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Abstract— This paper focuses on wireless powered 5G dense
cellular networks, where base station (BS) delivers energy
to user equipment (UE) via the microwave radiation in
sub-6 GHz or millimeter wave (mmWave) frequency, and
UE uses the harvested energy for uplink information transmis-
sion. By addressing the impacts of employing different numbers
of antennas and bandwidths at lower and higher frequencies, we
evaluate the amount of harvested energy and throughput in such
networks. Based on the derived results, we obtain the required
small cell density to achieve an expected level of harvested
energy or throughput. Also, we obtain that when the ratio of
the number of sub-6-GHz BSs to that of the mmWave BSs is
lower than a given threshold, UE harvests more energy from an
mmWave BS than a sub-6-GHz BS. We find how many mmWave
small cells are needed to perform better than the sub-6-GHz small
cells from the perspectives of harvested energy and throughput.
Our results reveal that the amount of harvested energy from the
mmWave tier can be comparable to the sub-6-GHz counterpart
in the dense scenarios. For the same tier scale, mmWave tier
can achieve higher throughput. Furthermore, the throughput
gap between different mmWave frequencies increases with the
mmWave BS density.

Index Terms— Millimeter wave (mmWave), dense small cells,
wireless power transfer, throughput.

I. INTRODUCTION

W IRELESS power transfer (WPT) is an appealing
approach to prolong the lifetime of user equip-

ment (UE), when compared to the traditional energy harvesting
sources such as solar and wind that highly depend upon the
conditions of the environments. However, the implementation
of WPT in conventional cellular networks may be challenging,
due to the fact that it cannot support long-distance WPT in
the absence of directed power beams, and small cells are not

Manuscript received November 12, 2016; revised March 15, 2017; accepted
March 31, 2017. Date of publication June 28, 2017; date of current version
August 18, 2017. This work was supported in part by the U.K. Engineering
and Physical Sciences Research Council under Grant EP/M016005/1 and
in part by the Australia Research Council Discovery Project under
Grant DP160104566. This paper was presented at the IEEE International
Conference on Communications, Paris, France, May 2017 [1].
(Corresponding author: Lifeng Wang.)

L. Wang and K.-K. Wong are with the Department of Electronic and
Electrical Engineering, University College London, London WC1E 7JE, U.K.
(e-mail: lifeng.wang@ucl.ac.uk; kai-kit.wong@ucl.ac.uk).

R. W. Heath, Jr., is with the Department of Electrical and Computer
Engineering, The University of Texas at Austin, Austin, TX 78712 USA
(e-mail: rheath@ece.utexas.edu).

J. Yuan is with the School of Electrical Engineering and Telecommunica-
tions, University of New South Wales, Sydney, NSW 2052, Australia (e-mail:
j.yuan@unsw.edu.au).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JSAC.2017.2720858

densely deployed [2]. In the fifth generation (5G) cellular
networks, technologies such as millimeter wave (mmWave),
massive multiple-input multiple-output (MIMO) and ultra-
dense small cells in the sub-6 GHz and mmWave frequencies
will be adopted [3]–[5], which make next-generation networks
more suitable for WPT, due to at least the following two key
factors:

• The very sharp signal beams in large-scale antenna sys-
tems such as massive MIMO and mmWave bring large
antenna array gains, enabling WPT over long distances.

• Dense small cells will be deployed to provide proximity
services, which drastically reduce propagation loss for
WPT. In 5G ultra-dense networks (UDNs) [6], the dis-
tance between a UE and its serving base station (BS)
will be much shorter than ever before.

Therefore, 5G networks provide a wealth of opportunities
for WPT.

In this paper, we study wireless powered dense
cellular networks, in which active UE may select a
sub-6 GHz or mmWave BS as dedicated RF energy source,
and utilizes its harvested energy for uplink information
transmission. We provide a tractable analytical framework
to characterize both the energy harvesting and throughput
performance in such networks. This work will answer how
many sub-6 GHz/mmWave small cells are needed in order
to achieve some target harvested energy and throughput.
In particular, we derive the number of mmWave small
cells that is required to achieve better performance than the
sub-6 GHz counterpart.

A. Prior Work and Motivation

Early works have studied the potential of wireless energy
harvesting in traditional systems. In [7], simultaneous wireless
information and power transfer (SWIPT) was investigated in
a MIMO wireless broadcasting channel, and two RF energy
harvesting designs at the receiver were investigated, namely
time switching and power splitting. In [8], each single-antenna
UE was considered to harvest ambient RF energy from the
surrounding single-antenna access points in a wireless powered
network, and a spatial throughput maximization problem was
formulated. The work of [9] then studied wireless energy
harvesting in the sensor networks, where many battery-free
sensors are powered by a number of ambient RF energy
sources. The power allocation problem in a wireless energy
harvesting enabled relay network was considered in [10],
where the energy constrained relay used power splitting
for cooperative transmission. In [11], K -tier uplink cellular
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networks with ambient RF energy harvesting were con-
sidered, and the uplink coverage probability was derived.
In device-to-device (D2D) underlaying homogeneous cellular
networks, [12] investigated wireless energy harvesting enabled
D2D transmissions under different spectrum access policies.
Most recently in heterogeneous cellular network (HCN) with
energy harvesting based D2Ds, [13] studied the D2D relaying
in D2D communications. However, the prior work [7]–[13]
only addresses the effects of current network features on WPT.
Therefore, new research on WPT under emerging 5G network
architectures is needed.

The rapid development of 5G technologies has encouraged
more research on WPT. In [14], the optimal power transfer
beamforming was asymptotically derived by considering large
number of antennas in a single massive MIMO cell, and
the optimal solution for maximizing the throughput under
the user fairness criterion was also asymptotically obtained.
The work of [15] provided an overview of SWIPT in massive
distributed antenna systems. In [16], WPT was applied to
recharge UEs in massive MIMO aided K -tier HCNs, where
UEs with large energy storage are connected to their BSs based
on two typical user association schemes. Although the work
in [14]–[16] has studied the impact of massive MIMO antennas
on WPT, they only focused on the sub-6 GHz networks.
Moreover, [14] and [15] only considered a single massive
MIMO cell case, and [16] did not study the more practical
case of UEs with finite battery capacity.

Existing work has studied the coverage and capacity in
the mmWave cellular networks without WPT based on field
measurements [17] or stochastic models [18]–[20], where con-
stant transmit power was assumed. However, in the wireless
powered mmWave networks, coverage and capacity need to be
re-studied, since UE’s transmit power becomes random and
depends on the harvested energy. The use of mmWave for
WPT is promising because of the fact that directed beams
are used in mmWave communications and mmWave small
cells will also be more densely deployed. Recent efforts
on WPT have thus turned to the use of mmWave bands.
In particular, the hardware design of the mmWave rectifier
circuit for WPT has been studied in, e.g., [21] and [22].
The work of [23] studied the wireless powered mmWave
cellular network, in which uniform linear array with analog
beamforming was implemented for WPT and uplink informa-
tion transmission. Subsequently in [24], downlink SWIPT was
investigated in mmWave systems, and the average harvested
energy at the UEs and the downlink coverage probability were
evaluated. However, the limitation of [23] is that it assumed
that mmWave UEs have infinite battery capacity such that
constant uplink transmit power can be guaranteed, while [24]
only considered WPT in the downlink and investigated the
effects of WPT on downlink information transmission. To the
best of our knowledge, wireless powered 5G with both
sub-6 GHz and mmWave frequency bands is an open area
of research.

In wireless powered cellular networks encompassing
sub-6 GHz BSs and mmWave BSs equipped with their respec-
tive antenna arrays, WPT can operate at different frequencies,
and a UE with finite battery capacity may harvest RF energy

in the sub-6 GHz tier or the mmWave tier for accomplishing
uplink information transmission. Nevertheless, such networks
are not well understood. Moreover, under 5G realistic settings,
how many small cells need to be deployed for supporting WPT
and information transmission is still unknown.

B. Contributions and Organization

In this paper, we study wireless powered 5G dense cellular
networks, in which sub-6 GHz or mmWave BSs can be
selected to power UEs with finite battery capacity. Our analysis
permits to account for the key characteristics of sub-6 GHz
and mmWave channels and the effects of different antenna
array gains and node densities. In summary, we have made
the following major contributions:

• We model a wireless powered cellular network con-
sisting of sub-6 GHz BSs and mmWave BSs equipped
with antenna arrays, with the help of stochastic geom-
etry. In the energy harvesting phase, each sub-6 GHz
BS delivers energy to the nearest sub-6 GHz UE using
maximum-ratio transmission (MRT) beamforming, and
each mmWave BS delivers mmWave RF energy to the
mmWave UE that has the minimum pathloss via narrow
beam. In the uplink transmission phase, each active
UE uses the harvested energy to transmit information to
its associated BS.

• We derive the energy coverage probability in sub-6 GHz
and mmWave tiers by considering both the directed
transferred power from the associated BS and the ambient
RF energy from nearby BSs. We find that when the
sub-6 GHz small cell density is lower than a given
threshold, a UE harvests more RF energy from a
mmWave BS than a sub-6 GHz BS. By consid-
ering WPT mode selection, we further derive the
probability that a UE selects a sub-6 GHz BS, line-of-
sight (LoS) mmWave BS or a non-LoS (NLoS) mmWave
BS for WPT.

• Also, we derive the throughput in the uplink sub-6 GHz
and mmWave tiers with different bandwidths. Based on
the results, the number of sub-6 GHz/mmWave small
cells that are required to achieve a targeted through-
put is obtained. We demonstrate that the ratio κμUE of
sub-6 GHz BS density to active sub-6 GHz UE density
should be greater than a certain threshold, in order to
obtain the desired performance. The throughput grows
at a higher speed when increasing κμUE, compared to
increasing the number of BS antennas. Moreover, we cal-
culate how many mmWave small cells are needed such
that the achievable throughput in the mmWave tier is
larger than that in the sub-6 GHz tier.

