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Abstract— This paper evaluates the energy efficiency of uplink
transmission in heterogeneous cellular networks (HetNets), where
fractional power control (FPC) is applied at user equip-
ments (UEs) subject to a maximum transmit power constraint.
We first consider an arbitrary deterministic HetNet and charac-
terize the properties of energy efficiency for UEs in different path
loss regimes, or different access regions. By introducing the notion
of transfer path loss, we reveal that, for UE whose path loss is
below the transfer path loss, its energy efficiency highly depends
on the value of power control coefficient adopted by FPC.
In contrast, for UE with path loss above the transfer path loss,
the uplink energy efficiency asymptotically decreases inversely
with path loss, independent of the adopted power control coef-
ficient. Based on these properties, we characterize the optimal
power control coefficients for maximizing the energy efficiency of
FPC in different access regions. Next, we extend the analysis to
stochastic HetNets where UEs and BSs are distributed as inde-
pendent Poisson point processes, and investigate the distribution
of transmit power for uplink UEs. Moreover, the probability of
truncation outage due to constrained maximal transmit power,
as well as the average energy efficiency of UEs are analytically
derived as functions of the BS and UE densities, power control
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coefficient, and receiver threshold. Simulation results validate
the analytical results, show the consistency between deterministic
and stochastic analyses, and suggest suitable power control coef-
ficient for achieving energy efficient uplink transmission by FPC
in HetNets.

Index Terms— Wireless heterogeneous networks,
control, energy efficiency, uplink transmission.

power

I. INTRODUCTION

ITH the rapid development of wireless communication
Windustry, the number of global mobile devices and
connections has grown to 7.9 billion by 2015 and will be
11.6 billion in 2020 [1]. The large number of user devices
have brought huge traffic demand and high energy consump-
tion [2]. To support the traffic demand ecologically, energy
efficiency analysis for wireless networks is crucial. In fact,
energy efficiency of point-to-point wireless links has been well
studied in the early literature. In particular, assuming an infi-
nite blocklength of transmission codewords, the information
theoretic analysis in [3] revealed that the energy efficiency
of additive white Gaussian noise (AWGN) channel decreases
monotonically with the channel capacity. However, the analy-
sis in [3] optimistically ignored the circuit power consumption.
In practice, when circuit power consumption is taken into
account, signal transmission over a long duration may no
longer be energy efficient since the total power consumption
will increase with the blocklength [4].

Different from point-to-point wireless links, energy effi-
ciency analysis for wireless networks is complicated due to
the presence of co-channel interference and the need to meet
network coverage requirements. Moreover, the spatial and
temporal variations of the traffic demands from user equip-
ments (UEs) are difficult to be identified [5]. In [6], the energy
efficiency for wireless networks employing advanced transmis-
sion techniques including orthogonal frequency division multi-
ple access (OFDMA), multiple-input multiple-output (MIMO),
and relay transmission, was investigated. In [7], the authors
identified four key trade-offs between energy efficiency and
other network performance metrics including deployment
efficiency, spectrum efficiency, bandwidth, and delay. Con-
sidering downlink multiuser orthogonal frequency division
multiplexing in distributed antenna systems (OFDM-DAS),
an energy-efficient resource (e.g., antenna, subcarrier, and
transmit power) allocation scheme was proposed in [8], which
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solves the resource allocation optimization problem based on
fractional programming techniques. Moreover, joint transmit-
ter and receiver optimization was proposed for maximization
of energy efficiency in OFDMA systems in [9]. Meanwhile,
energy efficiency analysis has been extended from single-
tier (homogeneous) cellular networks [6]-[9] to heterogeneous
cellular networks (HetNets) [10]-[12]. It was shown in [10]
that the energy efficiency of HetNets increases monotonically
with the deployment density of small cells. The energy effi-
ciency of HetNets by adopting energy harvesting small cell
base stations (BSs) and traffic load adaptation in different
tiers of HetNets was analyzed in [11]. Moreover, a low
complexity macrocell user selection method for spectrum-
power trading in multi-tier network was proposed in [12] to
increase the trading energy efficiency of the macrocell users.
However, the aforementioned works [5]-[12] usually assumed
a deterministic cellular topology, which prevents close-form
characterization for energy efficiency; hence, it is difficult to
extend their results to large scale HetNets.

In this paper, we focus on analyzing the energy efficiency
of large scale HetNets in the uplink. Improving the energy
efficiency of uplink transmission is crucial for reducing the
energy consumption network-wide and extending the operation
hours of UEs, which usually have limited battery storage. For
this purpose, uplink power control, e.g. via fractional power
control (FPC), is a well-known effective approach. Recently,
FPC has been adopted in 3GPP LTE-Advanced
standard to conserve energy at UEs and mitigate interference
in the network [13]. By FPC, the signal transmit power of UE
is adjusted using a network-wide power control coefficient to
meet the target signal-to-interference-and-noise ratio (SINR)
requirement while avoiding excess interference to other UEs.
However, as the transmission rate and the power consumption,
both dependent on the power control coefficient of FPC,
become coupled, energy efficiency analysis of FPC in the
uplink is complicated. The majority of the literature only
resort to Monte Carlo simulations to study FPC, which
are usually time consuming, especially for large scale
HetNets [14]-[17]. Moreover, when the maximal transmit
power constraint is considered due to the linearity requirement
of power amplifier as well as the battery storage limitation,
the energy efficiency of FPC will depend on the power control
coefficient and the receiver threshold jointly. In this case,
choosing a suitable power control coefficient is nontrivial.
To our knowledge, how to adjust the power control coefficient
within constrained maximal transmit power for maximizing
the energy efficiency of large scale HetNets has been rarely
investigated.

Recently, stochastic geometry method has been applied
to investigate the performance of large scale multi-tier
HetNets [18]. By modeling the cellular network topology as a
random point process, e.g. the Poisson point process (PPP),
statistics of system performance can be easily obtained in
closed form, without resorting to the time-consuming Monte
Carlo simulations. In particular, the PPP model has been
shown to be sufficiently accurate for modeling actual urban
cellular networks [19], [20]. For this reason, the PPP model
has been successfully applied for studying the downlink of
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large scale HetNets [21]. However, direct extension of the
PPP model for analyzing FPC in the uplink is infeasible
since, different from the downlink, the spatial distribution
of interferers, i.e. interfering UEs, does not follow the PPP.
This is because, by FPC, the interference power caused by
the interfering UEs becomes correlated with their path losses
to the desired BS. Besides, when orthogonal multiple access
schemes, e.g., OFDMA, are adopted in the uplink, each
cell allows only one user to operate on the typical resource
block, which further enables a soft repulsion on the spatial
distribution of the co-channel interferers. For these reasons,
analytical results for performance analysis in the uplink are
rarely obtained. Although various generative models [23], [24]
have been proposed to approximate the spatial distribution
of interferers in OFDMA Poisson cellular networks, they
only apply in special cases such as single-tier (macro-only)
networks [23] or channel-inversion based power control [24].
On the other hand, there has also been growing interest in
studying various techniques such as offloading [25], spectrum
sharing [26], fractional frequency reuse [27], and multi-stream
carrier aggregation (MSCA) [28] for leveraging better trade-
offs between spectral and energy efficiencies in multi-tier
HetNets. However, joint consideration of these techniques and
FPC for large scale HetNets is rare due to the aforementioned
difficulties for analysis.

