
demand in the future [6]. In previous research, [7-8] studied the average throughput and
energy consumption in multiantenna single tier networks. Considering the interaction between
the different tiers in HetNets, [9] and [10] analyzed the coverage probability of multiantenna
HetNets. Moreover, [9] gave the ranking results for the coverage probability and single user
rate under three transmission technologies, such as single-input single-output (SISO), space
division multiple access (SDMA), and single-user beamforming (SUBF).

Due to the rapid growth of wireless network energy consumption, energy efficiency (EE) as
an important performance indicator has caused widespread concern in academia and industry
[11-12]. The BS density is an important technology for reducing HetNets energy consumption.
In [13], the effect of the small cell BSs density on EE of cellular networks was studied by using
stochastic geometry. In [14], the optimal BS density in single-tier and two-tier cellular
networks was also studied. The research reported in [15] deduced the optimal small cell
density while considering both coverage and data rate constraints. BS sleep scheduling scheme
was also found to be an effective way to reduce the total energy consumption and improve the
energy efficiency [16-17]. To characterize the potential benefits of BS sleep scheduling, [18]
analyzed the performance of different sleep scheduling strategies. In addition, in [18-20], the
authors provided the EE optimization algorithm from the aspects of BS association strategy
[19], BS cooperation strategy [20], and coordinated multipoint transmission [21]. However,
these energy efficiency researches studies on HetNets were conducted based on the Poisson
point process (PPP) model.

Although PPP has been heavily used for modeling the spatial characteristics of wireless
networks, considering the exclusion between macro base stations (MBSs), a non-Poisson point
process can better reflect the spatial distribution characteristics of the actual base station
compared with a PPP. The research in [22] models the cellular networks as Ginibre point
processes (GPPs) and analyzes the mean interference and coverage probability. The study in
[23] modeled the spatial distribution of transmitters as a Poisson hard-core process in wireless
networks, and provided approximations of the coverage probability by employing the
guasi-Monte Carlo method. The Matérn hard core point process (MHCPP) is an important
type of exclusion point process, which has been used in wireless network modeling [24-27].
Although the MHCPP models the networks well, it is difficult to find the exact distribution of
the signal-to-interference ratio (SIR), which is the crux to analyzing the coverage probability
and achievable data rate of the networks [28-29]. Therefore, it is almost impossible to
determine the impact of parameters such as BS density and BS transmit power on network
performance.
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Fortunately, [30-33] proposed that the SIR distribution of non-Poisson point process
networks can be approximated precisely by the PPP network, that is, the threshold ¢ is scaled
by the SIR gain factor G, which is called approximate SIR analysis based on the PPP
(ASAPPP). A recent work [34] provided an accurate analysis of the SIR Meta distribution in
general HetNets based on the ASAPPP. Therefore, we study the EE of the HetNets based on
ASAPPP method, in which MBSs are modeled by non-Poisson point process distribution. The
EE analysis and optimization of multiantenna HetNets based on MHCPP have not been
studied. This paper investigates the EE of the multiantenna HetNets, in which the deployment
of MBSs is modeled by MHCPP. First, the SIR distribution of MHCPP is approximated by the
gain method based on the mean interference to signal ratio (MISR), i.e., the shift of the Poisson
curve. Next, the concrete expressions of the coverage probability, average achievable rate and
EE of multiantenna HetNets are obtained. Then, an optimization algorithm is proposed to
improve the EE of multiantenna HetNets by controlling the transmit power of the pico base
station (PBS). Finally, the performance of the system is simulated and analyzed through three
transmission technologies, SISO, SDMA and SUBF.

The rest of this paper is arranged as follows: Section 2 describes the system model. Section
3 presents the coverage probability, the average achievable rate of the multiantenna HetNets
and the expression of the system energy efficiency. In Section 4, the golden section method is
proposed to optimize the energy efficiency. The simulation results are discussed in Section 5,
and the conclusions are given in Section 6.

2. System Model

We consider two-tier HetNets that are composed of two types of nodes, MBSs and PBSs. The
structure diagram is shown in Fig. 1.

