arXiv:1512.05915v1 [cs.IT] 18 Dec 2015

Millimeter Wave Power Transfer and Information
Transmission

Lifeng Wang', Maged Elkashlan Robert W. Heath, Jr, Marco Di Renzé, and Kai-Kit Wong
*School of Electronic Engineering and Computer Science,eQudary University of London, London, UK
t Department of Electrical and Computer Engineering, Thevehsity of Texas at Austin, Austin, Texas, USA
¥ CNRS-CENTRAL/SUPELEC-University Paris- Sud XI, 3 rue d0iCurie, 91192 Gif-sur-Yvette, France
§ Department of Electronic and Electrical Engineering, \énsity College London, London, UK

Abstract—Compared to the existing lower frequency wireless addition, the current cellular spectrum is heavily utitiz& he
power transfer, millimeter wave (mmWave) power transfer tekes  millimeter wave (mmWave) spectrum is emerging as the new
advantage of the high-dimensional multi-antenna and narrav mobile broadband [5, 6], which provides large bandwidtirs fo

beam transmission. In this paper we introduce wireless powe ltra-high dat ¢ MmW: ¢ is al -
transfer for mmWave cellular networks. Here, we consider usrs  Y'@-11gh data rates. vimvvave spectrum IS also a promising

with large energy storage that are recharged by the mmwave Solution for the large-scale in-band backhaul [7]. Withsttmi
base stations prior to uplink information transmission, and mind, mmWave transmission is a key enabler in future fifth
analyze the average harvested energy and average achievabl generation (5G) cellular networks.

rate. Numerical results corroborate our analysis and show hat - . . .
the serving base station plays a dominant role in wireless peer We believe that mmWave is a promising and potentially

transfer, and the contribution of the interference power from the  highly rewarding candidate for wireless power transfeg tu
interfering base stations is negligible, even when the intkering  the following factors:
base stations are dense. By examining the average achievabl

rate in the uplink, when increasing the base station densitya - High frequencies Unlike the current wireless power

transition from a noise-limited regime to an interferencedimited transfer in lower frequencies, mmWave power transfer has
regime is observed. no impact on the existing cellular transmissions, since it
operates in higher frequencies.
|. INTRODUCTION « Narrow beams In mmWave systems, the narrow beams

or directed beams are typically used, which can exploit
directivity gains.
Large array gains Due to the shorter wavelengths,

Triggered by the recent development of efficient rectifier
circuit design and wireless networks with multi-antennzhte
niques such as beamforming, wireless power transfer has . .
regained attention. Compared to traditional energy saurce large antenng arrays can be easily deplc_)yed in mmWave
such as solar, wind, and thermoelectric, the advantages of systems, which can bring large array gains.
wireless power transfer using radio frequency (RF) energy a ° Den_se networks_ln future networks, mmWave base
at least two-fold: 1) it is independent of the environmerd an st_auons (BSs) will be densely deployec_i. As SL.JCh’ the
can be applied in any places; and 2) it is flexible and can be distance between the user and the serving BS is sh_orter
scheduled at any time. compared to that of existing cellular networks, which

The existing literature studies wireless power transfat th decreases the path loss.
operates in the networks using lower frequency bands. In [1) fact, some rectifier circuit designs for mmWave power
the deployment of power beacons for powering a cellular ndtansfer have been proposed in the literature such as [8,9].
work was investigated based on a stochastic geometry nietwbftore recently, [10] proposed a dual diode rectifier circpien
model. In [2], secondary transmitters in cognitive radioreve ating at K-band, which can achieve’”4@RF-to-DC conversion
proposed to harvest energy from the primary transmissiensedficiency driven by a 35 mW input power.
well as reuse the spectrum from the primary transmitters. Th In this paper, we propose wireless power transfer in
impacts of network density and power splitting RF harvestiimmWave cellular networks. The user harvests energy from
on the outage performance and the harvested energy whas serving BS, then uses the harvested energy to transmit
analyzed in [3]. The performance of a wireless sensor paveri@formation messages. We consider directional transomissi
by ambient RF energy was presented in [4], where the RIRd reception, with analog processing and phase shifters.
energy sources were assumed to be located following a @inil8tochastic geometry is employed to model the positionsef th
a-determinantal point process. BSs with blockage effects as in [11]. Our results demonstrat