To address the above issues in this paper, we propose a
framework for modeling and optimizing the energy efficiency
of FPC in the uplink of large scale stochastic geometry
HetNets, where UEs have constrained maximal transmit
power. We evaluate the energy efficiency in both deterministic
and stochastic cell topologies for qualitative and quantitative
characterization purposes, respectively. First, for deterministic
cell topology, or for a realization of the stochastic geometry
HetNet where locations of BSs and UEs are fixed, we study the
correlation between uplink energy efficiency and power control
coefficient for UEs locating in different path loss regimes,
i.e., different access regions. Based on the analytical results,
we further characterize the optimal power control coefficient
for maximization of the energy efficiency in different access
regions. Next, taking into account the spatial distributions
of BSs and UEs in stochastic geometry HetNets, we extend the
deterministic analysis to evaluate the average energy efficiency
of UEs. To address the difficulties in modeling the inter-
ferer locations, the interferer’s propagation process is defined
for modeling the path loss distribution of interfering UEs.
We show that although the interferer’s propagation process
follows the Poisson-Voronoi perturbed lattice, it converges
to an inhomogeneous PPP when a sufficiently strong log-
normal shadowing effect is present. The convergence result
is inspired by [29] and [30], where similar techniques have
been applied to model the coverage and achievable rate in the
uplink [29] as well as to study orthogonal multiple access [30].
However, different from [29] and [30], the distribution of
transmission power and the truncation outage probability have
to be newly derived in this paper for characterizing the
average energy efficiency. Moreover, the deterministic analysis
and optimization of FPC for fixed UEs and BSs is neither
considered in [29] nor in [30].



7094

The main contributions of this paper are summarized as

follows:

1) We propose a comprehensive framework for modeling
and optimizing the energy efficiency of FPC under max-
imal transmit power constraint. For given locations of
BSs and UEs, we reveal that there exists a transfer path
loss, which splits the cell into two access regions. The
uplink energy efficiency of UE shows different proper-
ties in these access regions. We also derive the upper
and lower bounds for the transfer path loss. Moreover,
we investigate the optimal power control coefficient
for maximizing the uplink energy efficiency of UE in
different access regions. The bounds of path loss for
different values of optimal power control coefficients are
provided.

2) For randomly located BSs and UEs, we derive the
average energy efficiency under FPC, which is based on
characterizing the probability distribution of UE trans-
mission power and the probability of UE in outage
subject to the maximal transmit power constraint.

3) The analytical derivations are verified via Monte Carlo
simulation results. Both the analytical and simulation
results suggest that the maximal average energy effi-
ciency is achieved when the receiver threshold is close,
but not equal, to the maximal transmit power and the
power control coefficient is adjusted accordingly.

The rest of this paper is organized as follows. In Section II,
the system model of uplink power control scheme under
maximal transmit power constraint in HetNets is presented.
The transfer path loss for energy efficiency of UE and the
bounds of transfer path loss for deterministic HetNets are
described in Section III. Detailed properties for energy effi-
ciency in different region are also revealed in this section.
In Section IV, the distribution of transmit power, the truncation
outage probability, and the average energy efficiency of UEs
for stochastic HetNets are characterized. The derived results
are validated in Section V by simulation results, where the
impact of various system parameters on the uplink energy
efficiency is illustrated. Finally, Section VI concludes the

paper.

II. SYSTEM MODEL

As shown in Fig. 1, a K-tier HetNet system is deployed to
provide seamless access service over the whole R? plane. Let
mgk) denote the location of BS i in tier k € {1,2,---,K}.
The location of BSs in tier k is denoted by ®; =
{mgk); i=1,2,3---}, where the pilot transmit power of BSs
in tier k is Ppx. We assume that @y follows an independent
homogeneous PPP with density Az, k € {1,2,---, K}. The
UEs obey a homogeneous PPP ®, with density A,, which is
independent of ®;. We assume that 1, is large enough so that
each BS serves at least one associated UE per channel. That
is, the uplink channels are fully occupied as in high traffic
load conditions.

A. Path Loss and Association Policy

We consider both small- and large-scale propagation effects
in the channel model. In particular, given a transmitter at
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A Inactive user

m  Active user

Fig. 1. System model of a multi-tier HetNet.

x € R?, the receiving power at y € R? is given by
Pd,xAhx,yL_1 (x,y), where Py , is the transmit power. A is
a propagation constant. h, , denotes the fading channel
power due to multi-path propagation from x to y. Moreover,
L (x,y) = Sx,yllx — yl|*“ models the channel variations caused
by path loss |lx — y|| and shadowing effect Sy ,, where a is
the path loss exponent and ||x — y|| denotes the Euclidean
distance between x and y. We consider Rayleigh multipath
fading and log-normal shadowing, i.e., iy y ~ exp (1) is expo-
nentially distributed with unit mean power and log; (Sx,y/10)
is a zero-mean Gaussian random variable. For deriving the
analytical results, the path loss exponent o is assumed to vary
rarely across different tiers.

Each UE associates to the BS that provides the maximum
average received power. For example, the UE located at
y is associated to the BS at x in tier k£ if and only if
PpxL™ (x,y) = PpjLyi () for j = 1,---, K. The
resulting association is stationary [35], i.e., the association
pattern is invariant under translation with any displacement.
Note that since P, varies from tier to tier, the superposition
of BSs in all tiers of the HetNets, denoted as ® = (J « Dk
generally forms a multiplicatively weighted Poisson Voronoi
tessellation [33]. According to the Palm theory [22], the ana-
Iytical results of a typical cell Cp in tier k can be extended
to other cells C; (i = 1,2,--+) in the same tier. Therefore,
we only need to focus on the cell Cy for the analysis in the
remainder of this paper.

The UEs are equipped with single antenna and access the
network by using single-carrier FDMA (SC-FDMA) technique
to avoid intra-cell interference [34]. However, due to the
universal frequency reuse, the uplink transmission of UEs in
one cell suffers co-channel interference from UEs in other
cells. Let @, , be the point process of co-channel interfer-
ing UEs. As only one UE is allowed to operate on the typical
frequency in each cell by SC-FDMA, ®, , is a Poisson-
Voronoi perturbed lattice process, which consists of a random
point in each Voronoi cell [35].

The BSs in tier k have a receiving sensitivity pmin,k, Where
the value of pmink can vary across tiers. For successful
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data transmission, the UEs associated to the kth tier cells
should keep the average received power at their associated
BSs above pmin k. For this purpose, uplink power control is
usually applied at the UEs, to keep the average received power
at the BSs above the receiver threshold pg, where po > pmink
for any tier k. Otherwise, the UEs will fall into a truncation
outage due to the insufficient received power at BS.

B. Uplink Power Control

The total power consumption of a UE for transmission in
the uplink is given by

P = Ps+ Py, ey

where Py is the static power consumed in base-band signal
processing and radio frequency (RF) circuits, independent
of Py ;. In contrast, P;,; denotes the dynamic power needed
for wireless transmission. The maximum dynamic power con-
sumption of UEs is limited by Pmax, i.e., Py < Pmax,
due to the limited battery storage at UEs and the operation
requirement for power amplifiers in RF circuits.

In this paper, we consider distance-proportional FPC,
or simply FPC, which is an open-loop scheme widely adopted
in uplink transmission [13]. By FPC, the dynamic transmit
power for the UE is set as

Pd,t = Pu (‘9) L* (t7x)» (2)

where ¢ € [0, 1] is the power control coefficient. For problem
tractability, we assume that all uplink UEs in the network use
a uniform power control coefficient ¢, whose value is to be
controlled network-wide.! L (¢, x) is the path loss from UE
at ¢ to its associated BS at x. In (2), the path loss is partially
compensated in general as ¢ € [0, 1]. P, (¢) is the open-loop
power spectral density and is set as Py, (¢) = p§ PloE [15].