Fig. 1. Two-tier HetNets model

The MBSs are modeled by a MHCPP @, with a density of 4., in which the distance
between two nodes cannot be less than the given minimum distance. The MHCPP model aims
to preserve the minimum distance r by deleting some nodes in a random point process. The
generation process is as follows. First, a Poisson point process with intensity 4, is generated as
the parent process, and all of the points are marked independently, while the marked values are
evenly distributed in the interval [0, 1]. Then all of the points are checked. Only when the
marked value of a point is less than that of all points in the circle, whose center is the point and
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that has a radius of r, the point will be retained; otherwise, the point will be deleted. After the
deletion, the point process composed of the remaining points is called MHCPP, which can
guarantee that the minimum distance between any two nodes is r. The PBSs and the users are
deployed in the macro cell with the homogeneous Poisson point processes (HPPP) @, and

@, , and their densities are 1, and 4,, respectively. Both the MBS and the PBS adopt the

multiple antennas technology. The MBS is equipped with M, transmit antennas, and the PBS
is equipped with M, transmit antennas. Their transmit power is u, and u, respectively.

Using zero forcing precoding, each MBS serves N, users in each resource block, and each
PBS serves N, users in each resource block. The transmit power of each BS will be distributed
equally to its service users. All of the users have the same statistical characteristics, and each
user has only one single receiving antenna.

Due to the stability of the network model, only the typical user at the origin is considered. In
addition, we consider the universal frequency reuse; in other words, all of the MBSs and PBSs
share the same spectrum. The user will associate with the serving BS that receives the
maximum average received signal power, and the received signal power for a typical user

from the serving BS located at x, € @, is %hk,xo I% |, with path loss exponent > 2,
k

k e{m, p}. We assume that the transmitter has perfect channel state information (CSI), and
that the small scale fading on each link is Rayleigh fading. According to [9] and [10], the
equivalent channel gain in the Rayleigh fading channel obeys the gamma distribution, i.e, the
desired signal strength is h,, ~T(M, +1-N,,1), and the interference signal strength is

hmy, ~T(Npm, D, hy ~T(N,,1). For simplicity, we use hy, hy instead of h,, ,h, . The

cumulative interference power received by the typical user of HetNets from all other BSs is
expressed as I. In the interference limited cellular network, the noise power can be ignored [5].
Therefore, the signal-to-interference ratio (SIR) of a typical user associated with the BS
located at x, € ®, can be expressed as

) - H -
thk,x0|xo|a thko|xo| “
SIR, =—K = - : 1)
| U _ H -
z ,\Tmhmi|xi|aJr Z Niphpilxila
Xed X} M %e®, \{x} P

Assuming that the user has open access, the user is allowed to access the BS at any tier. The
probability of a typical user associated with a specific tier depends on the BS density and the
transmit power of each tier. According to the Lemma 1 in [35], the probability of an
association between a typical user and a macro tier is expressed by

2 2]a
Afn =

2/ 2la
At +Ap “

and the probability of an association between a typical user and the PBS is expressed by
2 p 2la

A, = PP : (3)
p Amﬂmya +/1plup2/a
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3. Energy Efficiency Analysis

3.1 Coverage Probability

In interference limited cellular networks, we define the coverage probability Pc as the
probability that the SIR is larger or equal to a given threshold. Since the typical user is
associated with at most one tier, the coverage probability can be expressed as the total
probability of several disjoint events, i.e., P. =P; A, +P. ,A,, where A, and A, represent

the probability of a typical user associated with a macro tier and a pico tier, respectively, while
Pc_mand Pc , represent the coverage probability of the MBS and the PBS, respectively. Pc , is
defined as the probability that the serving MBS for a typical user provides a downlink SIR,
that is above a specific threshold 6,,, i.e., R ,, =P(SIR, >6,,) and Pc , is defined as the

probability that the serving PBS of a typical user provides a downlink SIR, that is higher than a
specific threshold Op s ie., Pc o =P(SIR, >6,).