• Simulation results have confirmed our analysis, and illus-
trated that the amount of harvested energy is dominated
by directed power transfer, compared to the ambient
RF energy harvesting. The amount of harvested energy
from ambient mmWave RF can still be larger than
the sub-6 GHz counterpart in the ultra-dense mmWave
tier. When power transfer mode selection is supported,
the probability that a UE selects NLoS BS for WPT is
negligible, and LoS mmWave WPT is also comparable
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to the sub-6 GHz counterpart in terms of energy cov-
erage. It is revealed that in the dense scenario where
each tier has the same number of BSs and active UEs,
a mmWave UE can achieve a higher throughput than
the sub-6 GHz counterpart. Furthermore, the performance
gap between different mmWave frequencies increases
with mmWave BS density due to the fact that more
densification gains can be obtained at lower mmWave
frequencies.

The remainder of the paper is organized as follows.
Section II describes the system model including the energy
harvesting and information transmission. Section III and
Section IV analyze the energy harvesting and throughput in
the considered networks, respectively. After that, we present
our simulation results in Section V. Finally, Section VI gives
conclusions.

Notations: (·)H denotes the conjugate transpose operator;
CN (0,�) represents the complex Gaussian distribution with
zero mean and covariance matrix �; ‖·‖ is the Euclidean norm;
E [·] denotes the expectation operator; 0M×N is the M × N
zero matrix, and IM is the M × M identity matrix.

II. SYSTEM DESCRIPTIONS

A. Network Model

We consider a wireless powered cellular network consisting
of the sub-6 GHz and mmWave small cells,1 where UEs
are powered by the RF energy from the BSs before uplink
communication. Each sub-6 GHz BS has an array of N sub-
6 GHz antennas, and each mmWave BS is equipped with a
large mmWave antenna array. Each sub-6 GHz UE (μUE)
is equipped with a single sub-6 GHz antenna, while each
mmWave UE (mmUE) is equipped with a small mmWave
antenna array, since it is expected that the shorter mmWave
wavelengths would enable UEs to fit more antennas for a fixed
antenna aperture. The sub-6 GHz BSs are randomly located
following a homogeneous Poisson point process (HPPP)
�μ

(
λμ

)
with the density λμ, and the mmWave BSs are

randomly located following an independent HPPP �mm (λmm)
with the density λmm.

When a UE requires the directed power transfer from a
dedicated BS, a μUE will be connected to the sub-6 GHz
BS that provides the largest received sub-6 GHz signal
power, and accordingly, a mmUE will be connected to the
mmWave BS that provides the largest received mmWave signal
power.

We assume that all sub-6 GHz channels are subject to
independent identically distributed (IID) quasi-static Rayleigh
block fading, which matches well with practical NLoS mea-
surements [25], [26]. In addition, for large number of anten-
nas, the effect of small-scale fading is considered averaged
out [25], [27] and the sub-6 GHz channel power gain
is dominated by random pathloss. As a consequence,

1In the future wireless networks such as 5G, both sub-6 GHz and mmWave
frequency bands will be applied [3]. In such networks, sub-6 GHz BSs
and mmWave BSs equipped with different antenna arrays coexist, which
serve UEs that operate on the sub-6 GHz or mmWave frequency bands,
respectively.

Rayleigh channel distribution is suitable for modeling
sub-6 GHz links when the number of antennas grows large,
and has also been used in the literature such as [25] and [26]
for studying 5G sub-6 GHz scenarios. In the mmWave
systems, the high free-space mmWave pathloss leads to
very limited spatial selectivity or scattering, and thus the
traditional small-scale fading distributions are invalid for
modeling the sparse scatting mmWave environments [28].
As suggested in the channel measurement work [17],
the effect of small-scale fading in mmWave channels is
omitted in this paper by considering highly directional
transmissions.2

B. Energy Harvesting

1) Sub-6 GHz Tier: In the sub-6 GHz tier, each
sub-6 GHz BS adopts MRT beamforming to transfer the
energy for recharging its μUE, to maximize the transferred
power. Thanks to the high diffraction and penetration char-
acteristics of sub-6 GHz signals, the blockage effect in the
sub-6 GHz channel is less significant than the mmWave coun-
terpart [26], [29]. To simplify our analysis, shadow fading [30]
is omitted in the sub-6 GHz tier of this paper, which is
commonly-seen in the literature such as [20], [24], and [26]
for tractability. Hence, for a typical μUE, say o, connected
with its serving sub-6 GHz BS, its instantaneous harvested
power is written as

Pμ
r = ημ Pμ‖ho‖2 L (|Xo|)︸ ︷︷ ︸

�μ1

+ ημ

∑

k∈�μ(λμ)\{o}
Pμ

∣∣
∣
∣
∣
hk,o

hH
k

‖hk‖

∣∣
∣
∣
∣

2

L
(∣∣Xk,μ

∣
∣)

︸ ︷︷ ︸
�μ2

, (1)

where �μ1 is the directed transferred power, and �μ2 is
the total power from the ambient sub-6 GHz RF, ημ is the
sub-6 GHz RF-to-DC conversion efficiency, Pμ is the transmit
power of sub-6 GHz BS, ho ∼ CN (0, IN ) and |Xo| are the
small-scale fading channel vector and distance between the
typical μUE and its serving BS, respectively, L (|Xo|) =
βμ(|Xo|)−αμ is the pathloss function with the exponent αμ,
where βμ is a frequency dependent constant value, which
is commonly set as ( c

4π fc
)2 with c = 3 × 108m/s and the

carrier frequency fc,
hH

k‖hk‖ is the MRT beamforming vector of

the sub-6 GHz BS k (k ∈ �μ \ {o}) with hk ∼ CN (0, IN ),
hk,o ∼ CN (0, IN ) and

∣
∣Xk,μ

∣
∣ are the small-scale fading

channel vector and the distance between the typical μUE and
the sub-6 GHz BS k (except the serving sub-6 GHz BS),
respectively.

2) mmWave Tier: In the mmWave tier, a sectored model is
applied to analyze the beam pattern [19], [20], [31], i.e., the
effective antenna gain for a mmWave BS 
 (
 ∈ �mm \ {o})

2Note that in some existing work such as [19] and [20], it has been
mentioned that when assuming that mmWave channel undergoes Rayleigh
fading [20] or Nakagami fading [19], the tractability of analysis can be
improved.
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seen by the typical mmUE o is expressed as

G
 =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

MBMD, PrMBMD = θBθD

4π2 ,

MBmD, PrMBmD = θB (2π − θD)

4π2 ,

mBMD, PrmBMD = (2π − θB) θD

4π2 ,

mBmD, PrmBmD = (2π − θB) (2π − θD)

4π2 ,

(2)

where MB, mB, and θB are the main lobe gain, side lobe
gain, and half power beamwidth of the mmWave BS antenna,
respectively, and MD, mD, and θD are the main lobe gain,
side lobe gain, and half power beamwidth of the mmUE
antenna, respectively. We assume that the maximum array gain
MBMD can be obtained for the typical BS and its mmUE.

Recognizing that mmWave communication is sensitive to
the blockage in the outdoor scenario, a mmUE is associated
with either a LoS mmWave BS or a NLoS mmWave BS.
We denote fPr (R) as the probability that a link at a dis-
tance R is LoS, so that the NLoS probability of a link is
1− fPr (R). We consider two different pathloss laws: L (R) =
βmm

LoS R−αmm
LoS is the pathloss function for LoS channel and

L (R) = βmm
NLoS R−αmm

NLoS is the pathloss function for NLoS
channel, where βmm

LoS, βmm
NLoS are the frequency dependent

constant values and αmm
LoS, αmm

NLoS are the pathloss exponents.
For a typical mmUE o connected with its serving

mmWave BS, its instantaneous harvested power is written as

Pmm
r = ηmm PmmMBMD L (|Yo|)︸ ︷︷ ︸

�mm1

+ ηmm

∑


∈�mm(λmm)\{o}
PmmG
L

(∣∣Y
,mm
∣
∣)

︸ ︷︷ ︸
�mm2

, (3)

where �mm1 is the directed transferred power, and �mm2 is
the total power from the ambient mmWave RF, ηmm is
the mmWave RF-to-DC conversion efficiency, Pmm is the
mmWave BS transmit power, |Yo| is the distance between the
typical mmUE and its serving mmWave BS, and

∣
∣Y
,mm

∣
∣ is

the distance between the typical mmUE and the mmWave BS

 ∈ �mm \ {o} (except the serving mmWave BS).

C. Uplink Transmission

1) Sub-6 GHz Tier: In the sub-6 GHz tier, maximum-ratio
combining (MRC) is utilized for maximizing the received
signal power at the sub-6 GHz BS. The receive signal-to-
interference-plus-noise ratio (SINR) of a typical sub-6 GHz
BS from its intended μUE is therefore given by

SINRμ =
Sμ

(λμ)

Iμ

(̃λμUE)
+ σ 2

, (4)

where
⎧
⎪⎪⎨

⎪⎪⎩

Sμ

(λμ)
= Pμ

UEo
‖go‖2 L (|Xo|) ,

Iμ

(̃λμUE)
= ∑

i∈�̃μUE (̃λμUE)\{o}
Pμ

UEi

∣
∣
∣
∣

gH
o

‖go‖gi

∣
∣
∣
∣

2

L
(∣∣Xi,μ

∣
∣).

(5)

In (5), Pμ
UEi

denotes the i -th μUE’s transmit power, go ∼
CN (0, IN ) is the small-scale fading channel vector between
the typical sub-6 GHz BS and its intended μUE, �̃μUE(̃λμUE)

is the point process for the active μUEs with density λ̃μUE,
gi ∼ CN (0, IN ) and

∣
∣Xi,μ

∣
∣ are the small-scale fading channel

vector and the distance between the typical sub-6 GHz BS and
interfering μUE i , respectively, and σ 2 is the noise power.