Note that the FPC scheme includes two other schemes as
special cases: i) when ¢ = 0, FPC reduces to the constant
power control scheme, where all UEs in each cell transmit
with the maximum output power Ppax; ii) when ¢ = 1,
FPC becomes the power control scheme with complete channel
inversion, i.e., the dynamic power consumption fully compen-
sates the channel variations. Note that in the first case, there
is no channel inversion and the dynamic power consumption
is constant.

The maximal output power constraint is another realistic
mechanism for uplink UEs. If UEs located at cell edges
cannot overcome the path loss to their associated BS even
by transmitting at their maximal output power, they will be
truncated and fail to transmit signals. Therefore, the status of
the UEs are divided as active and inactive. Fig. 1 shows that
due to the limitation of maximal output power, some cell edge
UEs will be inactive.

By adopting the FPC and the maximal transmit power
constraint, the uplink UE becomes inactive when L(f,x) >
Pmax/po. It is expected that the system with large Ppax and/or
small pg will enable a large access region for the uplink.
Moreover, both Ppax and po can affect the transmit power,

IThe general case of adopting non-uniform power control coefficients is
more difficult to analyze and will be left for the future work.

7095

TABLE I
L1ST OF NOTATIONS USED IN THE PAPER

P, Ak PPP of k-th tier BS and the corresponding density
Dy, Ay PPP of UEs and the corresponding density
[ Point process of co-channel interfering UEs
« Path loss exponent
Py, Ps Dynamical transmit power and static power of uplink UE
e, Py (g) Power control coefficient, open loop power spectral density
Pmin, k> P0 | Receiver sensitivity of tier k, receiver threshold for FPC
Prax Maximal transmission power of uplink UE
ha .y, Sy Small and large scale fading between nodes located « and y
Pk Pilot transmission power of BS in k-th tier
W, B Total bandwidth and the bandwidth allocated to UE
N Number of uplink UEs sharing the spectrum

and hence, play an important role in the analysis of uplink
energy efficiency.

C. Energy Efficiency of Uplink UEs

We assume the BS in cell Cp (termed the typical BS) is
located at origin o and is denoted by BSp. When a randomly
chosen UE in cell Cp (termed the typical UE) transmits its
desired signal to By, the receiving SINR of BSy is given by

Py Ah; L7
SINR = ~&2toze 3)
N, + 1,
where [, = er(Du ) P,;[};CAh,(,OL;1 is the aggregate inter-

ference power received at BSy. h;, and hy, denote the
power gains of the fading channels from the typical UE
and the interfering UE at x € ®, , to BSp, respectively.
N, is the thermal noise power. Since BSy is located at the
origin, we simply denote L (¢, 0) and L (x,0) as L, and Ly,
respectively.

Considering the FPC scheme, the SINR expression in (3)
can be obtained as

hy oL
SNR™'+ > hyoL? (x,by) Ly

xedy, ,

SINR =

“)

where SNR = % and b, is the location of the associated
BS for the interfering UE located at x € @, ,. Moreover,
the achievable transmission rate of the desired uplink UE is

R = Blog, (1+ SINR), )

where B is the bandwidth allocated for the UE. Taking into
account the UE power consumption model in (1), the energy
efficiency of a UE in the uplink is then defined as the ratio of

the achievable rate to the power consumption, i.e.,
R Blog, (1 +SINR)
p= 2 Boe . ©)
P P; + Py,

The notations used in this paper are listed in Table 1.

III. UPLINK ENERGY EFFICIENCY IN
DIFFERENT PATH LOSS REGIMES

In this section, we evaluate the uplink energy efficiency
of the typical UE, assuming that the locations of BSs and
UEs are fixed. This corresponds to a particular realization
of the stochastic geometry HetNets as studied in Section II.
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We reveal the properties of uplink energy efficiency for
different path loss regimes qualitatively. The optimal power
control coefficient for maximizing the uplink energy efficiency
of UEs is also obtained. For obtaining analytical insights,
we assume throughout this section that the receiver threshold
at BS is relative low compared to Pmax such that the maximal
transmit power constraint becomes inactive. We note that the
derivations in this section do not rely on the PPP assump-
tions, and hence, the results hold for arbitrarily distributed
®; and D,,.

A. Transfer Path Loss and Energy Efficiency

In this subsection, we detail the energy efficiency analysis
for the proposed uplink model with FPC. We show several
interesting properties of uplink energy efficiency as the path
loss and the power control coefficient are varied.

The deterministic analysis in this section is motivated by
the asymptotic behavior of energy efficiency in the high path
loss regime, i.e., [ — oo. Let [ be the path loss between
the typical UE and its associated BS. Substituting (2) and (4)
into (6), the energy efficiency of the UE is given by

hyol® !
SNR='+ > Lé(x,by)hy oLy’

xeDy_o
P, (e)I¢ + Py

Note that, when the receiver threshold is low, / can be large
without causing truncation outage as Lyux < Ppnax/po- In the
high path loss regime, the dynamic power consumption, which
scales with the path loss and the power control coefficient, will
dominate the total power consumption since Py << P, (¢)[%.
Therefore, the static power consumption P can be ignored
such that P, (¢)I* + P; = P, (&) [? (this condition also holds
for & = 0 since P, (¢) = Pmax is typically around 1 W while
Py is just tens of mW.). If € € [0, 1), h,,(,l“1 is small such
that the energy efficiency 7 (e, /) can be approximated as

1+

Blog,

nl,e) = 7

Bh, ol 'logy e
Pu(e) (SNR™U 4+ Y L8 (x,by) hyoLi")’

xed, ,
(8)

where In (1 + x) =~ x for x — 0. On the other hand, if ¢ = 1,
we have

lim 5 (l,¢) =
[—00

.o BI~! o heo

,€) R

g P (2) 22 SNR™'+ 3 L(x,by)hyoLy!
xe®, ,

Therefore, when uplink UE is far away from its associated BS,

the uplink energy efficiency always changes as O (l_l) for any

¢ € [0, 1]. Without loss of generality, we write llim n(,e)=
—00

%, where N(I) is set as the numerator of (8) and D(¢) is

chosen accordingly for specific value of €.

In (8), we have set [ — oo for mathematical tractability.
In the following, we will evaluate the energy efficiency in
the finite path loss regime and characterize the range of
path losses, i.e., how large should / be, such that (8) holds.
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In particular, to study the impact of power control coefficient
on uplink energy efficiency of UEs using simplified notations,
the relative energy efficiency is applied, which is defined as
the ratio of 7 (/, €) to n(/,0), i.e.,

n,e)
n(,0)

Thereby, r_n (I, &) gives the energy efficiency of adopting
power control coefficient ¢ at UEs relative to # (/, 0), which is
the energy efficiency of applying the constant power control
scheme. As a trivial result, r_# (I, &) = 1 holds if ¢ = 0.

According to (8) and (9), we have r_n(l,e) = gg as
| — oo. That is, the relative energy efficiency remains constant
for given ¢ in the high path loss regime. The properties of the
relative energy efficiency are detailed below.

