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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

IRELESS power transfer (WPT) is an appealing
Wapproach 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
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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:

o 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 (UDNSs) [6], the dis-
tance between a UE and its serving base station (BS)
will be much shorter than ever before.

Therefore, 5SG 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
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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:

o 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.

o 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.

o 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 x,ug 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 x,ug, 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.

o 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: (-)" denotes the conjugate transpose operator;
CN (0, A) represents the complex Gaussian distribution with
zero mean and covariance matrix A; ||-|| is the Euclidean norm;
E[-] denotes the expectation operator; 0y xn is the M x N
zero matrix, and I is the M x 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,! 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 (uUE)
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)
D, (/Iﬂ) with the density 4,, and the mmWave BSs are
randomly located following an independent HPPP @y (Amm)
with the density Amm.

When a UE requires the directed power transfer from a
dedicated BS, a #UE 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,

n 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.
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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.”

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 #UE, 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 ¢UE, say o, connected
with its serving sub-6 GHz BS, its instantaneous harvested
power is written as

Pl = 5, Pyllho 2L (1X,])

Apy
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L (‘Xk,#

2
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where A, 1is the directed transferred power, and A, is
the total power from the ambient sub-6 GHz RF, 7, is the
sub-6 GHz RF-to-DC conversion efficiency, P, is the transmit
power of sub-6 GHz BS, h, ~ ¢\’ (0,Iy) and |X,| are the
small-scale fading channel vector and distance between the
typical ©UE and its serving BS, respectively, L (|X,]) =
Bu(1X,1)"% is the pathloss function with the exponent a,,
where B, is a frequency dependent constant value, which
is commonly set as (4 R )2 with ¢ = 3 x 108m/s and the

carrier frequency f¢, m is the MRT beamforming vector of

the sub-6 GHz BS k (k € @, \ {o}) with hy ~ CAL(0, Iy),
hy, ~ cn(0,1y) and |Xk,#| are the small-scale fading
channel vector and the distance between the typical 4 UE 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 ¢ (£ € Oy \ {0})

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

OsOp
MgMp, Pryvgmp = Tl
Og 2nr — bp
Mgmp, Pryvgmp = ¥
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mpMp, PrmBMD = T,
2r —0g) 2w — Op)
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where Mg, mp, and fp are the main lobe gain, side lobe
gain, and half power beamwidth of the mmWave BS antenna,
respectively, and Mp, mp, and fp are the main lobe gain,
side lobe gain, and half power beamwidth of the mmUE
antenna, respectively. We assume that the maximum array gain
MgMp 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) =

,[)’i“o‘gR_“LoS is the pathloss function for LoS channel and
L(R) = ﬁg&sR_“{\?&s is the pathloss function for NLoS
channel, where SIS, pNios are the frequency dependent
constant values and o, ayfg are the pathloss exponents.

For a typical mmUE o connected with its serving

mmWave BS, its instantaneous harvested power is written as

= #mm PmmMBMpL (|Y0|)

Amml

€Dmm (Amm)\{o}
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where Amm, is the directed transferred power, and Amm, is
the total power from the ambient mmWave RF, 7y, is
the mmWave RF-to-DC conversion efficiency, Pym is the
mmWave BS transmit power, |Y,| is the distance between the
typical mmUE and its serving mmWave BS, and ‘Yg’mm‘ is
the distance between the typical mmUE and the mmWave BS
{ € Oy \ {0} (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 xUE is therefore given by

St
A
a/tUE)

where

S Pl lgol* L(Xol),

2
g/ 5
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In (5), P” denotes the i-th ¢UE’s transmit power, g, ~
CN (0, IN) is the small-scale fading channel vector between
the typical sub-6 GHz BS and its intended #UE, ®,uE (/1 ,uUE)
is the point process for the active xUEs with density 1 4UE>
g ~ CN(0,Iy) and |X i, ﬂ| are the small-scale fading channel
vector and the distance between the typical sub-6 GHz BS and
interfering 4 UE i, respectively, and o2 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

S )
Amm
SINR,ym = FrT T (6)
ammUE)
where
Simy = PGE,MDMBL (1Y) 1(1Ys| < Rios)
I = - 2 PEEGiLy ([Yju])
JEPmmUE ammUE)\{O}

with Ly (|¥ju[) = L ([¥ju]) 1(]¥j.u| < Ruios). Here, PG
is the typical mmUE’s transmit power and P{}E‘: 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, Rpos denotes the maximum distance that
LoS can be guaranteed [19], [26] (i.e., fpr(R) = 1 as
R < Rios and otherwise fpr (R) = 0.), ®mmue(Ammug) is
the point process correspondmg to the active mmUEs with
the density immUE, G, 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;,,| is the
distance between the interfering mmUE j and the typical
mmWave BS.