2) mmWave Tier: In the mmWave tier, we only consider the
LoS uplink transmissions, since each mmUE uses lower trans-
mit power from limited harvested energy and the harvested
energy from NLoS link is much lower, which means that
NLoS uplink will be blocked. According to the LoS mmWave
model in [19] and [26], the receive SINR of a typical mmWave
BS from its intended mmUE is given by

SINRmm = Smm
(λmm)

I mm
(̃λmmUE)

+ σ 2 , (6)

where
⎧
⎨

⎩

Smm
(λmm) = Pmm

UEo
MDMB L (|Yo|) 1 (|Yo| < RLoS) ,

I mm
(̃λmmUE)

= ∑

j∈�̃mmUE(̃λmmUE)\{o}
Pmm

UE j
G̃ j L1

(∣∣Y j,μ
∣
∣) (7)

with L1
(∣∣Y j,μ

∣
∣) = L

(∣∣Y j,μ
∣
∣) 1
(∣∣Y j,μ

∣
∣ < RLoS

)
. Here, Pmm

UEo
is the typical mmUE’s transmit power and Pmm

UE j
is the

j -th interfering mmUE’s transmit power, 1 (·) is the indicator
function that returns one if the condition is satisfied and
zero otherwise, RLoS denotes the maximum distance that
LoS can be guaranteed [19], [26] (i.e., fPr (R) = 1 as
R ≤ RLoS and otherwise fPr (R) = 0.), �̃mmUE(̃λmmUE) is
the point process corresponding to the active mmUEs with
the density λ̃mmUE, G̃ j is the effective antenna gain for
an interfering mmUE j seen by the typical mmWave BS,
which follows the distribution given in (2), and

∣
∣Y j,μ

∣
∣ is the

distance between the interfering mmUE j and the typical
mmWave BS.

III. ENERGY HARVESTING

We evaluate the wireless energy harvesting in the
sub-6 GHz and mmWave cellular networks. To gain compre-
hensive understanding, we respectively examine the directed
transferred power from the associated BS and the ambient
RF harvested power from nearby BSs that a UE can obtain,
which allows us to quantify the harvested energy from the
dedicated RF and ambient RF. Note that the minimum amount
of energy is required to activate the harvesting circuit, which
depends on the specific circuit designs based on CMOS,
HSMS, SMS and etc. As surveyed in [32], the minimum RF
input power for CMOS technology can be as low as −27 dBm
based on the prior circuit work from 2006 to 2014.
Therefore, the RF energy harvesting sensitivity level is much
lower and can be omitted [8], [33]. In fact, since we con-
sider 5G dense cellular networks, where dense BSs act
as dedicated RF energy sources to power UEs via narrow
beams, the amount of the received energy at a UE will
be much larger than the RF energy harvesting sensitivity
level [32].
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A. Directed Transferred Power

1) Sub-6 GHz Tier: In the sub-6 GHz tier, given a power
threshold Pth, the coverage probability that the directed trans-
ferred power is larger than Pth can be derived as



μ
D (Pth) =

N−1∑

n=0

(
Pth

ημ Pμβμ

)n 2πλμ

n!

×
∫ ∞

0
e
− rαμ Pth

ημ Pμβμ
−πλμr2

rαμn+1dr. (8)

Proof: Based on (1), 

μ
D (Pth) is calculated as



μ
D (Pth) = Pr

(
�μ1 > Pth

)

=
∫ ∞

0
Pr
(
ημ Pμ‖ho‖2βμr−αμ > Pth

)
f|Xo| (r) dr,

(9)

where f|Xo| (r) is the probability density function (PDF) of the
distance between a sub-6 GHz UE and its nearest sub-6 GHz
BS, which is given by

f|Xo| (r) = 2πλμr exp
(
−πλμr2

)
. (10)

Considering that ‖ho‖2 ∼ � (N, 1), we can further calcu-
late (9) as



μ
D (Pth) =

N−1∑

n=0

∫∞
0

e
− rαμ Pth

ημ Pμβμ

n!
(

rαμ Pth
ημ Pμβμ

)n
f|Xo| (r) dr. (11)

Substituting (10) into (11), we obtain (8).
Based on (8), the sufficient condition for 


μ
D (Pth) > ε

(0 < ε < 1) for a given Pth, is given by the following corollary.
Corollary 1: The probability of the achievable directed

transferred power Pth is larger than ε, if the sub-6 GHz
BS density satisfies

λμ > ωo

(
ημ PμβμN

Pth

)−2/αμ

(12)

with large N , where ωo = ln
(

1
1−ε

)
/π .

Proof: With large N , ‖ho‖2 ≈ N [34], and (9) can be
approximated as


̃
μ
D (Pth) =

∫ (
ημ PμβμN

Pth

)1/αμ

0
f|Xo| (r) dr

= 1 − exp

(

−πλμ

(
ημ PμβμN

Pth

)2/αμ
)

. (13)

Letting 
̃
μ
D (Pth) > ε, after manipulations, gives (12).

It is indicated from Corollary 1 that the number of
sub-6 GHz BSs needs to be large enough for WPT. More-
over, the required BS density decreases when adding more
BS antennas, due to the fact that the decreased densification
gains can be redeemed by obtaining more antenna gains.

2) mmWave Tier: In the mmWave tier, the coverage prob-
ability that the directed transferred power is larger than a
threshold Pth can be derived as



mm
D (Pth) = 2πλmm

[ ∫ ς(βmm
LoS,αmm

LoS)

0
y fPr (y)

× e−2πλmm[�(y)+�(�LoS)]dy

+
∫ ς(βmm

NLoS,αmm
NLoS)

0
y(1 − fPr (y))

× e−2πλmm[�(�NLoS)+�(y)]dy

]
, (14)

where ς (y1, y2)=
(

ηmm PmmMBMD
Pth

y1

)1/y2
, � (y)=∫ y

0 t fPr (t) dt ,

�(y) = ∫ y
0 (1 − fPr (t)) tdt , �LoS =

(
βmm

NLoS
βmm

LoS

)1/αmm
NLoS

yαmm
LoS/αmm

NLoS , and �NLoS =
(

βmm
LoS

βmm
NLoS

)1/αmm
LoS

yαmm
NLoS/αmm

LoS .

Proof: Based on (3), 

mm
D (Pth) is calculated as



mm
D (Pth) = Pr

(
�mm1 > Pth

)

= ϒLoS

∫ ς(βmm
LoS,αmm

LoS)

0
f LoS
R (y) dy

+ ϒNLoS

∫ ς(βmm
NLoS,αmm

NLoS)

0
f NLoS
R (y) dy, (15)

where ϒLoS represents the probability that the typical user is
connected to a LoS BS and ϒNLoS = 1 − ϒLoS represents the
probability that the typical user is connected to a NLoS BS,
f LoS
R (x) is the conditioned PDF of the distance between the

typical mmUE and its serving LoS BS, and f NLoS
R (x) is the

conditioned PDF of the distance between the typical mmUE
and its serving NLoS BS, which are given by [19]

f LoS
R (y) = 2πλmm

ϒLoS
y fPr (y) e−2πλmm[�(y)+�(�LoS)], (16)

and

f NLoS
R (y) = 2πλmm

ϒNLoS
y(1 − fPr (y))e−2πλmm[�(�NLoS)+�(y)],

(17)

respectively. Substituting (16) and (17) into (15)
yields (14).

Corollary 2: Given a threshold Pth, the coverage probabil-
ity of the directed power transfer in the mmWave tier is larger
than that in the sub-6 GHz tier under the following condition:

λμ <
ln
(

1 − 

mm
D (Pth)

)−1

π
(

ημ PμβN
Pth

)2/αμ
. (18)

In particular, when only LoS mmWave links with fPr (R) = 1
(R ≤ RLoS) are used for power transfer, the above condition
is transformed as

λμ < λmmξ2
(

ημ Pμβ N

Pth

)−2/αμ

, (19)

where ξ = min
{

RLoS, ς
(
βmm

LoS, α
mm
LoS

)}
.

Proof: Based on Corollary 1 and (14), we can directly
obtain (18). By considering the LoS mmWave model with
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fPr (R) = 1 (R ≤ RLoS) [19], [26], the probability that the
directed transferred power is larger than a threshold Pth under
LoS mmWave power transfer is found as



mm
D (Pth)

= Pr (ηmm PmmMBMD L (|Yo|) 1 (|Yo| < RLoS) > Pth)

(a)=
∫ ξ

0
2πλmmr exp

(
−πλmmr2

)
dr

= 1 − exp
(
−πλmmξ2

)
, (20)

where ξ = min
{

RLoS, ς
(
βmm

LoS, αmm
LoS

)}
, step (a) is obtained

by considering the fact that UEs try to be connected to the
nearest BSs such that there exist LoS links. Substituting (20)
into (18), we obtain (19) and complete the proof.

Based on Corollary 2, we find that the mmWave tier can
achieve better energy coverage than the sub-6 GHz tier, when
the scale of sub-6 GHz tier is lower than the right-hand-
side (RHS) of (18).

B. Ambient RF Harvested Power

In order to avoid singularity at zero distance and ensure the
finite moments of the sum of the ambient RF signals, we incor-
porate the distance constraint into the path loss function in
this subsection, which is L̃ (|X |) = β(max (ro, |X |))−α with
a reference distance ro [33], [35]. It should be noted that the
reference distance has negligible effect on the evaluation of
the energy coverage probability, since the harvested energy is
usually larger than the predefined threshold when |X | ≤ ro.