Property 1: For any 0 < ¢ < 1, the intersection point

1/¢
between r_r (1, ) and D (0) /D (¢) is I* = (%) , where

ron(l,e) = ©)

D
1) = 2© _gnrty > L (b heoLy . (10)
Py (&) j
xedy,
Proof: The intersection point of r_n(/,e) and

D (0) / D (¢) is obtained by solving the equation r_z (I, &) =
D (0)/D (¢). According to (7) and (10), we obtain

|:10g2 (14 he o@D /1 (e))} ) |:10g2 (14 heol™" /1 (0))}

P, (e)1¢ Py (0)
_ PO an
S Pu(e)I(e)
That is, [7° - log, (1 +ht,ol(£_1)/1 () = %

logy (14 hyol = /1(0)).
According to Taylor’s theorem, for |x| < 1, log, (1 + x) =

logze(x—l—%—i—o(xz)). Since the path loss of UE [ is

large enough such that ho,bol(‘g_l)/l () < 1, (11) reduces
to [=DJ(0) = I ()", whose solution is given by [* =

(%)1/8. This completes the proof. |

We refer to [*, which is the intersection of relative energy
efficiency and D (0) / D (¢), as the transfer path loss. In the
sequel, the transfer path loss defines a critical point for
inspecting the uplink energy efficiency of UEs, based on
which the typical cell can divided into two access regions with
different behaviors in terms of energy efficiency. Before that,
an upper bound and a lower bound of [* are readily available.

Theorem 1: When the noise power is negligible com-
pared to the interference power, the transfer path loss [* is
bounded by

> hoxLy!

xe®, ,

S L6 (x,by) ho Ly = (l*)g <E[L* (x,by)].

xe®, ,

Proof: By ignoring the noise in 7 (¢), 1 (g)/I (0) is given
as

! (8) _ erq)u,o L (x’ bX) hO,XL;1
1(0) er@,u, ho,xL;I .

12)



ZHANG et al.: ENERGY EFFICIENCY EVALUATION OF MULTI-TIER CELLULAR UPLINK TRANSMISSION 7097
I (¢) _ _
70 =P I D LF(.b)hosLy' | =In| D ho Ly’ (13)

x€Dy o

x€Dy o

For0 <& <1 and x > 0, a (x) = x¢ is a mono-increasing
function of x, and b(x) = x~! is a mono-decreasing
function of x. According to the Chebyshev’s sum inequal-
ity [35], for any a; > 0, by > 0 and sequences {ai}, {bi}
have different monotonicity properties, then %ZZ:I arby <

1 1
(r 2h=r k) (i ke br)-

Hence, % < %ertbu L? (x, by), where n is the num-
ber of interfering UEs. According to Property 1, (I*)° =
I(e) / I (0). Therefore, the upper bound is obtained as (I*)* <
7 Yo, , LG, by) =E[LF (x, b))

To derive the lower bound, we first observe (13), shown at
the top of this page. Since Inx is a concave function of x,
it can be obtained as

In Z L* (X,bx)ho,xL;l —In

xed®, ,

z h(,,xL;1 —1In

xed, o

> hoxLy!

xe®, ,

> In z L~¢ ()c,bx)ho,xL;1

xe®, ,
(14)
Y ey o hos Ly
Dewn o Lo bo s Ly
of ([*)¢ is
This completes the proof. [ ]

o)

which leads to inequality T0)

Therefore, the lower bound

—1
ZXE(I’M,O hU,X Lx

erd)u 0 L=¢(x,bx)ho x L;l ’
The lower and upper bounds in Theorem 1 also reveal the

impact of interfering UEs on the transfer path loss. Note that
the upper bound of (I*)? gives the expected ¢th moment of
L (x, by), while the lower bound of (*)? is the inverse of the
generalized abstracted mean value of moment L? (x, by) [38].
That is, the transfer path loss of [* is fundamentally deter-
mined by the moment of L (x, by). This is because, by FPC,
the path loss between an interfering UE and its associated BS,
ie., L(x,by), determines the average interference power,
cf. (4). Since UEs in the regime of high path loss usually locate
far from their associated BS, the uplink energy efficiency of
these UEs is sensitive to the interference power.

The transfer path loss provides an interesting starting point
for energy efficiency analysis. In particular, as revealed in
Properties 2 and 3, the energy efficiency exhibits adverse
behaviors in different access regions divided according to the
transfer path loss.

Property 2: In the access region of [ > [I*, n(l,¢)
is closely approximated by N (/) / D (¢), where the maxi-
mal gap between 7 (l,¢) and N (/) / D (&) is bounded by
N (@) P () 172 (e) - hy ol ¥ D,

Proof: Please refer to Appendix A. [ ]

Remark 1: Based on Property 2, if the path loss of UE
satisfies [ > [*, the uplink energy efficiency of UE scales
with / as O (l _1) approximately. This implies that [ > [* is
sufficiently large for (8) to hold. Specifically, even though in

given by

the finite path loss regime of [* < [ < oo, the system is
interference limited, and the SINR of the desired UE is low
such that the approximation In (1 + x) ~ x in (8) is valid.
Hence, the uplink energy efficiency scales with path loss in the
order of O (I!). Note that for / > I*, D (&) is a monotonically
increasing function of ¢, and a small ¢ always leads to a high
uplink energy efficiency for given path loss /, independent of
the value of path loss. Hence, for [ > [*, the optimal power
control coefficient will always be zero. This is expected as, if a
UE is far away from its serving BS, its desired signals will be
mainly degraded by the aggregate interference power from co-
channel UEs in other cells. By decreasing the value of power
control coefficient, the co-channel interference power reduces,
and the energy efficiency of desired uplink UEs is improved.

Property 3: In the access region of [ < [*, n(l,¢) is a
mono-decreasing function of / and p”;# is a mono-increasing
function of ¢.

Proof: Please refer to Appendix B. [ ]

Remark 2: Property 3 is due to the fact that when UEs
are close to the BS, the impact of interfering UEs on the
desired uplink UEs becomes sufficiently weak, whereas the
uplink energy efficiency in this region is critically determined
by the power consumption of UE. In particular, the desired
uplink UE can transmit its desired signal with a high data
rate while consuming a small amount of power. The closer
to its associated BS the desired UE is, the less dynamic
transmit power is consumed. Therefore, the uplink energy
efficiency decreases with path loss. Meanwhile, according
to (2), the power consumption of UE decreases fast with large
power control coefficient for given path loss. As a result,
the uplink energy efficiency can increase with the power
control coefficient at an increasing rate.

To verify the derivations above and, at the same time,
to study the impact of path loss and power control coefficient
on energy efficiency of uplink UE, Monte Carlo simulation
results and analytical results are compared for different values
of ¢ in Fig. 2. The same simulation parameters as in Table II
of Section V are adopted here. Both analytical and simulation
results show the existence of the transfer path loss for uplink
energy efficiency. This is because, when UEs are located
further than [*, their energy efficiency curves for given &
become approximately parallel to the curve # (I, 0), i.e., they
decrease inversely with the path loss, which is consistent with
Property 2. On the other hand, when !/ < [*, both power control
coefficient and path loss can affect the uplink energy efficiency
as established in Property 3.

Fig. 2 also provides insights into the impact of the co-
channel interference on the uplink energy efficiency. In the
region [ > [*, due to the influence from interfering UEs in
other cells, the desired signal power and the interference power
change in pace as 0(1°~!) and 0(I?) for different values of &,
respectively. Therefore, the resulting uplink energy efficiency
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TABLE 11
PARAMETERS SETTING FOR SIMULATIONS

Symbol | Default Value | Symbol | Default Value
Prax 1w A1 2 x 1077 /m?
W 10 MHz A2 4% 10~ 7 /m?
o 4 1 0 dB
o2 -90 dBm 12 0 dB
Py 41 dBm S 4 dB
P, 33 dBm Sa 4 dB
, < <r* Il >1*

10 ; ; »

— — — MonteCarlo result &=1

:| = — — MonteCarlo result £=0.7

— — — MonteCarlo result £=0.4

— — — MonteCarlo result &=0

—#4— Analysis result =1

—H8— Analysis result £=0.7

|| —©— Analysisresult £=0.4
—— Analysis result

Energy efficiency (bps/W)
/

0 20 40 60 80 100 120 140 160 180 200
Distance between UE and its associated BS (m)

Fig. 2. The analysis and numerical results of uplink energy efficiency
changing with path loss for different power control coefficients. For I*,
the derived upper and lower bounds are also shown in the figure.

decreases asymptotically as O (l’l) for given ¢ € [0, 1]. In the
region of [ < [*, however, interference power is relatively
small since the desired UE is close to its associated BS. As a
result, the uplink energy efficiency is mainly affected by the
desired signal power. And UEs with small path loss and large
power control coefficient will obtain a high uplink energy
efficiency as the desired signal power is reduced.