It has been proved that the SIR distribution of non-Poisson point process networks can be
approximated precisely by the PPP networks based on the ASAPPP, that is, the threshold 6 is
scaled by the SIR gain factor G, and the coverage probability of PPP networks is expressed as
PP (0), i.e., Pc(0) = P*F(6/G), which is called “approximate SIR analysis based on the

PPP” (ASAPPP) [33],[36]. The defined asymptotic gain G can be expressed as G = %Z’:P ,
where the MISR is the mean interference to average signal ratio. The study in [33] provides the

conclusion that the MISR calculation result for the PPP networks is MISRppp = 2/(a—2) . The
research in [37] provides the expression of the MISR,,cpp through simulation and data fitting
as follows:
MISRycpp (@) =[a, +a, cos(a,r) +a, sin(a,r)Je 8%~ +m , (4)
re+b,r+bs
where a, =15.22, a, =3.684, a; =-2.033, a, =0.2536, b, =0.261, b, =0.1753, b, =6.25,
b, =0.3243, and b; =13.54. Thus, the MISR-based gain of the MHCPP can be written as
_ _MISRepp _ 2/(@-2) 5)
" MISRypcer  MISRycpp

In a macro tier, the MBSs are modeled as a MHCPP. According to the MISR-based gain
method, the coverage probability of the MBSs is derived. Assume that the given thresholds for
the macro tier and the pico tier are equal, and the given threshold is 6. In the macro tier, the
SIR,, of typical users can be written as

7 . U .
N—mhm0|x0|“ Nimhmo|xo|a
SIRy = —"— - m
H - H _
z Nimhmilxila"’ z thpilxila
Xed \{x} M % (6)
— hmO — hmO
- N -
2 Mol D S g b T
x; e, (X} X \xo3 Hm N p

The coverage probability of the MBSs modeled as a MHCPP is expressed as
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Pe_m(6)=P(SIRy >0) = [ P(hng > 011 115) i (1)l

>0
_ -o1, (9|1) Mmile 01, i
= [ Eyle Z (o)t = [0 ZEL @1 n()dr, (7)
>0 rp>0 =0 ’
M,—-N ml Mp—Np
= —(-0) ——L, (6) T, (rp)dry = —(-0) —— | L. (6) T, (rp)dry,
jozo <)().1()(o)0 ;_Ha()r[oh()(o)o

Where M, is the transmit antennas number of MBS, N, is the number of users served in each
resource block by MBS, and f,,(I;) is the distance distribution between the service MBS
and the macro user ry[35]

fm<ro)=27zroummp(up/um)z’“)exp(—ﬂ atg = Ay | )?'“1F) (8)
“0( T Ml Bo o bt ™)
Lll(e) _ Ell[e-ml] _ Ell[e Xm0} Xie® p\xo} 4 mN

(a)
=Eq, [ [ [&P(=0- g 1% )] Eq,

prpt

[ [Texe(- esz”‘ hgits” 1, 17)]

X €@ \{X} X €@, \{X}
® 0 a -a lup m a —-a
~Eopn, [ [ IeXP(—=—hmtd" 1% )-Eq,n,[ [ Jexe(-0 hits” 1% )]
% (@ o 1P m xi€®, \{xo} m'p
© 0 o 1 #pN (x|
= Eq, [ HLE";;(?”’ 1% “N-Eo, [ [ L, 0 L) ©)
X ef® X} m X €@, \{xo}
@ -a /'lem -a
= exp(—27A, (1 Lp, (7"0 | X[7%))xdx) - exp(-27z4 I A-Ln, (9 N o 1y [))ydy)
HmNp
(e) 1 1
= exp(-274,, (1— )xdx)~exp(—2ﬁ/1p.[ - )ydy)
fo i a —a\Np o /,tme a _aN
(l+G o | x[™) @w+o oyl
m mtp
St [y A e F Oy [y
m (G ) 2/a 1+u al2 mNp (© ﬂme)72/a 1+V—a/2
m mTp

Zexp (i (H (L N D) X0l 2,58 (27 (R (0 N N ) ),

m Hm p

where (a) is defined according to the independence of the tiers, (b) uses the ASAPPP

approximation method to move ¢ to Giand replace @, with a PPP distribution, (c) is
m
defined according to the channel powers independent of the BS positions, (d) is defined using
the PPP probability generating functional (PGFL) [38], (e) is defined according to the Laplace
2
transform of the h, ~T(N,,1) and h; ~T(N,,1), (f) denotes (Gi) @x?ry? by u and

m

N o
denotes (92—"y-2/« y’ry2by v, and (g) is ordered H(x,y) =1+ xz’“j L, @=@+u™?)V)du.