1) Sub-6 GHz Tier: In the sub-6 GHz tier, let 

mm
A (Pth)

denote the probability that the ambient RF harvested power is
larger than a threshold Pth, 


μ
A (Pth) is upper bounded as



μ
A (Pth) ≤ min

{
var [�]/

(
Pth

ημ Pμ
− E [�]

)2
, 1

}
, (21)

where E [�] and var [�] are respectively given by (22) and
(23) at the bottom of this page. In (22) and (23), E(n)(z) =∫∞

1 e−zt t−ndt is the exponential integral [36].
Proof: Based on (1), 


μ
A (Pth) is calculated as



μ
A (Pth)

= Pr
(
�μ2 > Pth

)

= Pr
( ∑

k∈�μ(λμ)\{o}

∣
∣
∣
∣
∣
hk,o

hH
k

‖hk‖

∣
∣
∣
∣
∣

2

L̃
(∣∣Xk,μ

∣
∣)

︸ ︷︷ ︸
�

>
Pth

ημ Pμ

)

(b)≤ min

⎧
⎪⎨

⎪⎩

var [�]
(

Pth
ημ Pμ

− E [�]
)2 , 1

⎫
⎪⎬

⎪⎭
, (24)

where step (b) is from the Chebyshev’s inequality. Here,
E [�] and var [�] denote the expectation and variance of �,
respectively.

We first derive E [�]. By using the Campbell’s
theorem [37], E [�] is given by

E [�] = E

⎡

⎣

∣
∣∣
∣
∣
hk,o

hH
k

‖hk‖

∣
∣∣
∣
∣

2
⎤

⎦ βμ2πλμ

×
∫ ∞

0

∫ ∞

r
(max (ro, t))−αμ t f|Xo| (r) dtdr, (25)

where f|Xo| (r) is given by (10). Since hk,o
hH

k‖hk‖ follows com-
plex Gaussian distribution and is independent of hk , we have∣
∣∣
∣hk,o

hH
k‖hk‖

∣
∣∣
∣

2

∼ exp (1), thus E

[∣
∣∣
∣hk,o

hH
k‖hk‖

∣
∣∣
∣

2
]

= 1. By changing

the order of integration, we further derive (25) as

E [�] = βμ2πλμ

∫ ∞

0
(max (ro, t))−αμ t

×
(

1 − exp
(
−πλμt2

))
dt . (26)

After calculating the integral in (26), we obtain (22).
The variance of � is derived as

var [�] = ∂2

∂s2 E
[
exp (s�)

]
∣∣
∣
∣
s=0

− (E [�])2

(c)= E

⎡

⎣

∣
∣∣
∣
∣
hk,o

hH
k

‖hk‖

∣
∣∣
∣
∣

4
⎤

⎦β2
μ2πλμ

×
∫ ∞

0

∫ ∞

r
(max (ro, t))−2αμ t f|Xo| (r) dtdr, (27)

where step (c) is obtained by using the modified

Campbell’s theorem. Since E

[∣
∣∣
∣hk,o

hH
k‖hk‖

∣
∣∣
∣

4
]

= 2, we can

finally obtain (23) and complete the proof.
2) mmWave Tier: In the mmWave tier, let 


mm
A (Pth) denote

the probability that the ambient RF harvested power is larger
than a threshold Pth, given ε, 


mm
A (Pth) > ε holds when the

mmWave BS density meets

λmm >

(
Pth

ϑmmηmm Pmm

) 2
αmm

LoS
, (28)

where ϑmm is a constant value defined by

Pr
( ∑


∈�mm(1)\{o}
G
�(

∣∣Y
,mm
∣∣) > ϑmm

)
= ε (29)

with �(
∣∣Y
,mm

∣∣) = L̃LoS
(∣∣Y
,mm

∣∣) 	 ( fPr
(∣∣Y
,mm

∣∣)), where
	(x) represents the Bernoulli distribution.

E [�] = βμ2πλμ

(
r
−αμ
o

2

(
r2

o − (πλμ

)−1
(

1 − e−πλμr2
o

))
+ r

2−αμ
o

αμ − 2
− r

2−αμ
o

2
E( αμ

2

)
(
πλμr2

o

))

(22)

var [�] = β2
μ4πλμ

(
r
−2αμ
o

2

(
r2

o − (πλμ

)−1
(

1 − e−πλμr2
o

))
+ r

2−2αμ
o

2αμ − 2
− r

2−2αμ
o

2
E(αμ)

(
πλμr2

o

))

(23)
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Proof: Based on (3), the probability that the ambient
RF harvested power �mm2 is larger than a threshold Pth can
be obtained as



mm
A (Pth)

= Pr
(
�mm2 > Pth

)

= Pr

⎛

⎝
∑


∈�mm(λmm)\{o}
G
 L̃

(∣∣Y
,mm
∣∣) >

Pth

ηmm Pmm

⎞

⎠ . (30)

Since the ambient RF energy from the NLoS BSs is negligible,



mm
A (Pth) can be lower-bounded as



mm
A (Pth)

≥ Pr
( ∑


∈�mm(λmm)\{o}
G
�(

∣
∣Y
,mm

∣
∣) >

Pth

ηmm Pmm

)

(d)= Pr
( ∑


∈�mm(1)\{o}
G
�(

∣
∣Y
,mm

∣
∣) > λ

− αmm
LoS
2

mm
Pth

ηmm Pmm

)
,

(31)

where step (d) is obtained by using the Mapping theorem.
Given ε, we define the constant ϑμ as (29). Then we can

directly obtain 

μ
A (Pth) > ε if and only if condition (28) is

satisfied, which completes the proof.
Corollary 3: The ambient RF energy harvesting in the

mmWave tier outperforms that in the sub-6 GHz tier under
the condition (28), where ϑmm is given by (29) with

ε =min

{
var [�]/

(
Pth

ημ Pμ
− E [�]

)2
, 1

}
.

It is indicated from Corollary 3 that in practice, it is still
possible that the amount of ambient RF energy harvested from
the mmWave tier is larger than that from the sub-6 GHz tier.

C. Power Transfer Mode Selection

In the above, we have analyzed and compared the wireless
energy harvesting in the sub-6 GHz and mmWave tiers. Here,
we consider mode selection for WPT in hybrid 5G scenario,
i.e., UEs are at liberty to select a sub-6 GHz BS or mmWave
BS for maximizing the directed transferred power, since the
amount of harvested energy from ambient RF is much smaller
compared to that from directed power transfer, see [2], [23],
[24], which is also illustrated in the simulation results of
section V. Thus, we have the following Propositions.

Proposition 1: The association probability that a UE selects
the sub-6 GHz WPT is given by

Hμ = 2πλμ

∫ ∞

0
r exp

(
− 2πλmm

( ∫ R̂mm
LoS(r)

0
fPr(t)tdt

+
∫ R̂mm

NLoS(r)

0
(1 − fPr(t)) tdt

)
− πλμr2

)
dr, (32)

where R̂mm
LoS (r) =

(
�

βmm
LoS
βμ

)1/αmm
LoS

r
αμ

αmm
LoS and R̂mm

NLoS (r) =
(
�

βmm
NLoS
βμ

)1/αmm
NLoS

r
αμ

αmm
NLoS with � = ηmm PmmMBMD

ημ PμN .

Proof: We note that in the mmWave cell, the small-
scale fading is negligible, and the directed transferred power
is dominated by the mmWave pathloss. In the sub-6 GHz cell,

the small-scale fading is averaged out when the number of
BS antennas is large, i.e., ‖ho‖2 ≈ N . Therefore, the probabil-
ity that a UE selects the sub-6 GHz WPT can be expressed as

Hμ

= Pr
(
�μ1 > �mm1

)

= E|Xo|
{
Pr
(
ημ Pμ N L (|Xo|) > ηmm PmmMBMD L (R)

)}

(e)= E|Xo|
[

Pr
(

Rmm

 >

(
�

βmm
LoS

βμ

)1/αmm
LoS |Xo|

αμ
αmm

LoS

∣
∣∣
 ∈ �LoS

mm

)

︸ ︷︷ ︸
�L(|Xo|)

× Pr
(

Rmm

 >

(
�

βmm
NLoS

βμ

)1/αmm
NLoS |Xo|

αμ
αmm

NLoS

∣∣
∣
 ∈ �NLoS

mm

)

︸ ︷︷ ︸
�N(|Xo|)

]

=
∫ ∞

0
�L (r) �N (r) f|Xo| (r) dr, (33)

where step (e) is obtained by considering two independent
LoS BS process �LoS

mm and NLoS BS process �NLoS
mm , � =

ηmm PmmMBMD
ημ PμN , f|Xo| (r) is the PDF of |Xo| given in (10).

By employing the void probability, we can obtain �L as

�L (r) = Pr
(

No LoS mmWave BS closer thanR̂mm
LoS (r)

)

= exp
(

− 2πλmm

∫ R̂mm
LoS(r)

0
fPr(t)tdt

)
, (34)

where R̂mm
LoS (r) = (�βmm

LoS/βμ

)1/αmm
LoS rαμ/αmm

LoS . Similar to (34),
�N is given by

�N (r) = exp
(

− 2πλmm
∫ R̂mm

NLoS(r)
0 (1 − fPr(t)) tdt

)
, (35)

where R̂mm
NLoS (r) =

(
�

βmm
NLoS
βμ

)1/αmm
NLoS

r
αμ

αmm
NLoS . Substituting (34)

and (35) into (33), we obtain the desired result (32).
Proposition 2: The association probability that a UE selects

a LoS mmWave BS for the mmWave WPT is given by

H LoS
mm = 2πλmm

∫ ∞

0
r fPr(r) exp

(
− 2πλmm

( ∫ r

0
fPr(t)tdt

+
∫ R̃mm

NLoS(r)

0
(1 − fPr(t)) tdt

)
− λμ Ãμ (r)

)
dr, (36)

where R̃mm
NLoS (r) =

(
βmm

NLoS
βmm

LoS

)1/αmm
NLoS

r
αmm

LoS
αmm

NLoS and Ãμ (r) =
π
(

βμ

�βmm
LoS

)2/αμ

r
2αmm

LoS
αμ . Then the probability that a UE selects

a NLoS mmWave BS for the mmWave WPT is H NLoS
mm =

1 − Hμ − H LoS
mm .