B. Optimal Power Control Coefficient

Now we study the optimal power control coefficient for
UEs in different access regions. Property 2 reveals that the
uplink energy efficiency decreases with ¢ when path loss of
UE satisfies [ > [*. Moreover, based on Property 3, the uplink
energy efficiency increases rapidly with / in the region / < [*
for large ¢. Therefore, the optimal power control coefficient &*
for maximizing uplink energy efficiency is ¢* = 0 when UEs
is located in /[ > [*. However, in the region of [ < [*,
&* depends on the location of uplink UEs, which is further
studied here. Without loss of generality, the uplink energy
efficiency optimization problem can be formulated as

max 7 (e,1)
&

st. 0<e< 1. (15)

For given path loss /, the optimal &¢* in (15) can be obtained
via one-dimensional search [39]. For example, given the path
loss [, a simple uniform search can be applied, where the initial
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Fig. 3.  The optimal power control coefficient for maximization of uplink
energy efficiency under different path losses.

interval of Iy = [0, 1] is equally divided into » small subin-
tervals and the energy efficiency at grid points o = k/n,
k=0,...,n, are evaluated. Let & be the grid point achieving
the largest value of ; (g0, [), it follows that the maximum of
n (e, 1) will lie in the interval Iy = [ef — 1/n, &} + 1/n] [33].
The process repeats by setting Ip = I; before the desired
accuracy is reached. The optimal power control coefficient for
maximizing the uplink energy efficiency with different path
losses 1is illustrated in Fig. 3. From Fig. 3 it can be observed
that, when the path loss is small, the optimal power control
coefficient is ¢* = 1, that is, the complete channel inversion
power control will achieve the highest uplink energy efficiency.
This result is consistent with Property 3. On the other hand,
when the path loss of UE increases, so does the dynamic
power consumption under complete channel inversion power
control, which decreases the uplink energy efficiency. In this
case, decreasing the power control coefficient can improve the
energy efficiency for uplink UEs. When UE is far enough from
its associated BS and the energy efficiency becomes mainly
affected by the aggregate interference power, ¢* = 0 leads
to the minimal interference power and therefore obtains the
maximal uplink energy efficiency.

As analytical expressions of the optimal power control
coefficient for solving (15) are generally difficult to obtain,?
we will characterize [* (¢) alternatively. Herein, [* (¢) defines
the path loss when the optimal uplink energy efficiency in (15)
is achieved by employing power control coefficient ¢. The
upper bound of [*(0) and the lower bound of [* (1) are
provided in Theorem 2. The derived results enable the power
control policy to be adjusted in a convenient way for energy
efficient uplink transmission.

Theorem 2: In the region [ < [* (1), the optimal power
control coefficient is ¢* = 1 and the lower bound of [* (1) is

2The approximation technique in [32] for deriving approximate optimal
transmission capacity of FPC does not apply here as the energy efficiency
optimization involves solving a fractional program, which is non-convex and
hard to solve.
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—1
hopoI(1) Jde)
exp((ln(l+ho,hol(l)) 1) T

the optimal power control coefficient is ¢* = 0 and the upper

. In the region [ > [* (0),

- hiol”'(0)
bound of [* (0) 1S m
Proof: Please refer to Appendix C. [ |

IV. AVERAGE UPLINK ENERGY EFFICIENCY UNDER
MAXIMAL POWER CONSTRAINT

When the maximal transmit power constraint is taken into
account, the uplink energy efficiency becomes dependent on
the receiver threshold. For example, if the BSs have a large
receiver threshold, although the energy efficiency of the active
UEs can be high, the number of active UEs will decrease,
i.e., more UEs will suffer truncation outage. On the other
hand, if the receiver threshold of BS is small so that more
associated UEs are active, then UEs with bad channels and
thus low energy efficiency will deteriorate the average uplink
energy efficiency in the HetNets. Therefore, under the maximal
transmit power constraint, the average uplink energy efficiency
of all UEs has to be investigated. Different from the deter-
ministic analysis in Section III, the spatial distributions of
BSs and UEs (following independent PPPs, cf. Section II),
are considered for a quantitative evaluation of the average
energy efficiency. With the aid of stochastic geometric theory,
we first characterize the probability distributions of transmit
power and the truncation outage probability. Based on these
results, we could then derive the average energy efficiency in
the uplink.

A. Distribution of Path Loss

We define the propagation process from the typical UE to
its serving BS in tier k as U, 2 {L (0, 1)},eq, - The process U,
can be interpreted as an inhomogeneous Poisson point process
with intensity measure Ak (1) = 7 AxE S,f/ a] 12/ [29], which
varies with tier index k. Then, based on U., we characterize
in Proposition 1 the distribution of the path loss between UEs
and their associated BSs.

Proposition 1: Under maximum transmission power con-
straint, the probability density function (PDF) of the path
loss between a typical active UE and its serving BS is
given by

K 7wl E[Sa] exp(—Gjl‘;)

FL <L ) =017 . (16)
jZ; - €xp ( GJ max)
for 0<[<Lpax, Where 6 = Z/a and G =

Z;{:l Tl E [S;.;] (Pp,j/Pp,k)é denotes the superposition

intensity of BSs.

Proof: Define Ay = P (X =k) as the probability of
selecting tier k during UE and BS association, where X is
a random variable to denote the associated tier of the typical
UE. We have [33]

AE [S]?] po
Sjex LB [8]] P

Ap = A7)
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The PDF of path loss between the typical UE and
its associated BS in tier k is obtained by the derivative
of Ay (¢) [29] as

fr (11 K = k) = 0Gil° " exp (—Gyl?).

Under the maximal transmit power constraint, the path loss
of the active UE is limited by Lmax = Pmax / po- Therefore,
under maximum output power constraint, the conditional path
loss distribution for the desired uplink UE that associates to
tier k is

JLLpe (LI K =k) =

(18)

Jr (| K =k)
P < Lmax)
5Gk1571 - exp (—led)
B fOLm“" 5Gro=1 - exp (—Gird) dr
0G9! . exp (—le‘;)
- 1 —exp (—GkL
Based on (17) and (19), the path loss distribution for the

desired uplink can be obtained based on the total probability
formula as

19)

max )

K

frslne ) =D Aj

j=1

0G;1°7" - exp (—G;1°)
1 —exp(—G,Lj

max)

=% i il [Sf] exp (—Gjl")
j=1

1 —exp(—G,L3,)

|
Corollary 1: Assume that the typical UE is associated to
tier k, i.e., X = k. Let random variable %; denote the associ-
ated tier for a subset of interfering UEs, e.g., X7 = j denotes
interfering UEs in tier j. The path loss between an interfering
UE at x and the typical BS is given as L (x,0) = y. Then,
under the maximal transmit power constraint, the conditional
PDF of the path loss between the interfering UE and its
associated BS in tier j, denoted by L (x, b,), is given as

JLi<Lm I K = j, K=k, L (x,0) =)
. 5Gjl‘15_1 - exp (—Gjl?)
(1 —exp(=G,Liu)) (1 —exp (—Gry?))”
Proof: According to the association rule, the interfering