IIT. 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 Py, the coverage probability that the directed trans-
ferred power is larger than Py can be derived as

N—1 n
— Pth 27 A
‘1’1’3 (Pn) = (7) .
nZ:(:) NuPuPu n!
00 r*1p, ,
X / o T T Lkl g (g)

Proof: Based on (1), Wg (Py) is calculated as
Py (Pn) = Pr(Au, > Pu)
(e.¢]
= [P (e Pull B > ) fixy ()
0
)

where fix,| () 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

fix,) () =21 2,7 exp (—nzﬂrz). (10)

Considering that ||h0||2 ~ I'(N, 1), we can further calcu-
late (9) as

r*H Py

= Pufu
Vh (Pa) = Z Jo? e (,,’#2:}‘;) fix, (ydr. (1)
Substituting (10) into (11), we obtain (8). [ |

Based on (8), the sufficient condition for Tg (Pn) > ¢
(0 < & < 1) foragiven Py, is given by the following corollary.

Corollary 1: The probability of the achievable directed
transferred power Py, is larger than g, if the sub-6 GHz
BS density satisfies

—2/oy
P N /
o o (101

Py

with large N, where o, = In (ﬁ) /7.

Proof: With large N, ||h0||2 ~ N [34], and (9) can be
approximated as

12)

('Y,uP/Lﬂ,uN)l/a/‘

G Py
P (Pn) = fix | (r)dr
0
PuBuN\ %
= 1—exp( —74, (M) . (3)
Pin
Letting ‘?S (Pm) > &, 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.
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2) mmWave Tier: In the mmWave tier, the coverage prob-
ability that the directed transferred power is larger than a
threshold Py, can be derived as

—mm < (Aog-aos)
¥Yp  (Pn) =27[imm|:/0 yfer ()

x ¢~ 20 imm[O()+ERLos)] gy,

S (ﬁﬁﬂs’“gﬂs)
+A (1= for ()

XeZﬂilnm[®(3NLos)+E(Y)]dy:|, (14)

1/y2
where ¢ (y1, )’2)=(W)’1) LO ()= g tfer (1) dt,
Jo = fer (1) tdt, Spes = (ﬁﬁli%&s

'_( ) m l/a{\‘}]‘fz)s
20y = )
LoS
pmm )1/(13{3 ¢

mm mm
yaLoS/aNLoS7 and sNLOS = ( é‘]{l’,‘s

yaNLoS/aE]org .
Proof: Based on (3), ?gm (Py) is calculated as
¥5" (Pn) = Pr (Amm, > Pun)

HCRE IR
= TLos/O S () dy

S (511\111&3#1'\111&3) NLoS
+mm/ £ (yydy,  (15)
0

where Y15 represents the probability that the typical user is
connected to a LoS BS and Ynpos = 1 — Y105 represents the
probability that the typical user is connected to a NLoS BS,
/7 LoS (x) is the conditioned PDF of the distance between the
typical mmUE and its serving LoS BS, and fp NLOS () is the
conditioned PDF of the distance between the typical mmUE
and its serving NLoS BS, which are given by [19]

2w A
LoS _ mm
R = T

Y for (y) e 27 Amml @)+ ERLos)]
oS

(16)
and

271'/1 _ X =2(v
NLoS( ) = mmy(l — for (0))e 27 Amm[© (2 NLoS)"F‘—(})]’

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

Corollary 2: Given a threshold Py, 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:

. —1
In (1 e (Pth))
Ay <
g T (WP,uﬁN)z/a“

Pn

(18)

In particular, when only LoS mmWave links with fp; (R) =1
(R < Ryos) are used for power transfer, the above condition
is transformed as

19)