Proof: We first define τL as the probability that there
exist LoS mmWave BSs. Similar to (33), the probability that
a UE selects a LoS mmWave BS for the mmWave energy
harvesting is calculated as
where �LoS

mm1
= ηmm PmmMBMDβmm

LoS |Yo|−αmm
LoS is the directed

transferred power from the nearest LoS mmWave BS, and the
PDF of |Yo| is given by [19]

f|Yo| (r) = 2πλmm

τL
r fPr (r) e−2πλmm

∫ r
0 fPr(t)tdt . (38)



WANG et al.: WIRELESS POWERED DENSE CELLULAR NETWORKS 2017

H LoS
mm = τLE|Yo|

{
Pr
(
�LoS

mm1
> �μ1

)

︸ ︷︷ ︸
�μ(|Yo|)

× Pr
(
�LoS

mm1
> ηmm PmmMBMDβmm

NLoS(Rmm

 )−αmm

NLoS

∣
∣∣
 ∈ �NLoS

mm

)

︸ ︷︷ ︸
�N(|Yo|)

}

= τL

∫ ∞

0
�μ (r) �N (r) f|Yo| (r) dr, (37)

Similar to (34), �μ (r) is derived as

�μ (r) = Pr
(
ηmm PmmMBMDβmm

LoSr−αmm
LoS >ημ Pμ Nβμ R

−αμ
μ

)

= Pr
(

Rμ >

(
βμ

�βmm
LoS

)1/αμ

r
αmm

LoS
αμ

)

= exp
(−λμ Ãμ (r)

)
, (39)

where Ãμ (r) = π
(

βμ

�βmm
LoS

)2/αμ

r
2αmm

LoS
αμ . Then �N (r) is simi-

larly derived as

�N (r) = exp
(

− 2πλmm

∫ R̃mm
NLoS(r)

0
(1 − fPr(t)) tdt

)
, (40)

where R̃mm
NLoS (r) =

(
βmm

NLoS
βmm

LoS

)1/αmm
NLoS

r
αmm

LoS
αmm

NLoS . Substituting (39)
and (40) into (37), as shown at the top of this page,
we obtain (36) and complete the proof.

When only LoS mmWave links with fPr (R) =
1 (R ≤ RLoS) are able to transfer energy by mmWave
radiation, the association probability that a UE selects the
sub-6 GHz WPT given by (32) reduces to

H̃μ = 2πλμ

∫ ∞

0
r exp

(
− πλmm

( ˆ̂R (r)
)2

− πλμr2
)

dr,

(41)

where ˆ̂R (r) = min

(
(MBMD)1/αmm

LoS

(
ηmm Pmmβmm

LoS
ημ PμNβμ

)1/αmm
LoS

r
αμ

αmm
LoS , RLoS

)
. Accordingly, the association probability that a

UE selects a LoS mmWave BS for the mmWave WPT is
H̃ LoS

mm = 1 − H̃μ. In light of αmm
LoS ≥ 2 [11], we find that

compared to increasing the mmWave antenna gain MBMD,
H̃ LoS

mm grows at a higher speed when increasing the mmWave
density λmm, which highlights the importance of achieving
more mmWave BS densification gains for mmWave WPT.

IV. THROUGHPUT ANALYSIS

The previous section has revealed how many small cells are
required for obtaining the expected harvested energy. In this
section, we characterize the uplink performance in terms of the
throughput in the considered networks. We will calculate how
many small cells should be deployed in the sub-6 GHz and
mmWave tiers, in order to achieve the targeted throughput.
Moreover, we will answer how many mmWave cells are
needed to outperform a specific sub-6 GHz tier. We assume
that in each block time T , UEs first harvest RF energy with

the time duration τT (0 < τ < 1), and the rest of time is
allocated for uplink transmissions by fully using the harvested
energy.

A. Sub-6 GHz Tier

In the sub-6 GHz tier, we define the ratio between
the sub-6 GHz BS density and active μUE density as
κμUE = λμ/̃λμUE, to characterize the tier scale. For a given
active μUE density, larger κμUE means that the network is
denser and the distance between a μUE and its serving BS is
shorter, which brings more BS densification gains. Note that
the achievable BS densification gain can help combat the
uplink interference without using complicated interference
coordination methods such as [30]. For a given sub-6 GHz
BS density, lower κμUE means that more active μUEs are
served, which results in larger uplink interference.

We first derive the exact expression for the throughput Cμ

between a typical μUE and its serving sub-6 GHz BS as

Cμ = 1 − τ

ln 2
BWμ

∫ ∞

0

ϕμ(t)

t
e−λ̃

−αμ
2

μUE σ 2t dt, (42)

where BWμ is the sub-6 GHz bandwidth, ϕμ(t) is
given by (43) (see top of the next page), in which

h̄μ = τ
1−τ ημ PμNλ

αμ
2

μ . with

Proof: See Appendix A.
To further shed light on the effect of κμUE on the

throughput, we provide a closed-form lower bound expression
for (42), which is given by

CL
μ = (1 − τ )BWμ

× log2

⎛

⎝1+κ
αμ
2

μUE
Neαμeπr2

o ζo

2π2ζ1eπr2
o r

2−αμ
o E(

αμ
2 )(r

2
o π)

⎞

⎠, (45)

where ζo = Ei
(−r2

oπ
) − 2e−r2

o π ln ro, ζ1 = r
2−αμ
o
αμ−2 , and Ei(·)

is the exponential integral function [36, eq. (8.211)].
Proof: See Appendix B.

It is explicitly shown from (45) that the throughput
increases with κμUE and N , which means that adding more
small cells or antennas enhances the performance. Also,
for large κμUE or N , the throughput scales as (1 − τ )

BWμ

(αμ

2 log2
(
κμUE

)+ log2 (N)
)
, which indicates that the
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ϕμ (t) = 2π

e−πr2
o

Ĩμ(t)
∫∞

ro

(
1 − e−tκ

αμ
2

μUE Nh̄μ L2(r)
)

re−πr2
dr (43)

Ĩμ(t) = exp
{

− 4π2

e−πr2
o

∫ ∞

ro

∫ ∞

ro

t h̄μL(y)L (x)

1+t h̄μL(y)L (x)
xye−πy2

dydx
}

(44)

throughput grows at a higher speed when increasing κμUE,
compared to increasing the number of BS antennas.3

Corollary 4: An expected throughput Cμ
th is achievable

when the ratio between the sub-6 GHz BS density and active
μUE density satisfies

κμUE

≥ N
− 2

αμ

(
(
2

C
μ
th

BWμ(1−τ ) − 1
)
2π2ζ1eπr2

o r
2−αμ
o E(

αμ
2 )(r

2
o π)

eαμeπr2
o ζo

) 2
αμ

.

(46)

From Corollary 4, the ratio between the sub-6 GHz
BS density and the active μUE density should be larger than
a critical value for obtaining the desired performance.

B. mmWave Tier

In the mmWave tier, we similarly define the ratio between
the mmWave BS density and the active mmUE density as
κmmUE = λmm /̃λmmUE. The throughput can be derived as

Cmm = (1 − τ )

ln 2
BWmm

∫ ∞

0

ϕmm(t)

t
e−σ 2t dt, (47)

where BWmm denotes the mmWave bandwidth, h̄mm =
τ

1−τ ηmm PmmMBMD, and ϕmm(t) is given by (48), as shown
at the bottom of this page. where (49), as shown at the bottom
of this page, with φ (y), as shown at the bottom of this page.

Proof: See Appendix C.
In the wireless powered mmWave tier, the transmit power

of a mmUE is much lower due to the limited harvested
energy resulting from the energy loss of propagation and the
RF-to-DC conversion, which means that it is more likely to
be noise-limited in the wireless powered uplink mmWave tier.
As such, it is necessary to analyze the throughput in the
noise-limited mmWave scenario, where uplink interference is
negligible. Note that such analysis can also be viewed as a tight
upper bound of the exact throughput given by (47), and has a

3Note that the pathloss exponent αμ ≥ 2 in the practical environments [11].

good approximation to (47) in the practical urban settings [20].
Therefore, the throughput expression in (47) can be further
simplified as

Cn
mm = (1 − τ )BWmm ×

∫ RLoS

ro

log2

×
(

1 + h̄mm(MDMBβmm
LoS)2 r−2αmm

LoS

σ 2

)

f̃|Y | (r) dr,

(50)

where f̃|Y | (·) = 2πλmmr

e−πλmmr2
o

exp
(−πλmmr2

)
is the modified PDF

of the distance |Y | between a mmUE and its nearest mmWave
BS under the constraint |Y | ≥ ro.

We next derive a closed-form lower bound expression
for (50) as

CL
mm = (1 − τ )BWmm log2

(

1 + eϕ̃mm(λmm)

σ 2

)

. (51)

In (51), ϕ̃mm(λmm) is an increasing function of λmm, which is
given by

ϕ̃mm(λmm)

=
(

ln(h̄mmMDMB) + 2
(
ln βmm

LoS + αmm
LoS

2
ln
(
πλmm

)))

×
(

e−a1 − e−b1
)

− αmm
LoS

(
Ei (−b1)

+ � (0, a1) + e−a1 ln (a1) − e−b1 ln b1

)
(52)

with a1 = πλmmr2
o and b1 = πλmm R2

LoS.
Proof: See Appendix D.

Corollary 5: Based on (51), we find that the expected
throughput Cmm

th can be achieved when mmWave density λmm
satisfies the following condition:

λmm ≥ ϕ̃−1
mm

(
ln σ 2

(
2

Cmm
th

(1−τ )BWmm − 1

))
, (53)

where ϕ̃−1
mm is the inverse function of ϕ̃mm.