A limitation of prior lower frequency work is that powerthat the interference power received at the user has little
transfer may affect the quality of service of the existingontribution to the amount of energy harvested. In the kplin
cellular networks, since the surrounding energy signalsfr we find that mmWave power transfer networks are noise-
the energy sources such as power beacons [1] may rediniited when the BSs are not super dense. Increasing the
in large interference inflicted on the information receiMar density of the BSs beyond a critical point, however, willfshi
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the network into an interference-limited regime. LoS channel andL (R) = fnpLosR™“N'es is the path loss
law for NLoS channel, wherér.s, SnLos are the frequency
Il. SYSTEM DESCRIPTION dependent constant values amgs, anros are the path loss

We consider a mmWave time-division duplex (TDD) cellugXPonents [13]. _
lar network, where users are powered by the outdoor mmwave?ue to the high cost of mmWave RF chains and power
BSs via mmWave power transfer prior to information transmi§onsumption, the low-cost low-complexity analog beamform
sion in the uplink. To eliminate the BS-to-BS and user-terusiNd iS an appealing approach in mmWave transmission. Hence
interference, transmissions in different cells are syashud. W€ adopt analog beamforming with phase shifters [16]. Par-
The locations of the BSs follow a homogeneous PoissdRularly, the low-complexity matched filter (MF) is adorite
point process (PPR} with density p. The users are located@t the mmWave BSs and users.
following a homogeneous PRPwith densityl/. It is assumed A power Transfer Model

that the user density is much larger than the BS density suc
. . . . . n the power transfer phase, users are powered by the BSs.
that there exists one active mobile at each time slot in ealth ¢ : : .
We assume that a typical user is located at the origin

Each BS is equipped with/-element antenna array and eacp_et 6, andf, denote the AoD and AoA, respectively, the

user is equipped witlv-element antenna array. In light of the”~ ° S . )
blockage effects in the outdoor scenario, a user is assdcial. 9 ?S can orientits transmit beam aldhgby using M~

with either a line-of-sight (LoS) mmWave BS or a non-line-of " t* — Var 2t (0, ), anq the typical us?r can or|ent. Its receve

sight (NLoS) mmWave BS [13]. Lebr.s be the point process P€am alongd,, by using MFw,, = w2l (0r,). Likewise,

of LoS BSs and®yios = ® \ ros be the point process for a user Ioca_ted alon@, in the k:-th. cell, its serving BS’S

of NLoS BSs. We denotep, (R) as the probability that a ransmitbeam isv,, = ﬁat (6:,,) while the typical usev is

link at a distanceR is LoS, while the NLoS probability of a 'ocated alongl;, seen by the:-th cell BS. We use the short-

link is 1 — fp, (R). The LoS probability functioryp, (R) can 'ange propagation model [1,17] to avoid smgulan?y caused

be obtained from field measurements or stochastic blockaje Proximity between the BSs and the users. This ensures

modelg, as mentioned in [11]. Each user is connected to th@at users receive finite average power. Hence, the downlink

BS which has the smallest path I8sgnd users within the POWer transfer channel from thieth BS to the typical user

same cell are scheduled based on time-division multiptess; can be modeled as

(TDMA). Hy = /I (max {Ry,D})a; (0r,)a (9,), (1)

The sparse scattering mmWave environment makes many

traditional fading distributions inaccurate for the madgl Where D > 0 is the reference distance andl,,dy, ~

of the mmWave channel [14]. In mmWave transmission, tHé (0, 27) [18]. Since the energy harvested from the receiver's

strongest physical path occupies the dominant role, whigRise is negligible, the receive power at a typical uses

indicates that the link budget is cut by transmitting an@'itten as

receiving along the strongest path [15]. Moreover, with the  Pum

application of highly directional antennas, large anteamays = " — g - (max {7, D}) al (6:,) ax (6r,) &l (B1,) & (61,)

and broadband signal transmission, the impact of smakesdanm

fading on the received signal power is negligible [6]. AstsugV M/ Z L (max{ Ry, D})