UE cannot ass001ate with tier k and its path loss is bounded
as L (x,by) L(x bo). Accordlng to the definition

(20)

P
of Gi, we can obtain Gy = G (% =2L) . Then the path loss
distribution for interfering UEs assomated with BSs in tier j is

lefLmax (l[|7<I=J’7(=kaL(x,b0)=y)
_ il K =Jj, K=k)

$(= )

. 5Gjl‘,; L. exp (—Gjlf)
(1 —exp (—GjL,)) (1 —exp (—Gry?)) '

21

|

Based on (19) and (21) we observe that, if the path loss
between an interfering UE at x and the typical BS in tier k
at o is L (x,0), then the interfering UE associates to its



7100

serving BS in tier k with probability exp (—GiL’ (x,0))
while it associates to the BS in other tiers with probability
[1 — exp (—GkL‘; (x, 0))]. A similar property was also found
in [30]; however, here we show it for uplink power control
with constrained transmit power. Based on this property, when
the typical BS is located in tier k, the propagation process of
interfering UEs in tier j to the location of the typical BS can
be approximated by a PPP. Corollary 1 also implies that the
path loss distribution of the interfering UEs in tier k is thinned
from the parent path loss distribution of the desired UEs
in (16) or (19) with probability [1 —exp (—GiL (x, 0))]. This
thinning property regarding the point process of interfering
UE:s is also described in [31] by applying an exponent approx-
imation method. Although the approximation method in [31]
achieves a high accuracy, the complexity is very high for
multi-tier HetNets. Hence, for low computational complexity,
we only use the general thinning factor in this paper.

B. Distribution of Transmit Power

Based on Proposition 1, we can further obtain the PDF of
transmit power.

Proposition 2: Under maximal transmit power constraint,
the PDF of the transmit power for an active UE in tier k is

. dfe
5Gex*" exp (—Gk (=) )

P (6) (1 —exp (~GrLdyy))
22)

de,kamax ()C| K:k) =

for 0 < x < Prax.

Proof: For an active UE in tier k, the transmit power
is given by Py = Py (¢) Lt w» Where L; i has the Rayleigh
distribution as shown in (18). The PDF of Py is then given by

de,kSPmax ()CI K = k)
5fe—1 _ oe
0Grx -CXP( Gk(x/Pu (‘9)) )
EP’;S/E () fOPmax 5th6/s—1 -exp( Gk( /P (g))é/e)
0Gix°le=1 . exp (—Gk (X/Pu (8))6/8)
eP,f/E (e) (1 — CXP( GkLmaX))

This completes the proof. However, as a byproduct of the

(23)

proof, we obtain the uth moment of P;j as E[P; k] =
Jm Xk fp,, (x)dx, and

. )
E [P;k] = /
’ 0 gP(;/8 (¢) ( — exp ( GkL?nax))
. P’u &)y (#8/5 +1, GkLmax)
ch/é (1 —exp (—GrLdux)) ,

which will enable us to explain the simulation results in
Section V. ]

Based on Proposition 2, for given power control coef-
ficient &, the average transmit power of UEs decreases
with Lpax. This is because a large Lpax allows the
uplink UEs to transmit at a high power level. Meanwhile,

(24)
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Proposition 2 shows that the average transmission power
of uplink UEs decreases with the superposition intensity
of BSs Gy. This is reasonable since the average path loss
between a UE and its associated BS decreases with Gy. Thus
the UE only requires a lower transmit power to overcome the
path loss attenuation.

C. Truncation Outage Probability

The typical UE associated to BSs in tier k possibly suffer
truncation outage due to the maximal transmit power con-
straint. The truncation outage probability, defined as P,,; =
z;(:l Aj - Py (K =k), is characterized in the following
proposition.

Proposition 3: The truncation outage probability P,,,; of
uplink UEs associated with multi-tier cellular networks is

(25)

Pout ZA exp( G (Pmax / po) )

Proof: According to the path loss distribution given in
Proposition 1, the truncation outage probability of uplink UEs
associated to tier k is obtained as

P o
e ] = exp (~Gi(Puax/m)") .

Then, by applying the total probability formula and the prob-
ability of tier selection, (25) is readily available. [ ]
From Proposition 3 we can observe that the truncation outage
probability increases with pg. This is due to the fact that
the smaller the receiver threshold is, the more uplink UEs
will become active, which can reduce the truncation outage
probability. However, the active UEs with bad channels may
deteriorate the uplink energy efficiency in HetNets. Hence
po leverages a trade-off between the average uplink energy
efficiency and the truncation outage probability in the K-tier
HetNets, which will be investigated in the sequel.

Pout(KZk)éIP[Ltz

D. Average Uplink Energy Efficiency

Assume that the spectrum bandwidth is equally allocated
among the UEs associated to the typical BS, the average uplink
energy efficiency in the HetNets is then given by

W log(1+4 SINR)
El=E| — ————— 26
[n] [N (P, + o) } (26)

where W is the total bandwidth of spectrum, N is the total
number of uplink UEs sharing the spectrum resource. The
average uplink energy efficiency of the HetNets is character-
ized by the following theorem.

Theorem 3: The average uplink energy efficiency of active
UEs with power control coefficient ¢ under maximum trans-
mit power constraint is given by (27), shown at the bot-

tom of the next page, where 7 = 2’7”(PS+P‘“)/“(/ — 1,
35 T(n43.5) (LA WA\ T3
P(N=n) = &3y {"n(-;S))< xkk> 3.5+ 247k .

2F1 () denotes the Gauss hypergeometric functlon [40], and
Er, %=k [x] is given in Corollary 1.
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Proof:  According to the total probability formula,
the average uplink energy efficiency of UEs in K-tier HetNets
is given by

K

= > ME[n]K = kI,
k=1

E 7] (28)

where Ay is the probability that uplink UEs are associated with
BSs in tier k. E[n|X = k] is the average energy efficiency
given that the uplink UEs are associated with BSs in tier k.
From (17), we have (29), shown at the bottom of this page,
where P (N = n) is the probability mass function (PMF) for
the random number of uplink UEs associated to tier k [41].

Substituting (4) into (29), we have (30), shown at the
bottom of this page, where (a) is due to Rayleigh fading
hio ~ exp(l). I, = ercpu(,hx,oLg ()c,b,()L;1 is the
uplink interference at the BSp. Finally, L jkpg=k n=n (5) is
the Laplace transform of the interference when the serving
BS is located in tier k£ and the load number is 7.

Considering the maximal transmit power for the active UE,
we have

E[exp (~eLi*sNR)]
=/OL"“X exp (—el' “SNRY) £ (1l K =K)dl, (D)

where fr (I| KX =k) is given in (18). Moreover,
the Laplace transform of interference L, jxzs—« (s) under an
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inhomogeneous PPP model can be obtain from [30] as (32),
shown at the bottom of the this page.

Finally, (27) can be obtained by substituting (30), (31),
and (32) into (29). This completes the proof. [ |

V. PERFORMANCE EVALUATION

In this section, the derived analytical results are validated
via Monte Carlo simulation and the impact of power control
coefficient, dynamic power consumption and density of BS
on the system performance is also evaluated. We consider a
two-tier HetNet, which consist of macro and pico cells. The
simulation parameters are set according to a typical two-tier
HetNet evaluated in [41], which are summarized in Table II
unless otherwise stated. Moreover, the density of UEs is
Au = 504> to ensure that the saturation condition is satisfied
with high probability.