ϕmm (t) = 2πλmm

e−πλmmr2
o

Ĩmm(t)
∫ RLoS

ro

(
1 − e−t h̄mmMDMB (βmm

LoS)2 r−2αmm
LoS
)

r exp
(
−πλmmr2

)
dr, (48)

Ĩmm(t) = exp

{
−2πλmmκ−1

mmUE

∫ RLoS

ro

(1 − φ (y)) ydy

}
(49)

φ (y) = 2πλmm

e−πλmmr2
o

∑


∈{MB,mB}

∑

k∈{MD,mD}
Pr
k

∫ RLoS

ro

e−t h̄mm
k (βmm
LoS)2 (zy)

−2αmm
LoS z exp

(
−πλmmz2

)
dz
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TABLE I

SIMULATION PARAMETERS

Fig. 1. Directed transferred energy coverage probability with N = 32,
αμ = 2.7, λμ = 0.002 and λmm = 0.02.

It is confirmed by Corollary 5 that the mmWave density needs
to be larger than the RHS of (53), in order to achieve a targeted
throughput.

Corollary 6: Based on Corollary 4, a μUE can achieve a
higher throughput than a mmUE when κμUE satisfies (46) with
Cμ

th = Cmm given in (47). Based on Corollary 5, a mmUE
can achieve a higher throughput than a μUE when λmm
satisfies (53) with Cmm

th = Cμ given in (42).
Corollary 6 confirms that whether the sub-6 GHz tier

performs better than the mmWave tier depends on the number
of sub-6 GHz small cells in the 5G networks.

V. SIMULATION RESULTS

In this section, we present simulation results to show
the energy coverage and throughput performance in wireless
powered 5G dense cellular networks. The results validate the
prior analysis, and further illustrate the impacts of node density
on the RF energy harvesting and information transmission. The
basic simulation parameters are shown in Table I.

A. Energy Coverage

In this subsection, we study energy coverage in the
sub-6 GHz and mmWave tiers. It is assumed that the LoS prob-
ability function is fPr (R) = e−�R with 1/� = 141.4 m [19],
the sub-6 GHz carrier frequency is fc = 1.5 GHz, and the
mmWave antenna beam pattern at a mmWave BS and mmUE
are (MB, mB, θB) = (18 dB,−2 dB, 10o) and (MD, mD, θD) =
(10 dB,−10 dB, 45o), respectively.

Fig. 1 shows the directed transferred energy coverage prob-
ability results in the sub-6 GHz and mmWave tiers. The

Fig. 2. Ambient RF energy coverage probability with αμ = 2.6, λμ = 0.002
and λmm = 0.5.

Fig. 3. WPT association probability with αμ = 2.7 and λmm = 0.01.

analytical results are obtained from (13) and (14), respectively,
which are validated by Monte Carlo simulations. The result
in (13) can predict the energy coverage of the sub-6 GHz
tier. MmWave power transfer can be better than the
sub-6 GHz counterpart, due to the mmWave directivity gain
and densification gain.

Fig. 2 shows the ambient RF energy coverage probability
results in the sub-6 GHz and mmWave tiers. We observe that
for ultra-dense mmWave tier, the harvested ambient mmWave
RF energy can still be larger than that in the sub-6 GHz tier
with comparably lower BS density. Compared to Fig. 1, it is
indicated that the amount of harvested energy from the ambient
RF is much lower than the directed power transfer.

Fig. 3 demonstrates the association probability that a UE
selects a sub-6 GHz BS or mmWave BS in hybrid cellular
networks. The results are obtained based on Proposition 1
and Proposition 2. We observe that the association probability
for sub-6 GHz WPT increases with the sub-6 GHz BS density
because of obtaining higher densification gains, and it will
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Fig. 4. Throughput in sub-6 GHz tier with λ̃μUE = 0.001.

also be improved by adding sub-6 GHz antennas for achieving
more antenna gains. More UEs will select mmWave BSs to
transfer energy when the sub-6 GHz BS density is much
lower than the mmWave BS density, which implies that dense
small cells are needed to shorten the energy transfer distance
between the UE and its associated BS. Compared to the
mmWave LoS, the association probability that a UE selects
a mmWave NLoS power transfer is negligible.

B. Throughput

Here, we study the impact of the ratio between the BS den-
sity and the active UE density on the throughput. In the simu-
lations, the energy harvesting time allocation factor is τ = 0.7,
the sub-6 GHz carrier frequency is fc = 1 GHz, the sub-6 GHz
pathloss exponent is αμ = 2.6, the sub-6 GHz bandwidth is
BWμ = 20 MHz, the mmWave bandwidth is BWmm = 1 GHz,
and the mmWave antenna beam pattern at an active mmUE
and a mmWave BS are (MD, mD, θD) = (3 dB,−3 dB, 45o)
and (MB, mB, θB) = (18 dB,−2 dB, 10o), respectively, and
the maximum LoS distance is RLoS = 20 m. The noise power
is obtained by σ 2 = −174 + 10 log 10(BW)+Nf dBm with
7 dB noise figure (Nf).

Fig. 4 shows the throughput in the sub-6 GHz tier. The
analytical lower bound curves are obtained from (45), which
tightly matches with the simulated exact curves. We see
that deploying more sub-6 GHz small cells can significantly
increase the throughput, due to the densification gain. Adding
more BS antennas can further enhance the spectrum efficiency
and bring an increase in throughput. It is also indicated from
Fig. 4 that given a specific throughput level, the required
number of small cells can be cut by using more antennas at
each BS.

Fig. 5 illustrates the throughput in the mmWave tier. The
simulated throughput curves based on the SINR has a good
match with that based on SNR, confirming that the wireless
powered uplink mmWave tier is noise-limited. The analytical
lower bounds are obtained from (51), which can well approx-
imate the simulated exact curves. We find that adding more
sub-6 GHz small cells has a substantial increase in throughput.

Fig. 5. Throughput in mmWave tier.

Fig. 6. Throughput comparison between mmWave tier and sub-6 GHz tier
for the same tier scale with λ̃μUE = λ̃mmUE = 0.01.

Fig. 6 compares the throughput between the mmWave
tier and the sub-6 GHz tier for the same scale, i.e., same
numbers of BSs and active UEs. The analytical exact and lower
bounds of the mmWave tier are obtained from (47) and (51),
respectively. The analytical exact and lower bounds of the sub-
6 GHz tier are obtained from (42) and (45), respectively. Our
analysis is validated by the simulated results. It is implied
that the Gbps transmission rate is still likely to be achieved in
the wireless powered dense mmWave tier, which significantly
outperforms the sub-6 GHz tier. Moreover, in the wireless
powered ultra-dense mmWave scenarios, interference is still
negligible, i.e., noise-limited.

Fig. 7 provides the throughput comparison for different
mmWave carrier frequencies. The LoS pathloss exponent is set
as 2 at 28 GHz, 38 GHz and 73 GHz, and its value is 2.25 at
60 GHz [38], [39]. We observe that the achievable throughput
is the highest at 28 GHz since it has the lowest propagation
loss. The performance gap between different mmWave carrier
frequencies is larger when increasing the BS density, which
indicates that lower mmWave frequencies can obtain more
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Fig. 7. Throughput comparison for different mmWave carrier frequencies
with λ̃mmUE = 0.01.

densification gains. In addition, the performance at 73 GHz
is close to that at 60 GHz, due to the fact that the atmospheric
absorption at 60 GHz is more severe than that at 73 GHz,
which leads to higher LoS pathloss exponent at 60 GHz.

VI. CONCLUSION

This paper studied WPT in dense cellular networks, where
a large number of sub-6 GHz and mmWave BSs with antenna
arrays are deployed to power UEs. The expressions of the
energy coverage probability were derived, in order to provide
comparisons between the sub-6 GHz and mmWave energy
harvesting. We obtained the BS density condition when the
mmWave tier can provide more RF energy than the sub-6 GHz
tier. In addition, the probability that a UE selects the sub-
6 GHz or mmWave power transfer was quantified. We then
derived the throughput in the uplink sub-6 GHz and mmWave
tiers. We obtained the number of small cells that are required
to achieve a targeted level of throughput. Also, we presented
the BS density conditions when the mmWave UE achieves
higher throughput than the sub-6 GHz UE.

APPENDIX A
A DETAILED DERIVATION OF (42)

According to the Mapping theorem [37], (4) can be written
as

SINRμ = λ
αμ
2

μ Sμ
(1)

λ̃
αμ
2

μUE Iμ
(1) + σ 2

. (A.1)

Based on (A.1), the throughput Cμ can be derived by using
[40, Lemma 1], which is as follows

Cμ = (1 − τ )T

T
BWμE

⎡

⎢
⎣log2

⎛

⎜
⎝1 + κ

αμ
2

μUE Sμ
(1)

Iμ
(1) + λ̃

−αμ
2

μUEσ 2

⎞

⎟
⎠

⎤

⎥
⎦

= 1 − τ

ln 2
BWμ

∫ ∞

0

ϕμ(t)

t
e−λ̃

−αμ
2

μUE σ 2t dt, (A.2)

where ϕμ(t) is

ϕμ(t) = E

[(

1 − e−tκ
αμ
2

μUE Sμ
(1)

)

e−t Iμ
(1)

]

≈
∫ ∞

ro

(
1 − e−tκ

αμ
2

μUE N Pμ
UEo

L(r)
)

E

[
e−t Iμ

(1)

]

︸ ︷︷ ︸
Ĩμ(t)

f̃|X | (r) dr.