NMu PﬂﬁN) A
P ’

du < zmmgz(

where ¢ = min {RLos, c (ﬁ&“s‘, a’Lné‘S‘)}
Proof: Based on Corollary 1 and (14), we can directly
obtain (18). By considering the LoS mmWave model with
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Jer (R) = 1(R < Rros) [19], [26], the probability that the
directed transferred power is larger than a threshold Py, under
LoS mmWave power transfer is found as

¥p' (Pn)
= Pr (§mm PnmMBMbDL (|Y5) 1 (1Ys| < Rros) > Pwm)

@ [¢ 2
=/ 27rimmrexp(—7rimmr )dr
0

— 1—exp (_ﬂmm@) : (20)

where ¢ = min {RLos, c (ﬁLmorg, ai“ons‘)}, 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 L (|X|) = f(max (r,, |X|))™* with
a reference distance r, [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| < 7,.

1) Sub-6 GHz Tier: In the sub-6 GHz tier, let ¥y (Pu)
denote the probability that the ambient RF harvested power is
larger than a threshold Py, ‘I’Z (Pw) is upper bounded as

?X (Pn) < min [var [E]/(nf;‘”;#

2
~E[g]) ,1], @

where E[E] and var [E] are respectively given by (22) and
(23) at the bottom of this page. In (22) and (23), E(,(z) =
floo e ¥t~ "dt is the exponential integral [36].
Proof: Based on (1), ?ﬁ (Pw) is calculated as
P (Pn)
= Pr (/\,u2 > Pth)

2
—p h s L(x Fin
=Pr( X gl LX) > " ”)
ke®, (24)\fo) ats
(G var [ E]
=mny———, 1, (24)
Pn )
(”ﬂpﬂ E[H])
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where step (b) is from the Chebyshev’s inequality. Here,
E[Z] and var [E] denote the expectation and variance of E,
respectively.

We first derive E[Z]. By using
theorem [37], E[Z] is given by

the Campbell’s

" |2

k

E[E] = E | |hgo——
7 |Ihg]|

Bulm iy

X / / (max (ro, 1))~ * tfix,| (r)dtdr, (25)
0 r

H
where fix,| () is given by (10). Since hk,ol‘}l‘lﬁ follows com-
plex Gaussian distribution and is independent of hy, we have
2 2
h/! h/!

hk,om ~exp (1), thus E hk,om = 1. By changing

the order of integration, we further derive (25) as
o0
E[E] = /)’,,27[&,,/ (max (rp, 1))~ “ t
0

X (1 — exp (—ﬂ/lﬂtz)) dt. (26)

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

& - -
var[E] = —E[exp(s2)]| — (E[E])°
os s=0
4
H
© hy 2
= ko——| | fa2nA
I | pem
o o
x / / (max (ro, 1)) 2% tfix,| (r) dtdr, (27)
0 r
where step (c) is obtained by wusing the modified
4
H
Campbell’s theorem. Since [E hk,,)% = 2, we can

finally obtain (23) and complete the proof.

2) mmWave Tier: In the mmWave tier, let ngm (Pm) denote
the probability that the ambient RF harvested power is larger
than a threshold Py, given ¢, Wﬁm (Pmn) > € holds when the
mmWave BS density meets

2
P ) o8
Amom > | —mM8M8M8MM— , (28)
o ('lgmm Hmm Pim
where ¥y is a constant value defined by
Pr ( > GeA(|Yemm)) > ﬁmm) =z (29

Le®mm(1)\{o}

with A(|Y€,mm|) = ZLOS (|Y(’,mm|) L (fpr (|Y€,mm|))v where
LI(x) represents the Bernoulli distribution.

—0y

-
E[E] = ﬁ,lzmﬂ( "2

—2a,

var[E] = ﬁ/2l47r/1ﬂ (Voz (rg — (ﬂlﬂ)_l (1 — e‘“/t"?)) + ;;ﬂ —5 - 2 5 E(a,) (niﬂrg))

2 -1 s To 4
(r —(n/lﬂ) (l—e /‘0))—}— —
© oy —2 2

2—ay 2—ay

(22)

E() (“ﬂ’”oz))

2—2a 2—2a
“ r u

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

Wﬁm (Pth)
= Pr (Amm2 > Pth)
- P,
— Pr > Gl (|Yemm|) > —— (30)
Amm Prom

{€Dmm (Amm)\{o}

Since the ambient RF energy from the NLoS BSs is negligible,
YA (Pn) can be lower-bounded as

P (P)

> Pr

>

£€Dmm (Amm)\{o}

Py
GeA(|Yemm|) > 7t)
#mm Pmm

@ 3 S Pa
= PI‘( G(’A(’Y&mm‘) > Amm” . )»
#mm Pmm

(€@mm(1)\{o}
(€1))

where step (d) is obtained by using the Mapping theorem.
Given ¢, we define the constant ¥, as (29). Then we can
directly obtain ?Z (Pn) > ¢ 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 ﬁmm is given by (29) with

- E(E)

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.