HmNp

From formulas (8) and (9), we can obtain
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A +/1p(ﬂ)2’a
J L@t = —— £ . (10)
>0 AnH (5 m)+/1p( )2’“H(6' mONy)
m D
Therefore, the coverage probability of the MBS based on the MHCPP distribution can be
expressed as follows:

U
M, =Ny ﬂm +lp(7p)2/a

Pe n@= D —(— ) o Fm (11)
i=0 O 2 H(— Np)+4, ( )2""H(0 ™ N,)
p
Similarly, the coverage probability of the PBS can be calculated as
M,-N pl ﬂ’p""lm(zim)?_/a
Pep @)= 2, 30— R . 1
i=0 ( ) AHON ) + A (Emy e (92 N,)
Hp N
Thus, the coverage probability of the two-tier HetNets can be written as
M,—N i
m m 1 i al 1
=2 w0 o) | ., 0 Ap M N (1)
0 " H(Z— Np) + =2 ()P CH (0™ N,)
Gm " ﬂ“m Hm Np P
Mpr i 1
+ > (o) .
N
= 6(9) HON )+ (4my2eho 2P Ny)
Ap Hp N

3.2 Average Achievable Rate

The average ergodic rate of a typical user associated with the macro tier and the pico tier is

denoted by 7., and 7, . According to the definition of the average ergodic rate, z,,and 7, can

be written as
7 = E(log(L+ SIR,,)] (14)

and
r, =E(log(l+SIR,)]. (15)
The locations of the MBSs @, are modeled by MHCPP, and the average achievable rate is
not easy to obtain directly. We first derived the expression for the average ergodic rate rPPP

the PPP networks, and then, according to the effective SIR gain method proposed in [39], by
which the SIR distribution of the HetNets is approximated by moving the PPP curve with the
SIR gain, and using the relationship between the coverage probability and achievable data rate

obtained in [40], the average achievable rate """ of the MBSs modeled by the MHCPP
distribution can be derived.

in
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The expression for the average ergodic rate T:PP of the PPP networks can be expressed as
follows:
PP = E(log(+ SIR,)]

L ol
0 m
= L .. (ry)E[log(1+ No - )ldry, (16)
Z ﬁihmixfa+ Z prhpixfa
X e@,\{Xx} M xe®\{x} P

where () = 2710 (A + Ay (i | p10)?'® ) eXD(~ Ay tts’ = Ao (1t | 1) ?'“ 15 and

Y7, _
Nimhmoroa

E[log(1+ - o 7 )]

e X 7+ Z thpi | ™

x;ie® X} M xed \{x} P
A Elnolre
= Eq, o, [l0gQL+ - m ; )
2 Edb s D PR TG
Xiedp\{x} M xe® \{x} P

Ao (M, +1-N, )5 ”

=Eq, o, [logl+ R —)] (17)
' Do Dy I
X €@ \{Xo} X e® {0}
M, +1-N,
Nm
= Ecr)m,cbp [log+ i )]
Z o 1% 7%+ Z =g % 1
X, €D \{xo} X, o} Hm
M, +1-N,
Nm
=Eq, 0, ll0gl+ —— )]
m
Following lemma 1 in [41], formula (17) can be written as
M, +1-N,,
Nm
Eq, 0, 1090+ ——"—)]
Im
o1 —Z(Im—1+M
= [ ~e *[E[e "1~ E[e No o ]dz (18)
0z
_ Mu+-Ny
00 - Nm
=j e " Eetnd
0 z

The expression of E[e “n]can be derived as follows:
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| T T S
E[e—Z "‘]=E[e Xje®m\{xo} %@ p\{x0} Hm ]
- 220
=E[ I e ™1 E[ mm e i ] (19)

X €@, \{Xo} X e® X}

Hp -
727 &y«

= exp(—274, J' (1—e "1 )xdx) -exp(—274 J' (l1-e #m ) ydy).