For Monte Carlo simulation, different realizations of the
locations of UEs and BSs are generated according to the
PPPs with the respective point densities. For each realization
and receiver threshold, the path losses between UEs and their
associated BSs are calculated according to the channel model;
moreover, by applying FPC with given power control coef-
ficient across the network, the transmit power consumption,
achievable data rate, as well as truncation outage events are
obtained for evaluating the average energy efficiency. Note
that the association results are updated whenever the value of
receiver threshold changes. The final results are gathered by
averaging over 10* realizations.

E[y] = ZAkZIP’(N—n)/ P{SINR > t|X =k, N =n}dp,

k=1 n>0
P{SINR > t|X=k,N=n}

oGy,

_ /Lmax 15
1 —exp ( GkLmax)

A 5L1 ‘r K 0
-1 exp —leé— Z A;G;
SNR Zk:l Py

J=1
1—¢ .
L. “tP;

o—(1—¢)
XE Ly <Lpalx=k |1 2Fi(1,1-6,2 -6, ————— i (27
i [ ( S P

© W log2(l+SINR
k[77|K:k]:/ P[—- g2( )>77|K:k}d77
0 N Py + Py,
PS+P,)
_Z]P’[N_n]/ [SINR>2( ‘ —1|K:k,N:ni|d;7 (29)
n>0

hoLE!

o0 o0
/ ]P{SINR>T|7C=k,N=n}d7’]=/ P 2 —
0 0 SNR™! + ercblu, hyoL® (x,by) Ly

> rlﬂ(:k,N:n}dr]

o0
=/ Pl oLi™ > t(SNR™ + D" heol® (x,b) L) | K=k, N=ndy
0

o0
(=)/ Elexp (—eLi SNR™) |- £ jpgmic [L177 |
0

K 1-0
os Pj o—(1—¢) i
AiG; XE [,<p 5=k | LR 1,1-6,2-6, ———nl —
1_5]';(2:2;1 Pk) JYJ 1= | K |:I l}—g Zf:l P

L[r\k35=k (S) = exXp
1

xe®, ,

(30)

sPj

(32)
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Fig. 4. Average transmit power for different power control coefficients.
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Fig. 5. Average transmit power for different BS densities.

A. Average Transmit Power of UE

Fig. 4 shows the analytical and simulation results for the
average transmit power of the uplink UEs under different
power control coefficients. We observe that the analytical and
simulation results are highly consistent. Meanwhile, the aver-
age transmit power increases with the receiver sensitivity pg
for given power control coefficient. Interestingly, the average
transmit power increases at a high rate in the low regime of po,
since the uplink UEs require a higher transmit power as the
received threshold at their associated BSs increases. However,
in the high regime of po, the average transmit power of
uplink UEs saturates due to constrained maximal output power.
According to the distance-proportional FPC, the saturation
level of average transmit power decreases with power control
coefficient for given pg, which is also shown in Fig. 4.

In Fig. 5, we evaluate the average transmit power for
different BS densities under ¢ = 0.5 and ¢ = 0.7, respectively.
As shown in Fig. 5, the average transmit power increases
with both the received threshold pp and the BS density for
given ¢. Meanwhile, in the high regime of pg, the average
transmit power saturates to a constant level whose value is
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Fig. 6. Truncation outage probability for different BS densities.

independent of BS densities. Similar results have also been

observed in [24]. However, we can further show herein that

the saturate value is given by lim E[P;] = ﬁPmaX, based
Po—>00

on (24). Recall that when pg is high, the uplink UEs at cell
edges whose required transmit power exceeds Pp,x will be
truncated. Therefore, the average transmit power of active UEs
cannot exceed %Pmax, which decreases with ¢.

B. Truncation Outage Probability of UE

Fig. 6 shows the analytical and simulation results for the
truncation outage probability of the two-tier HetNets under
different BS densities. We observe that, as expected, the trun-
cation outage probability decreases with the BS densities.
In particular, because the average distance between a UE
and its associated BS increases as the BS density decreases,
the transmit power becomes insufficient to compensate the
path loss due to ceiling at the maximal transmit power. Hence,
the likelihood of the uplink UE suffering truncation outage
is increased while accessing the network. By contrast, for
a high BS density, the uplink UE can access the HetNet
easily for being close to the BSs. As is consistent with
Proposition 3, when receiver threshold pg is close to maximal
output power Ppx, the truncation outage probability of HetNet
will saturate. In this case, large number of UEs will fail in
uplink communication, which can deteriorate average uplink
energy efficiency in the HetNets.

C. Energy Efficiency of Uplink UEs and Impact
of Truncation Outage

1) Average Energy Efficiency Without Truncation Outage:
Fig. 7 shows the average uplink energy efficiency for different
power control coefficients, where the static power consumption
is Py =4 mW. In Fig. 7, we set the truncation outage proba-
bility to be zero. It can be observed that large power control
coefficient is always better in this figure. This is because
with zero truncation outage probability, UE with small power
consumption will achieve a higher uplink energy efficiency.
We also find that the average uplink energy efficiency increases
with pg in the low and medium regimes of pg. This is because
when po is small, UEs with large path loss can still access
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Fig. 7. Average energy efficiency for different power control coefficients
without truncation outage.

the network, which deteriorates the average energy efficiency.
Interestingly, for given &, there exists an optimal value of
average uplink energy efficiency in the high regime of po.
To explain this result, we note that, when pg is equal to Ppax,
only uplink UEs whose dynamic power consumption is P
can transmit signals. In this case, the average uplink energy

efficiency will converge to the same value lim E[y] =
po—>00
R

) — irrespective of the adopted value of ¢. On the other
hand, when pg is close to Ppax, we already know that the
average transmit power is f?PmaX, cf. Fig. 5; in this case,
% < 1, the average uplink energy efficiency can be
approximated as E [y] ~ m

po before approaching Pnf«; Therefore, the maximum value
of average uplink energy efficiency will appear in the high
regime of po. Moreover, the maximum average uplink energy
efficiency increases with power control coefficient since %
decreases with ¢. This result also matches our study of the
optimal power control coefficient in Fig. 3, where a higher
power control coefficient achieves a higher uplink energy
efficiency when UEs have a small path loss.

Fig. 8 illustrates the average uplink energy efficiency for
different BS densities under ¢ = 0.8. We observe that the
average uplink energy efficiency increases quickly as the BS
density A, is increased from 24; to 204, while it tends to
saturate as A is increased from 204; to 2001;. The result
suggests that we could not enhance the average uplink energy
efficiency by only increasing the density of BSs. Interestingly,
the optimal receiver threshold for maximizing average uplink
energy efficiency decreases with 4. This is because, as shown
in Fig. 2, the path loss for maximizing uplink energy efficiency
decreases with the density of BSs. Note also that, in contrast to
Fig. 7, the average uplink energy efficiency curves for different
densities of BS in Fig. 8 do not converge as py approaches
Prmax. This is because although the saturated average transmit
power ﬁPmax is independent of 1., the average load of
cell N still depends on the BS density. Nevertheless, the
average uplink energy efficiency decreases with py with the
same slope as po approaches Ppax.

since

and thus decreases with
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Fig. 9. Effective energy efficiency for different BS densities with truncation
outage.