& =min {var [E]/(

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

60 Iélr‘nonsl(r)
H, =2, / rexp ( - 2n/1mm( / for(t)rdt
0 0

Iéﬁ&s(’)
+ / (1 - fpr(t))tdt) — nxlﬂrz)dr, (32)
0

mm O

a
Hmm 'BLOS LoS ,mm mm
where R[5 (r) = w g ) r“os and RNLOS (r)
ﬁ 1/ “Ir\?]lf:)s m#l P Mr M
PNLoS 7 *NLos with @ = Hmm mmMB VD
ﬁ/t Nu PuN

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,
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the small-scale fading is averaged out when the number of
BS antennas is large, i.e., ||h0||2 ~ N. Therefore, the probabil-
ity that a UE selects the sub-6 GHz WPT can be expressed as

H,
= Pr (A, > Amm,)
= Eix, {Pr (1, PuNL (IX,]) > fimm PumMBMpL (R))}

mm

2 sy pr (mpm > (rH28) R e ol
OL(XoD
x Pr (R}“m > ( ﬂl\lbl’ios) Rl |X0|”‘I§ﬁ ¢ € ®NLoS ):|
ON(Xol)

= /0 @L (}”) @N (}”) f|x0| (r) dr, (33)

where step (e) is obtained by considering two independent
LoS BS process ®L°5 and NLoS BS process ®NLoS

o =
mm mm °
imm PmmMBMp

e PN , fix, (r) is the PDF of |X,| given in (10).
By employmg the void probability, we can obtain ®r, as

QL (r) =Pr (No LoS mmWave BS closer than RIS (r))
R (r)
= exp ( —2r /Imm/ fpr(l)ldl> ,
0

where R () = (@
Oy is given by

(34)

Los/ﬁu)l/a“’s /0753 . Similar to (34),

On () = exp ( — 2 hm fo’ms(” (= for0)) tdt), (35)

NLoS mm N

where Rﬁg‘os (r) = ol Afis ) r “NLos , Substituting (34)

and (35) into (33), we obtaln the desired result (32). [ |
Proposition 2: The association probability that a UE selects
a LoS mmWave BS for the mmWave WPT is given by

) r
Lo _ 2n/1mm/ rfor (r) exp ( - 27ff1mm(/ Ser(t)rdt
0 0

Eﬁ&s(’) ~
+ /0 (1— fpr(t))tdt) — A, (r))dr, (36)

mm
S

1/alm  “LoS
ﬂmm NLoS  ,mm
Rams ) = (% r N,

LoS
B \2/on s N
T (w ﬂ'L““s]) r % . Then the probability that a UE selects

a NLoS mmWave BS for the mmWave WPT is #NLOS —
L=, — oS,

Proof: We first define 71 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 Ah"n?l = Nmm PmmMBMb f{tg |Y0|_“E]0r§ is the directed
transferred power from the nearest LoS mmWave BS, and the

PDF of |Y,| is given by [19]

where and Zﬂ ry =

e rfpr (r) ¢~ 2% Amm I Jer(Otdt

v, (r) = (3%)
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LoS LoS
m = TLEy,| { Pr (Amm1 Am)
O, (Yol
__mm
< e (ALSS > o Pom MM AL (RP) 505 ¢ < o) |
On(IY,])
w —_—
. / 0, (1) Bx (1) fix,| (r) dr, (37)
0

Similar to (34), @, (r) is derived as
O, (r) ="Pr (r]mummMBMD,b’inomsrﬂan(:g > 1y PuNBy R;a")
1/0(/‘ altnonS]
:Pr(Rﬂ>( P ) ,nan)
'BLOS
= exp (—iﬂAﬂ ),

mm
)2/a u 2“LoS

(39)

where ;fﬂ (r) = ﬂ(ﬂ—" r “ . Then Oy (r) is simi-

. @ fios
larly derived as

— E&n&s(’)
On (r) = exp ( — 27 hm /0 (1 = forlt)) tdt), (40)

m

mm 1/amn”:) mm
where RIMC(r) = ﬁNn%%S NS aXTes . 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 < Ryo,s) 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