2 2
Let u=z «x%r;? and v= (zﬁ) @ y2r;2; then, the expression for E[e " ]can be written as
m
2

E[e‘z'm]:exp(—ﬂ/imrozz;_[;,a(1—67”7 )du) - exp(-7, 15 (Z ) J. p) :1-e""")av)

, (20)
ﬂ —
= exp(—7n g (H(2) 1)) - exp(-7d, 1 (ﬂ—p)“ (H(2)-1)),
m
whereH (z) =1+z¢ I 1-e” v
By substituting formulas (17-20) into formula (16), we obtain
M, +1-N,,
I e N VN
P _J'O (e e (Z)dz . (21)
According to formulas (16-18), z"F can be written as
Moty _MntNy

0 ool_e Nm _ 0 ool_e Nm
TP = L fm (I‘o)j0 fE[e #n Jdzdr, = _[0 fm (ro)IO f'—,rﬁpp (2)dzdrg . (22)

The coverage probability of the MBSs modeled as a PPP can be expressed as
PPPP(2) = P(SIRPPP >7)=P(h,o > 21°7F)

_, (ZI PPP) Mmme 1 i ai (23)
=Epeoe " e ~(-2)' —— L (2).
% o 0@ K
PPP
According to [40] ,z/"" = J.o P"l—z(z)dz (24)
+
By substituting formula (23) into (24) and from formula (22) and (24), we can obtain the
following expression'
Mg M, +1-N
o Z 7( ) ()I |;PP(Z) o o1 e_ZW
i=0 - -
jo o dz = j fm(ro)j L, eee (2)dlzdlrg (25)
According to the effective SIR gain method proposed in [39] we derlve the following:
M
m_ m l
RN (2) = PR (21 ) = Pllog > A7 1Gw) = D 512 a( )i Lz, (@) (26)
~ 1 A d
where G, =—— (G, —1)+1,a)=—p(ﬁJ and 5=2/a.
1+o Hm

According to formula (23) and (24), z™"*" can be written as
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Mm_Nm 1 A al
T2 Ly (2)
- P MHCPP o 4 il o(z)! 'm Cnm
MHCPP :J‘ P (Z):Z :J' i=0 (2) 4z . 27)
m 0 1+z 0 1+z
Comparing formula (25) and (27), we obtain the expression of """ as follows:
M, +1-N,,
-z M, +1-N,,

£ MHCPP :rf (ro)jwiL ez (2)dzdr, :Jml(l—eiz Moyt g (28)
m 0 m 0 z In~ /Gp 0 Z m
Similarly, the expression of 7, can be obtained as follows:
72Mp+1pr
7 =L %(1—e Nyt g (29)

3.3 Power Consumption

The actual total power consumption of BS includes the circuit power consumption, signal
processing power consumption, cooling power consumption, etc., which mainly depend on the
total transmission power consumption and the number of active antennas at the transmitter
[42-43]. The power consumption of each MBS and PBS is given by

P =Snitm +M deynm +Pro (30)
and

Pp = Spttp + M pPaynp +Ppo., (31)
where , and x,are the transmit power of the MBS and the PBS, and &, and &, are the

load-dependent power consumption coefficients of the MBS and the PBS, respectively, which
represent the power consumption variation with the traffic load of the MBS and PBS. M, and

M, represent the number of antennas equipped by the MBS and the PBS, respectively. Py,
and Py, represent the circuit power of their active transmit RF links. Py and Py, represent
the static power consumption of the MBS and the PBS, respectively. Since & and &, are
proportional to the traffic load of the MBS and PBS, we replace them with K, and K, which

are the number of users served by MBS and PBS, respectively. According to [35], K,, and
K, can be expressed as

Ky =0 (32)
Am
and
Ay,
Kp = . (33)
Then, the power consumption of each MBS and PBS can be expressed as
Pon = Kntin +M deynm +Pro s (34)
and
Pp = Kpatp + M pPaynp +Ppo - (35)

Thus, the total power consumption of multiantenna HetNets can be written as
Potal = AmPm + lp Pp : (36)
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3.4 Energy Efficiency