(A.3)

In (A.3), ‖ho‖2 ≈ N with large N , ro is the reference distance
to avoid singularity at zero, and f̃|X | (·) is the modified PDF
of the distance |X | between a μUE and its nearest sub-6 GHz
BS under the condition |X | ≥ ro, which is

f̃|X | (r) = 2πr

e−πr2
o

exp
(
−πr2

)
, r ≥ ro. (A.4)

Note that the harvested ambient RF energy is much smaller
than the directed transferred energy [2], [23], [24] and can be
negligible, which is also illustrated in the simulation results of
Section V in this paper. Therefore, based on the instantaneous
harvested power given by (1), Pμ

UEo
can be evaluated as

Pμ
UEo

(a)≈ h̄μL(r), (A.5)

where h̄μ = τ
1−τ ημ Pμ Nλ

αμ
2

μ , step (a) is obtained from
the Mapping theorem. Since the minimum distance between
the typical BS and the interfering UEs is small in dense
networks [41], by using the Laplace functional of PPP [37],
Ĩμ(t) is given by

Ĩμ(t) = exp

(

−2π

∫ ∞

ro

E

[
t Pμ

MDi
L (x)

1+t Pμ
MDi

L (x)

]

xdx

)

. (A.6)

According to (A.5), we have

E

[
t Pμ

MDi
L (x)

1+t Pμ
MDi

L (x)

]

= 2π

e−πr2
o

∫ ∞

ro

t h̄μL(y)L (x)

1+t h̄μL(y)L (x)
ye−πy2

dy. (A.7)

Substituting (A.7) into (A.6), we obtain Ĩμ(t) as (44) and
complete the proof.

APPENDIX B
A DETAILED DERIVATION OF (45)

In the dense cellular networks, the noise power is negligible.
Thus, based on (A.1), Cμ can be calculated as

Cμ
(b)≈ (1−τ )T

T E

[
log2

(
1 + κ

αμ
2

μUE N
S̃μ
(1)

Iμ
(1)

)]
, (B.1)

where step (b) is obtained by considering ‖ho‖2 ≈ N with
large N , and S̃μ

(1) = Pμ
UEo

L (|Xo|).
By using Jensen’s inequality [42], (B.1) can be lower

bounded as

CL
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(
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2
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E

[
ln S̃

μ
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]

E

[
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)

. (B.2)
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Considering Pμ
UEo

≈ h̄1 L(r) given in (A.5), we first

calculate E

[
ln S̃μ

(1)

]
as

E

[
ln S̃μ

(1)

]
= E

[
ln Pμ

UEo

]
+ E [ln L(r)]

= ln h̄1 + 2E [ln L(r)] , (B.3)

where E [ln L(r)] is

E [ln L(r)]

= ln βμ − αμ
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In (B.4), f̃|X | (·) is given by (A.4).

With the help of the Campbell’s theorem, E

[
Iμ
(1)

]
in (B.2)

is calculated as
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where E

[
Pμ

UEi

]
can be similarly obtained based on (A.5),

which is

E

[
Pμ
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≈ h̄1βμ
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2
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Substituting (B.3) and (B.5) into (B.2), we can obtain (45)
and complete the proof.

APPENDIX C
A DETAILED DERIVATION OF (47)

Similar to (A.3), we have

Cmm = (1 − τ )T
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BWmmE

[
log2 (1 + SINRmm)

]
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where ϕmm(t) is
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where Pmm
UEo

= h̄mm L (r), and f̃|Y | (·) is the modified PDF of
the distance |Y | between a mmUE and its nearest mmWave
BS under the constraint |Y | ≥ ro, which is

f̃|Y | (r) = 2πλmmr

e−πλmmr2
o

exp
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. (C.3)

We next calculate Ĩmm(t) as
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By using the law of total expectation, we can directly obtain
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(C.5)

Substituting (C.3) and (C.5) into (C.4), after some manipula-
tions, we obtain (49), and complete the proof.

APPENDIX D
A DETAILED DERIVATION OF (51)

In the noise-limited scenario, the throughput is calculated
as

Cn
mm = (1 − τ )BWmmE

[
log2

(
1 + Smm

(λmm)

σ 2

)]
. (D.1)

Considering the convexity of log2(1 + aex) for a > 0 and
using Jensen’s inequality, the above can be lower bounded as

CL
mm = (1 − τ )BWmm log2

(
1 + eζ3

σ 2

)
, (D.2)

where ζ3 = E

[
ln(Smm

(λmm))
]
. We can obtain ζ3 as

ζ3

= E
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ln(Pmm

UEo
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,

(D.3)

where f̃|Y | (·) is given by (C.3). From (D.3), we see that
ϕ̃mm(λmm) increases with λmm because when more BSs are
deployed, a mmUE becomes closer to its associated BS, which
reduces the pathloss. After some manipulations, we can obtain
ϕ̃mm(λmm) as (52) and complete the proof.

REFERENCES

[1] L. Wang and K. K. Wong, “Energy coverage in wireless powered sub-
6 ghz and millimeter wave dense cellular networks,” in Proc. IEEE Int.
Conf. Commun. (ICC), Jul. 2017, pp. 1–6.

[2] K. Huang and X. Zhou, “Cutting the last wires for mobile communi-
cations by microwave power transfer,” IEEE Commun. Mag., vol. 53,
no. 6, pp. 86–93, Jun. 2015.

[3] F. Boccardi, R. W. Heath, Jr., A. Lozano, T. L. Marzetta, and P. Popovski,
“Five disruptive technology directions for 5G,” IEEE Commun. Mag.,
vol. 52, no. 2, pp. 74–80, Feb. 2014.

[4] J. G. Andrews et al., “What will 5G be?” IEEE J. Sel. Areas Commun.,
vol. 32, no. 6, pp. 1065–1082, Jun. 2014.



WANG et al.: WIRELESS POWERED DENSE CELLULAR NETWORKS 2023

[5] D. Liu et al., “User association in 5G networks: A survey and an
outlook,” IEEE Commun. Surveys Tuts., vol. 18, no. 2, pp. 1018–1044,
2nd Quart., 2016.

[6] X. Ge, S. Tu, G. Mao, and C. X. Wang, “5g ultra-dense cellular
networks,” IEEE Trans. Wireless Commun., vol. 23, no. 1, pp. 72–79,
Feb. 2016.

[7] R. Zhang and C. K. Ho, “MIMO broadcasting for simultaneous wire-
less information and power transfer,” IEEE Trans. Wireless Commun.,
vol. 12, no. 5, pp. 1989–2001, May 2013.

[8] Y. L. Che, L. Duan, and R. Zhang, “Spatial throughput maximization
of wireless powered communication networks,” IEEE J. Sel. Areas
Commun., vol. 33, no. 8, pp. 1534–1548, Aug. 2015.

[9] I. Flint, X. Lu, N. Privault, D. Niyato, and P. Wang, “Perfor-
mance analysis of ambient RF energy harvesting with repulsive point
process modeling,” IEEE Trans. Wireless Commun., vol. 14, no. 10,
pp. 5402–5416, Oct. 2015.

[10] Z. Ding, S. M. Perlaza, I. Esnaola, and H. V. Poor, “Power allocation
strategies in energy harvesting wireless cooperative networks,” IEEE
Trans. Wireless Commun., vol. 13, no. 2, pp. 846–860, Feb. 2014.

[11] A. H. Sakr and E. Hossain, “Analysis of K-tier uplink cellular networks
with ambient RF energy harvesting,” IEEE J. Sel. Areas Commun.,
vol. 33, no. 10, pp. 2226–2238, Oct. 2015.

[12] A. H. Sakr and E. Hossain, “Cognitive and energy harvesting-based
D2d communication in cellular networks: Stochastic geometry modeling
and analysis,” IEEE Trans. Commun., vol. 63, no. 5, pp. 1867–1880,
May 2015.

[13] H. H. Yang, J. Lee, and T. Q. S. Quek, “Heterogeneous cellular net-
work with energy harvesting-based D2D communication,” IEEE Trans.
Wireless Commun., vol. 15, no. 2, pp. 1406–1419, Feb. 2016.

[14] G. Yang, C. K. Ho, R. Zhang, and Y. L. Guan, “Throughput optimization
for massive MIMO systems powered by wireless energy transfer,” IEEE
J. Sel. Areas Commun., vol. 33, no. 8, pp. 1640–1650, Aug. 2015.

[15] F. Yuan, S. Jin, Y. Huang, K.-K. Wong, Q. T. Zhang, and H. Zhu, “Joint
wireless information and energy transfer in massive distributed antenna
systems,” IEEE Commun. Mag., vol. 53, no. 6, pp. 109–116, Jun. 2015.

[16] Y. Zhu, L. Wang, K.-K. Wong, S. Jin, and Z. Zheng, “Wireless power
transfer in massive MIMO aided HetNets with user association,” IEEE
Trans. Commun., vol. 64, no. 10, pp. 4181–4195, Oct. 2016.

[17] T. S. Rappaport et al., “Millimeter wave mobile communications for 5G
cellular: It will work!” IEEE Access, vol. 1, pp. 335–349, May 2013.

[18] T. Bai, A. Alkhateeb, and R. W. Heath, Jr., “Coverage and capacity of
millimeter-wave cellular networks,” IEEE Commun. Mag., vol. 52, no. 9,
pp. 70–77, Sep. 2014.

[19] T. Bai and R. W. Heath, Jr., “Coverage and rate analysis for millimeter-
wave cellular networks,” IEEE Trans. Wireless Commun., vol. 14, no. 2,
pp. 1100–1114, Feb. 2015.

[20] S. Singh, M. N. Kulkarni, A. Ghosh, and J. G. Andrews, “Tractable
model for rate in self-backhauled millimeter wave cellular networks,”
IEEE J. Sel. Areas Commun., vol. 33, no. 10, pp. 2196–2211, Oct. 2015.

[21] S. Ladan, A. B. Guntupalli, and K. Wu, “A high-efficiency 24 GHz
rectenna development towards millimeter-wave energy harvesting and
wireless power transmission,” IEEE Trans. Circuits Syst., vol. 61, no. 12,
pp. 3358–3366, Dec. 2014.