Hy =27, /Ooorexp(— 7T Amm (13 (r))2 — n,lﬂﬂ)dr

(41)
N . 1/omm ﬂmummﬁmm 1/0({‘0?
where R (r) = min ((MBMD) /1o (W)
e
r“oS | Rios ). Accordingly, the association probability that a

UE selects a LoS mmWave BS for the mmWave WPT is
HLOS = 1 — 3, In light of o™ > 2 [11], we find that
compared to increasing the mmWave antenna gain MgMp,
LOS grows at a higher speed when increasing the mmWave
den51ty Amm, 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 7', UEs first harvest RF energy with

the time duration 77 (0 < 7 < 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 p#UE density as
K UE = Ay /IﬂUE, to characterize the tier scale. For a given
active yUE density, larger x,ug means that the network is
denser and the distance between a #UE 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 x,ug means that more active yUEs are
served, which results in larger uplink interference.

We first derive the exact expression for the throughput C,
between a typical xUE and its serving sub-6 GHz BS as

1- T o
C, = —TBwﬂ/ i) T gy (42)
In2 0 t
where BW, is the sub-6 GHz bandwidth, ¢,(t) is
given by (43) (see top of the next page), in which
a_/,
hy = 50y PuNA,S . with
Proof: See Appendix A. [ ]

To further shed light on the effect of x,ug on the
throughput, we provide a closed-form lower bound expression
for (42), which is given by

Cy = (1-7)BW,

2
. N "‘uem"@
x log, 144,55 ¢ . (45)
27{2(167” g a,,)(r )

. 2 _2 r27a .
where ¢, = FEi (—ron) —2e " Inry, 1 = s, 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 x,ug and N, which means that adding more
small cells or antennas enhances the performance. Also,
for large x,ug or N, the throughput scales as (1 — 7)

BW, (%" log, (xﬂUE) + log, (N)), which indicates that the
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pu(t) =

1, u(t) = exp
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M

,uUENhuL (r)) —nrzdr (43)
th,L(y)L

LWL G) e_”yzdydx} (44)
1—|—th L(y)L (x)

throughput grows at a higher speed when increasing x,uE,
compared to increasing the number of BS antennas.’

Corollary 4: An expected throughput Ctﬁ is achievable
when the ratio between the sub-6 GHz BS density and active
1 UE density satisfies

KuUE
c

h
(2BW#I(1—1) _ 2—-a

1)2712(16’”3ro

2 2
E(Ezﬁ)(ron')) =
ea,,e’”r%(o

(46)

From Corollary 4, the ratio between the sub-6 GHz
BS density and the active 4 UE 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
KmmUE = Amm/AmmUE. The throughput can be derived as

Ad-9)pw >
(}nm = B mm
n 0

where BWpm denotes the mmWave bandwidth, Ay, =
1= lmm PmmMBMDp, and gmm(¢) is given by (48), as shown
at the bottom of this page. where (49), as shown at the bottom
of this page, with ¢ (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

(Dmm(t) e_aztdt,
t

(47)

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

Rros
Ch, =0 —17)BWpn x/ log,
To

—2a1'08

x (1 + hmm(MDMB:BLoS) )fY| (r)dr,
(50)

where fy\ )= M exp ( ﬂ/lmmrz) is the modified PDF

n/mmr

of the distance |Y€| between a mmUE and its nearest mmWave
BS under the constraint |Y| > r,.