In this paper, we define EE as the ratio of the area average achievable rate to the total power
consumption of the multiantenna HetNets as follows:

T T
Tee = = ) (37)
Ptotal ﬂ*m Pm + ﬂ*p Pp

where 7 is the area average achievable rate of the multiantenna HetNets. According to [9], 7
can be defined as

7= 2 NpPe nAnt O 4 AN P AT, (38)

4. Energy Efficiency Optimization

Considering that the MBS is mainly used for basic coverage, its transmit power depends on the
size of the coverage area. In this paper, we optimize the transmit power of the PBS to
maximize the EE of multiantenna HetNets. Assuming that A, 4,, 11, M 4, M ;, are fixed values,

through numerical simulation, it is found that formula (37) is a unimodal function, which has a
global best advantage. To facilitate the use of the convex optimization algorithm to solve the
problem, formula (37) should be reversed. The optimization problem can be expressed as
follows:

min —77ge

“r (39)

St pp <pm, tp>0.

Depending on the nature of the convex function, any extreme point of convex function on
the convex set is also its optimal point. In this paper, the golden section method is used to get
the optimal value of the objective function. The specific algorithm is described as follows:

@ First, define f(x) = —ge (x), Where the optimization variable u, is represented by the

variable x , given the interval [a, b], where a = 4, /1000, b =y, — ,, /1000, and the accuracy
of the calculation is ¢ = 4, /1000.

(2 Compute x;=a+0.382(b-a), x,=a+0.618(b-a).

QIf f(x)) > f(x,), proceed to the next step; otherwise, proceed to step ®) directly.

@ If x, -x <&, stop the calculation and output X" = X,; otherwise, let a = xy, X; = X,, and X,
= a+0.618(b-a), and go to step .

®If X, — X, < &, Stop the calculation and output X = x;; otherwise, let b = x,, X, = x;, and x;
= a+0.382(b-a), and go to step 3.

The optimal value /1; can be obtained through the calculation of the above steps.

Substituting ,u; into formula (37), we can obtain the maximum energy efficiency.

5. Simulation Results and Analysis

In this section, we use MATLAB software platform to provide the simulation results for the
energy efficiency of multiantenna HetNets. Using the default simulation parameters for the
system model shown in Table 1. In this section, the following three transmission technologies
are simulated and compared between two-tier PPP-PPP HetNets and two-tier MHCPP-PPP
HetNets.
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(i) single-input single-output (SISO), that is, each BS serves only one user in each resource
block;

(ii) single-user beamforming (SUBF), that is, the BS at the k-th tier with M, antennas serves
a single user, i.e., Ny = 1;

(iii) space division multiple access (SDMA), where the BS at the k-th tier with M, antennas
serves N, users in each resource block. Here, we consider full SDMA, i.e., M= N,.

Table 1. System parameters

Parameters Values
Am 10°%m?
Ay 0.1m?
a 4
0 0dB
Hm 40W
M 2
Mp 2
r 10
denm 16.9 w
Paynp 6.8 W
Pio 1000 W
Pgo 50 W
—< 4 ! ! P —
<~ & W 5o 0 Tt

PPP-PPP SDMA, Theoretical
- PPP-PPP,SUBF, Theoretical

Coverage Probability

e(dB)
Fig. 2. Coverage probability versus SIR €

Fig. 2 shows the comparison of the theoretical results and simulation results of the coverage
probability for the two-tier MHCPP-PPP and two-tier PPP-PPP networks with different target
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SIR @ values when 2, =34, and the three transmission technologies are used. It can be seen

from Fig. 2 that there is a very small gap between the simulation results and the corresponding
theoretical results for the coverage probability of the two-tier MHCPP-PPP HetNets. This gap
can be attributed to the interference approximation from the MHCPP tier to the PPP tier.
Obviously, the approximate value of the coverage probability is excellent for a large range of
6 values, which verifies the effectiveness of the ASAPPP-based method. It can also be seen
from Fig. 2 that when using the SUBF transmission technology, the system has the best
coverage probability, followed by SISO and SDMA. The performance of the SUBF is better
than that of the SISO, because the transmission performance of the service BS is improved by
beamforming gain, and the fading power of its interference links is the same as that of SISO.
The performance of SDMA is worse than that of SISO, due to the average fading power of
their serving links is the same, while that of the interference links of SDMA increases.