[22] M. Nariman, F. Shirinfar, A. P. Toda, S. Pamarti, A. Rofougaran, and
F. D. Flaviis, “A compact 60-GHz wireless power transfer system,” IEEE
Trans. Microw. Theory Techn., vol. 64, no. 8, pp. 2664–2677, Aug. 2016.

[23] L. Wang, M. Elkashlan, R. W. Heath, Jr., M. D. Renzo, and K. K. Wong,
“Millimeter wave power transfer and information transmission,” in Proc.
IEEE Global Commun. Conf. (GLOBECOM), Dec. 2015, pp. 1–6.

[24] T. A. Khan, A. Alkhateeb, and R. W. Heath, Jr., “Millimeter wave
energy harvesting,” IEEE Trans. Wireless Commun., vol. 15, no. 9,
pp. 6048–6062, Sep. 2016.

[25] E. Björnson, L. Sanguinetti, and M. Kountouris, “Deploying dense
networks for maximal energy efficiency: Small cells meet massive
MIMO,” IEEE J. Sel. Areas Commun., vol. 34, no. 4, pp. 832–847,
Apr. 2016.

[26] J. Park, S. L. Kim, and J. Zander, “Tractable resource manage-
ment with uplink decoupled millimeter-wave overlay in ultra-dense
cellular networks,” IEEE Trans. Wireless Commun., vol. 15, no. 6,
pp. 4362–4379, Jun. 2016.

[27] H. Q. Ngo, E. G. Larsson, and T. L. Marzetta, “Energy and spectral effi-
ciency of very large multiuser MIMO systems,” IEEE Trans. Commun.,
vol. 61, no. 4, pp. 1436–1449, Apr. 2013.

[28] O. El Ayach, S. Rajagopal, S. Abu-Surra, Z. Pi, and R. W. Heath, Jr.,
“Spatially sparse precoding in millimeter wave MIMO systems,” IEEE
Trans. Wireless Commun., vol. 13, no. 3, pp. 1499–1513, Mar. 2014.

[29] S. Rangan, T. S. Rappaport, and E. Erkip, “Millimeter-wave cellular
wireless networks: Potentials and challenges,” Proc. IEEE, vol. 102,
no. 3, pp. 366–385, Mar. 2014.

[30] W. Feng, Y. Wang, N. Ge, J. Lu, and J. Zhang, “Virtual MIMO
in multi-cell distributed antenna systems: Coordinated transmissions
with large-scale CSIT,” IEEE J. Sel. Areas Commun., vol. 31, no. 10,
pp. 2067–2081, Oct. 2013.

[31] A. M. Hunter, J. G. Andrews, and S. Weber, “Transmission capacity of
ad hoc networks with spatial diversity,” IEEE Trans. Wireless Commun.,
vol. 7, no. 12, pp. 5058–5071, Dec. 2008.

[32] X. Lu, P. Wang, D. Niyato, D. I. Kim, and Z. Han, “Wireless networks
with RF energy harvesting: A contemporary survey,” IEEE Commun.
Surveys Tuts., vol. 17, no. 2, pp. 757–789, 2nd Quart., 2015.

[33] K. Huang and V. K. N. Lau, “Enabling wireless power transfer in
cellular networks: Architecture, modeling and deployment,” IEEE Trans.
Wireless Commun., vol. 13, no. 2, pp. 902–912, Feb. 2014.

[34] L. Wang, H. Q. Ngo, M. Elkashlan, T. Q. Duong, and K. K. Wong,
“Massive MIMO in spectrum sharing networks: Achievable rate and
power efficiency,” IEEE Syst. J., vol. 11, no. 1, pp. 20–31, Mar. 2017.

[35] B. F. Baccelli, B. Blaszczyszyn, and P. Muhlethaler, “An Aloha protocol
for multihop mobile wireless networks,” IEEE Trans. Inf. Theory,
vol. 52, no. 2, pp. 421–436, Feb. 2006.

[36] I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series and
Products, 7th ed. San Diego, CA, USA: Academic, 2007.

[37] F. Baccelli and B. Blaszczyszyn, Stochastic Geometry and Wireless
Networks Volume I—Theory. Hanover, Germany: Now Publishers, 2009.

[38] S. Deng, M. K. Samimi, and T. S. Rappaport, “28 GHz and 73 GHz
millimeter-wave indoor propagation measurements and path loss mod-
els,” in Proc. IEEE Int. Conf. Commun. Workshop (ICCW), Sep. 2015,
pp. 1244–1250.

[39] T. S. Rappaport, E. Ben-Dor, J. N. Murdock, and Y. Qiao, “38 GHz
and 60 GHz angle-dependent propagation for cellular & peer-to-peer
wireless communications,” in Proc. IEEE Int. Conf. Commun. (ICC),
Aug. 2012, pp. 4568–4573.

[40] K. A. Hamdi, “Capacity of MRC on correlated Rician fading channels,”
IEEE Trans. Commun., vol. 56, no. 5, pp. 708–711, May 2008.

[41] X. Lin, J. G. Andrews, and A. Ghosh, “Spectrum sharing for device-
to-device communication in cellular networks,” IEEE Trans. Wireless
Commun., vol. 13, no. 12, pp. 6727–6740, Dec. 2014.

[42] N. Lee, F. Baccelli, and R. W. Heath, Jr., “Spectral efficiency scaling
laws in dense random wireless networks with multiple receive antennas,”
IEEE Trans. Inf. Theory, vol. 62, no. 3, pp. 1344–1359, Mar. 2016.

Lifeng Wang (M’16) received the Ph.D. degree
in electronic engineering from the Queen Mary
University of London in 2015. He is currently a
Post-Doctoral Research Fellow with the Department
of Electronic and Electrical Engineering, Univer-
sity College London. His research interests include
millimeter-wave communications, massive MIMO,
cloud-RAN, dense HetNets, ad hoc and sensor net-
works, caching and IoT-enabled networks, cognitive
radio, physical layer security, and wireless energy
harvesting. He received the Exemplary Editor Cer-

tificate of the IEEE COMMUNICATIONS LETTERS in 2016.

Kai-Kit Wong (M’01–SM’08–F’16) received the
B.Eng., M.Phil., and Ph.D. degrees from The
Hong Kong University of Science and Technology,
Hong Kong, in 1996, 1998, and 2001, respectively,
all in electrical and electronic engineering. He is
currently a Professor of Wireless Communications
with the Department of Electronic and Electrical
Engineering, University College London, U.K. He
is a fellow of the IET. He is a Senior Editor of the
IEEE COMMUNICATIONS LETTERS and the IEEE
WIRELESS COMMUNICATIONS LETTERS.



2024 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 35, NO. 9, SEPTEMBER 2017

Robert W. Heath, Jr. (S’96–M’01–SM’06–F’11)
received the B.S. and M.S. degrees from the
University of Virginia, Charlottesville, VA, USA,
in 1996 and 1997, respectively, and the Ph.D.
degree from Stanford University, Stanford, CA,
USA, in 2002, all in electrical engineering. From
1998 to 2001, he was a Senior Member of the
Technical Staff and then a Senior Consultant with
Iospan Wireless Inc., San Jose, CA, USA, where he
was involved in the design and implementation of
the physical and link layers of the first commercial

MIMO-OFDM communication system. Since 2002, he has been with the
Department of Electrical and Computer Engineering, The University of
Texas at Austin, where he is currently a Cullen Trust for Higher Education
Endowed Professor, and is a Member of the Wireless Networking and
Communications Group. He is also the President and the CEO of MIMO
Wireless Inc. He authored Introduction to Wireless Digital Communication
(Prentice Hall, 2017), co-authored Millimeter Wave Wireless Communications
(Prentice Hall, 2014), and authored Digital Wireless Communication: Physical
Layer Exploration Lab Using the NI USRP (National Technology and Science
Press, 2012).

Dr. Heath has been a Co-Author of 15 award winning conference and
journal papers, including recently the 2010 and 2013 EURASIP Journal on
Wireless Communications and Networking Best Paper Awards, the 2012 Signal
Processing Magazine Best Paper Award, the 2013 Signal Processing Society
Best Paper Award, the 2014 EURASIP Journal on Advances in Signal
Processing Best Paper Award, the 2014 Journal of Communications and
Networks Best Paper Award, the 2016 IEEE Communications Society Fred
W. Ellersick Prize, and the 2016 IEEE Communications and Information
Theory Societies Joint Paper Award. He was a Distinguished Lecturer in the
IEEE Signal Processing Society. He is an ISI Highly Cited Researcher. He
is also an elected member of the Board of Governors for the IEEE Signal
Processing Society, a licensed Amateur Radio Operator, a Private Pilot, and
a registered Professional Engineer in Texas.

Jinhong Yuan (M’02–SM’11–F’16) received the
B.E. and Ph.D. degrees in electronics engineering
from the Beijing Institute of Technology, Beijing,
China, in 1991 and 1997, respectively. From 1997 to
1999, he was a Research Fellow with the School of
Electrical Engineering, The University of Sydney,
Sydney, Australia. In 2000, he joined the School
of Electrical Engineering and Telecommunications,
University of New South Wales, Sydney, where he
is currently a Telecommunications Professor. He is
also a Co-Inventor of one patent on MIMO systems

and two patents on low-density-parity-check codes. He has authored two
books, three book chapters, over 200 papers in telecommunications journals
and conference proceedings, and 40 industrial reports. His current research
interests include error control coding and information theory, communication
theory, and wireless communications. He has co-authored three Best Paper
Awards and one Best Poster Award, including the Best Paper Award from
the IEEE International Symposium on Wireless Communications Systems,
Trondheim, Norway, in 2007, and the Best Paper Award from the IEEE
Wireless Communications and Networking Conference, Cancun, Mexico,
in 2011. He served as the IEEE NSW Chair of the Joint Communica-
tions/Signal Processions/Ocean Engineering Chapter from 2011 to 2014. He
is currently serving as an Associate Editor of the IEEE TRANSACTIONS ON

COMMUNICATIONS.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