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

L ea”mm(/lmm)
= (= OBWmnlogy | 14+ ———). (5D

In (51), ®mm(Amm) is an increasing function of Ay, which is
given by

mm
= (In(immMpMpg) +2(In A% + Iéos i (1 )
X (e_‘” - e_bl) — aLos(El (—=b1)
+T(0,a1) +e “ln(a;) — e lnbl)

(52)

with a; = ﬂ/lmmrg and b; = ﬂlmmeos.
Proof: See Appendix D. [ ]
Corollary 5: Based on (51), we find that the expected
throughput C;i™ can be achieved when mmWave density Amm
satisfies the following condition:

.. . . . chm
negligible. Note that such analysis can a.lso be viewed as a tight Jnm = P r1n (ln o2 (2(1_1)‘% o 1)) ’ (53)
upper bound of the exact throughput given by (47), and has a
3Note that the pathloss exponent a « > 2 in the practical environments [11]. where (z;]ln is the inverse function of @mm.
2 A - RLoS 2P
Pmm (1) = . imnrlz mm (1) / eith“““lleMB(ﬂLOS)z Lo )r exp (—71' immrz) dr, (48)
— 1 Rios
Imm (1) = exp {—27[ j‘mmxmmUE/ (1=9¢ ) ydy] (49)
To

¢ () = Zﬂfm:lg > > Py /

te{Mg,mp} ke{Mp,mp}

—thamk (B (z) Sz eXP( ﬂlmmzz) dz
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TABLE I
SIMULATION PARAMETERS

Value
fmm = 28 GHz
Ny = NMmm = 0.6
P, = Pym = 30 dBm
ro = 1
afeg = 2, ONTos = 2.9

Parameter

MmWave carrier frequency
RF-to-DC conversion efficiency
BS transmit power

Reference distance

MmWave pathloss exponent
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©
o
©
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==f=—= mmWave, Analytical

e
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o
w

Directed transferred energy coverage probability
&
Directed transferred energy coverage probability
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-20 -18 -16

14
P,, (dBm)

Fig. 1. Directed transferred energy coverage probability with N = 32,
ay =27, Ay =0.002 and Amm = 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 pUE can achieve a
higher throughput than a mmUE when x,uE satisfies (46) with
Ct’fl = Cpm given in (47). Based on Corollary 5, a mmUE
can achieve a higher throughput than a wUE when Apm
satisfies (53) with C™ = C, 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 1.

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 fp; (R) = e 2K with 1/p = 141.4 m [19],
the sub-6 GHz carrier frequency is f. = 1.5 GHz, and the
mmWave antenna beam pattern at a mmWave BS and mmUE
are (Mp, mp, 6g) = (18 dB, —2 dB, 10?) and (Mp, mp, p) =
(10 dB, —10 dB, 45°9), respectively.

Fig. 1 shows the directed transferred energy coverage prob-
ability results in the sub-6 GHz and mmWave tiers. The
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Fig. 2. Ambient RF energy coverage probability with a;, = 2.6, 1, = 0.002
and Amm = 0.5.
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Fig. 3. WPT association probability with o, = 2.7 and Amm = 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 7,ug = 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 ¢ = 0.7,
the sub-6 GHz carrier frequency is f. = 1 GHz, the sub-6 GHz
pathloss exponent is a, = 2.6, the sub-6 GHz bandwidth is
BW, = 20 MHz, the mmWave bandwidthis BWn, = 1 GHz,
and the mmWave antenna beam pattern at an active mmUE
and a mmWave BS are (Mp, mp, fp) = (3 dB, —3 dB, 45°9)
and (Mg, mp,0) = (18 dB, —2 dB, 10?), respectively, and
the maximum LoS distance is Ry o5 = 20 m. The noise power
is obtained by 62 = —174 + 10log 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.
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Fig. 6. Throughput comparison between mmWave tier and sub-6 GHz tier
for the same tier scale with 1,Ug = Ammug = 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 Apmug = 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

au

2 QM
A S
~ 2

SINR,, = .
,I/fUEI{;) +02

(A.1)

Based on (A.1), the throughput C, can be derived by using
[40, Lemma 1], which is as follows
(1-0)T e Sty
C'u = #BWﬂE 10g2 1+ ﬁ
1(1) + 2 WUET

— e°] irg
- ! TBWﬂ/ —goﬂt(t)e_ﬂu_UfEL”z’dt,
0

2 (A2)
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where ¢, (1) is

B n u
O ([) =E |:(1 — e_IK#UES(l))e_tI(l)i|

au

00 2 NpH Nl s
~ / (1 _ e—tx#UENPUEOL(V)) E [e*”(l)] fIX\ (r)dr.
To
L(1)
(A.3)

In (A.3), ||h,||*> & N with large N, r, is the reference distance
to avoid singularity at zero, and ﬁx| (+) is the modified PDF
of the distance |X| between a ¢ UE and its nearest sub-6 GHz
BS under the condition |X| > r,, which is

2
nr (A.4)
e

e 2
fix| (r) = Trgexp(—nr ), r>r,.