The performances of the two-tier PPP-PPP HetNets and two-tier MHCPP-PPP HetNets are
compared by using three transmission technologies. Fig. 3 gives the relationship between the
area average achievable rate and the transmit power of the PBSs, and Fig. 4 gives the
relationship between the EE and the PBS transmit power. From Fig. 3 and Fig. 4, it can be
seen that the SUBF provides a higher average achievable rate and EE than both SISO and
SDMA due to the extra beamforming gain. The SDMA performs better than the SISO because
the SDMA serves more users and provides a higher achievable rate. It can also be seen from
Fig. 4 that regardless of which transmission technology is used, the EE of the MHCPP-PPP
HetNets is higher than that of the two-tier PPP-PPP HetNets, and the EE increases first and
then decreases. There exists an optimal transmit power to achieve the optimum EE value. With
the increase in the transmit power of the PBSs, a greater number of users will access the PBSs,
the power of the PBS is smaller, thus the EE of the HetNets will be increased at this time.
When the number of users with access reaches saturation, the increase of the PBS transmit
power will increase the total power consumption and reduce the energy efficiency.

3
10
35 X

25

S PPP-PPP,SISO
/ MHCPP-PPP,SISO
PPP-PPP,SDMA
1| e MHCPP-PPP,SDMA i
/ PPP-PPP,SUBF

MHCPP-PPP,SUBF

0.5 1 1 1 1 1

0 5 10 15 20 25 30

Ho
Fig. 3. Average achievable rate versus the PBSs transmit power
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Fig. 5 describes the relationship between the EE of the two-tier HetNets and the density of
the MBSs 4, when 4, =34, and it gives the EE curves of the two-tier PPP-PPP HetNets and

two-tier MHCPP-PPP HetNets when the system uses three transmission technologies in two
cases. In one case, the transmit power of the PBS takes a fixed value of 5 W, and in the other
case, the transmit power of the PBS takes the optimal value. The optimal value of PBS is

obtained by the golden section method, and the simulation results when 4, =10°m= are

analyzed. In two-tier PPP-PPP HetNets, for SISO, SDMA, and SUBF, when the transmit
power of the PBS takes the optimal value, the EE of HetNets is 8.6%, 8.7% and 8.7% higher
than when the transmit power of the PBS takes the fixed value of 5 W, respectively. In addition,
in two-tier MHCPP-PPP HetNets, for SISO, SDMA, and SUBF, when the transmit power of
PBS takes the optimal value, the EE of HetNets is 6.2%, 5.9% and 6.6% higher than when the
transmit power of the PBS takes the fixed value of 5 W, respectively. Therefore, setting the
appropriate transmit power for PBS can effectively improve the EE of the HetNets. It can also
be seen from Fig. 5 that multiantenna transmission has better system performance than
single-antenna transmission, especially when using SUBF transmission technology.

5. Conclusion

In this paper, we study the performance of multiantenna HetNets, in which the MBS is
modeled by the MHCPP, and it improves the EE of HetNets by optimizing the transmit power
of PBS. First, based on the simple approximation method of the SIR distribution, the coverage
probability and average data rate are derived. Then, the EE of the two-tier multiantenna
HetNets is deduced. Next, we use the golden section method to get the optimal PBS transmit
power and to maximize the EE of the multiantenna HetNets. Finally, three transmission
technologies, i.e., SISO, SDMA and SUBF are simulated and analyzed. The simulation results
show that multiantenna transmission has better system performance than single antenna
transmission, especially using SUBF transmission technology. In addition, regardless of
which transmission technology is used, two-tier MHCPP-PPP HetNets is superior to PPP-PPP
HetNets in terms of both the coverage probability and energy efficiency.

The results of this paper have certain reference value for the analysis of random space
networks with multiantenna transmission, and they can provide some theoretical guidance for
the practical operation of the PBSs. Future research directions will consider the joint
optimization of parameters such as the minimum distance of two MBSs, the density of the
PBSs and the transmit power of the PBSs.
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