2) Effective Average Energy Efficiency With Truncation
Outage: Finally, to show the impact of truncation outage
under maximal transmit power constraint, the effective uplink
energy efficiency, defined as (1 — P,,;) E [#], is evaluated for
different BS densities in Fig. 9. The effective uplink energy
efficiency characterizes the average uplink energy efficiency
for active UEs. From Fig. 9 we observe that the effective
uplink energy efficiency strictly increases with the BS density,
since a higher BS density leads to a smaller access distance
and thus a lower truncation outage probability. Note that when
the density of BSs or the maximal transmit power is large
enough, the truncation outage probability becomes small and
negligible. In this case, the effective uplink energy efficiency
will reduce to average uplink energy efficiency as evaluated
in Fig. 7 and Fig. 8. Meanwhile, there exists an optimal
receiver threshold for maximization of the effective uplink
energy efficiency, implying an interesting trade-off between
truncation outage probability and transmission power lever-
aged by the receiver threshold. In particular, a higher receiver
threshold results in a higher truncation outage probability,
i.e., more inactive UEs. Therefore, optimal receiver threshold
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for maximizing the effective uplink energy efficiency is less
than the receiver threshold for maximizing the average uplink
energy efficiency.

In fact, Figs. 6-9 also reveal an interesting interplay between
truncation outage, power control, and energy efficiency. Recall
from Fig. 6 that, when the pg is larger than 0 dBm, the
value of 1 — P,,;, i.e., the probability of no truncation outage,
is about 1072 ~ 1073 for 1y = 24;. However, since UEs
locate close to their serving BS for 4, = 211, according to
Fig. 7, the average EE is as high as 10 bps/W by FPC. As a
result, the effective uplink EE does not go to zero but reaches
about 10> ~ 10* bps/W in Fig. 9.

VI. CONCLUSIONS

In this paper, a tractable model was introduced to analyze
the energy efficiency of uplink power control in multi-tier
HetNet systems. The practical constraint of maximal transmit
power at UEs was considered and the impacts of power
control coefficient, density of BSs, and receiver threshold on
the uplink energy efficiency were investigated. We show the
existence of a transfer path loss, by which the access area can
be divided into two regions of different properties in terms of
energy efficiency. These properties show that the interference
from other cells play different roles on the uplink energy
efficiency of UEs for different path losses.

The analysis of uplink energy efficiency of UEs was
extended to study the average uplink energy efficiency in
HetNets. We find that the average transmit power of UEs will
be a constant when receiver threshold is high enough. Our
results also suggest that the optimal average uplink energy
efficiency is obtained when that receiver threshold is close but
not equal to the maximal transmit power due to an interesting
trade-off between truncation outage and transmission power
leveraged by the receiver threshold. Meanwhile, the maximal
effective uplink energy efficiency in HetNets can be improved
by increasing the density of BS and balancing the values of
receiver threshold and power control coefficient.

APPENDIX A
PROOF OF PROPERTY 2

If the path loss [ is large enough, the noise can be ignored
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through Taylor’s theorem for / > [* as (A.l), shown at the
bottom of the this page.

Then ‘77 (l,e)y— N (l)/D (8)’
e olé7 L

For ¢ € [0,1], e — 1 < 0, such that both N (/) and /¢~!
are mono-decreasing function for [ > [*. The gap between
n(,e) and N (l)/D (¢) will be close to zero as the path loss
of UE increasing. We can get N (/) PM’1 @) I72(e)holt7 ' <
N (*) P () I72 () by ol*“~D, where the equality holds
with ¢ = 1.

<

X

NP (&) I72(e)

APPENDIX B
PROOF OF PROPERTY 3

In the region of [ < [*, we have (B.1), shown at the
bottom of this page. Since ¢ — 1 < 0, it is easy to verify
that ”72# <0, i.e., (I, ¢) is decreasing with [.

According to £~ <1In (1 +ax) for x > —1, we get

hiol“ V17! ()
1+ h ol DI (e)
Substituting (B.2) into (B.l), we obtain the inequalities
in (B.3), shown at the top of the next page. Therefore, we have
on(,e¢)
ol
log, e 11,,01(8’1)171 (&)
S P ()t L 4 hy DI ()

In (1 Sl ol ED (a)) > (B.2)

log, e

__loge (e=1) 1
Pu(ey o1 (1”“*'18 ! (‘9)) =

(B.4)

Since both /¢~ and I~! (¢) are decreasing with ¢, such

3 B h 01(871)[71
that In (1 + hy ol ©~D17" (e)) and g3t

ing with ¢. Meanwhile, 1=+ are decreasing with &, such that
both left and right hand sides of (B.4) increase with &. Then

: on(l,e) . .
according to the Squeeze Theorem, =7 is mono-increasing
with ¢.

is decreas-

APPENDIX C
PROOF OF THEOREM 2

For given path loss /, there always exists a power control
coefficient ¢ # 1, such that the uplink energy efficiency
satisfies #; (¢,1) > #; (1,1), or equivalently,

logy (1+ ol @™ D17 1)) logy (1+hy ol ~1(1)

and the uplink energy efficiency 7 (l,&) can be expanded P, (e)l¢ P, (e)l - (€D
ne) _ Blogy (1+hol“ VI () D (e)
N (1)/D (e) Py (e)I¢ N (1)
(e=1) y—1 2
(ht,ol(cl)ll ) + M +0 ((ht,ol(cfl)lfl (8))2))
- ol @ DI (2)
< (1 Fhy D (a)) (A1)
ond,e) logye ((6— 1) h ol 2171 (e) (e—1) 1 i
— : —eln (147 1€ V1 1E=h B.1
ol P, () 12¢ 14+ ht,ol(g_l)l_l () & 11( + o (8)) (B.1)
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log, e (e=1) -1 (e—1) ;-1
AT ((g “1)In (1 Ry D] (g)) —¢hn (1 Sl D] (e)))
- on(l,e) 3 log, e (6 = 1) hy ol @~ DI71 (g) ehy oG () ©3)
al Py (e)1eT 0 14 hy ol =D (¢) 1+ hy ol E=DI-1 () '

By simplifying (C.1), we get

=% In (1 i htjoz(f—l)rl(g)) > In (1 T h,,ol—l(l)). (C.2)

Since inequality 17+

—1 and x # 0, we have

< In(1+ ax) < ax holds for ax >

ht,0171 ()
1+ h;jol(g_l)l_l(e) '
(C.3)

['=¢ In (1 + h,,ol(“‘)l”(e)) >

hl,olil(g)

ol DTG

Substituting (C.3) into (C.2), we have
In (1 + hyoI~" (1)), whose solution is

1
1 1 e—1
In(L+hol =1 (1) hiol71(e)

(C4)

Therefore, for any ¢ € (0,1), path loss should
1
. 1 1 =1
be smaller than gh_r)nl (ln(1+h,,01’1(1)) - hml_](g))
~1
hiol(1 ‘(1
exp ((W - 1) . % such that complete chan-

nel inversion power control # (1,/) have better uplink energy
efficiency than 7 (e, ).

If constant power control (¢ = 0) have better energy effi-
ciency than any other ¢, that is

log, (14 Ay ol @ D171 (2))

log, (1+ hi,ol =1 (0))
P, (e)l¢ '

P, (¢)

(C5)

(C.5) can be rewritten as

=% In (1 Byl ED (g)) <In (1 Fhy ol (0)). (C.6)

ax
14ax

According to inequality
we obtain

< In(l1+ax) < ax,

I~ In (1 A G (e)) <hi 7' (). (€T

That is if In (1 + hy ol 71 (0)) > heol 7 (e), ie. [ >
ht,olil(a)
In(14h:,01-1(0))°

energy efficiency than 7 (e, [).

According to Property 3, the path loss [ is decreasing
for optimal power control coefficient ¢*. We can obtain that
hiol 1 (0)
In(14+4:,,1-7(0))°
have the highest uplink energy efficiency for any ¢ and when

hi ol (1) U
< exp (ln(lJlr_hz,ul(l))_l) CT)

inversion power control (¢ = 1) have the highest uplink energy
efficiency for any .

constant power control (¢ = 0) have better

when [ > constant power control (¢ = 0)
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