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), PI’fEU can be evaluated as

(@)

P(on ~ Ty, L(r), (A.5)

where /i, = 1TTT’7A¢P#N’1A_¢2&’ 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],
i;l () is given by

1 P{yp, L (x)

I:u ([) = CXP(—ZE ‘/ro E [m} de). (A6)

According to (A.5), we have

tPl\’j[DiL (x)
" |:1+tP1\’,‘ID’_L (x):|
27  thyL(y)L (x)
T el / 1+th, L(y)L (x)

Substituting (A.7) into (A.6), we obtain i;l () as (44) and
complete the proof.

ye ™ dy. (A7)

APPENDIX B
A DETAILED DERIVATION OF (45)

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

© a-or 3 S
C, ~ I20TE | log, l—i-KﬂzUENT;)) . (B.D)
where step (bl is obtained by considering ||h0||2 ~ N with
large N, and Sﬁ) = P{J‘EOL (I1X,1).
By using Jensen’s inequality [42], (B.1) can be lower
bounded as

au ]E[In 5
e

o )
Ci; =(1- r)logz(l +x,0sN E[lﬂ] ) (B.2)

(1)
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Considering P{J‘Eo ~ h; L(r) given in (A.5), we first

calculate E [ln §f‘1)] as

E[n8f)] = E[in P, | + Eln L)

=1Inh; +2E[In L(r)], (B.3)
where E[In L(r)] is
E[In L(r)]
=Inp, — aﬂ/ In(r) fix| (r)dr
= Inf, + %"e’”f (Ei (=r2z) =275 mr,) . (B4)

In (B.4), fix| () is given by (A.4).
With the help of the Campbell’s theorem, E [I{i)] in (B.2)
is calculated as

oo
E[l(’{)] = E[PSE’_]ZH,[)’#/ x! g

To

r2—a#
- E[P” ]2 °__ B.5
UE; 7['8,“ Ay — 2 ( )

where E [PllJlE,»] can be similarly obtained based on (A.5),
which is

E [PII_LICE;] ~ hlﬁﬂ/

To

o0

rn ﬁx| (r)dr

2 90—
= mifume™or, " E@g (o). (B.6)

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

1—-0T1
Com = %mem]E [log2 1+ SINRmm)]
= o / T gy e
In2 mm 0 t 5 .
where g (1) is
mm —r]m
wmm(t) = E[(l — eits(lmm))e ! (AmmUE)]
Ryo
:/ LoS (1 _ e_tP{J“é:‘}MDMBL(r))
To
7tlnlm -
x ]E[e (im"‘”E)] fivi (r)dr, (C2)
—_——
T (1)

where P{Jné?) = AmmL (r), and ﬁy\ (+) is the modified PDF of
the distance |Y| between a mmUE and its nearest mmWave
BS under the constraint |Y| > r,, which is

27 Amm?

SR exp (—nimmrz) . (C.3)

fiy| (r) =

e
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We next calculate I~mm (1) as

Lnn (1)

— Rios _ypmm )
= exp {—ZEAQEUE/ (l —E [e IPUEIG’L())}) ydy] .
To

(C4)

By using the law of total expectation, we can directly obtain
E [e—tpg,gﬁj 5]-L(y)i|

—tP™M KL (y)
= Z Z ProE p{]nEm/ [e UE; ]

te{Mg,mp} ke{Mp,mp}

Ros LKL 7
= Z Z Prgk/ e~ fmmL(2) (y)f“,| (2)dz.
To

¢e{Mp,mp} ke{Mp,mp}
(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

Smm

Cim = (1 = 7)BWmnE [logz (1 + %)] . (D.

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

Ckn = (1= 1)BWmn log, (1 + 3—2) , (D.2)

where (3 = E [ln(SaI;‘m))]. We can obtain (3 as

a3
= E[In(PJEMpMgL (|Y,) 1 (Y] < Rros))]
E

[0 MpMB L2 (Y, 1Yol < Rios))]

Rios ~
= / (In(immMpMp)+2(In fios —ai'os Inr)) fiy) (r) dr,
Yo

(me (llmm)
(D.3)

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