we focus on the dominant propagation path. Accordingly, the P

channel model is established BE= /L (R)a, (9r)a1 (0:), = NMPy,L (max{R,,D}) + —— Z I L (max {Rg, D}),

where L (R) is the path loss functiond, is the angle of NM ked\ {0}

arrival (AoA) andé, is the angle of departure (AoDj, (6,) m

is the receive array response vector, ap¢p; ) is the transmit ne @)

array response vector. For drelement uniform linear array

(ULA), its corresponding array response vector is writtehere En; is the receive power from the serving
iord sin(8 o (0—1) 4 sin() ] L BS and Ens is the receive power from the interfer-

asaULA(e):[LeJ sin0) ... mi2m(t-DEsin@0)] ¢ _ , _ "

ing BSs, Py, is the BS’'s transmit powerh, =

C*** at the directiort, where) is the wavelength of propaga- (1-cos(Nws,, .o,, )) (1-cos(Mws, 0, ))

tion, andd is the antenna spacifigWe consider two different (i—cos(m0ry000)) (mcor (om0 ) O, ~ U (0,27), and

path loss lawsZ (R) = BL,s R~ is the path loss law for w9 = 214 (sin () — sin (9))k. *

1h h i ith link-downlinkficarat Remark 1: From (2), we see that in mmWave systems,

e synchronous operation with a common uplink-downlinkfiguration .

in multiple cells is typically used in the current TDD celulnetworks [12]. the user can at least be reChargeq by the Input DC power
2When the blockages are modeled as a rectangle boolean schef® M PomL (max {R,,D}), wheren is the RF-to-DC con-

fpr (R) = e @R, whereg is a parameter determined by the density angersion efficiency.
the average size of the blockages [11].
3Since each BS has the same transmit power and uses the sasmission B. Uplink Information Transmission
scheme, user association based on the smallest path logsivalent to that . L . .
based on the maximum receive power. After energy harvesting, user; transmits information sig-

“The array response vector for uniform planar array can be seft4].  nals to the serving BS by setting a transmit power vaiye

2
+

al (6,,) & (9,) al (9,) (00,

ked\{o}

En1




The signal-to-interference-plus-noise ratio (SINR) ayidal
serving BS is given by

MNP, L (max{R,,D})

Note that without considering the average inter-cell ifieeng
power E{Eny}, E{En;} can be thought of as the lower
bound of P, , hence we first calculate the lower bound

SINR = — » (8) PLev = E{En;}. Due to the fact that a typical user can
UN > Py L(max{R;,D})h; +62 be connected to either a LoS BS or a NLoS BS, using the law
ietd\{o} of total expectation, the lower bound for the average receiv
N power is calculated as
—Low
Where hl _ (I_COS(Mwﬁri,Oro))(1_C°S(Nwﬁci,9ci)), Z;{V is the Pro = E{Em}

= ArosE {En1 |LOS} + AnLosE {En1 |NLOS} , (N

whereAr,s represents the probability that the typical user is
connected to a LoS BS antyro.s = 1 — Aros represents the

power at the typical serving BS. - > )
probability that the typical user is connected to a NLoS BS.
[1l. MILLIMETER WAVE POWERED NETWORKS We first deriveE {En;|LoS} as

In thls section, the average harvgsted energy is derived, E {Eny|LoS} = E {NM Pl (max { Ry, D}) |LoS}
assuming all users are equipped with large energy storage.

We also assume that each frame time duratidfi.i¥here are
two time slots in each frame: 1) In the first time slot, the user
receives the power from the serving BS, which occupigs
time, wheregp (0 < ¢ < 1) is the fraction of the time; and
2) In the second time slot, the user transmits the informatio
signals to the serving BS, which occupids— ¢) T' time.

Due to large energy storage, users can transmit the signal
with reliable transmit power after energy harvesting. Gins Where f5°° (x) is the conditional probability density function
ering the fact that the energy consumed for uplink infororati (PDF) of the distancez between the user and the serving
transmission should not exceed the harvested energy, ke st&9S BS given that the user is connected to a LoS BS, which

(1fcos(w19riygro))<lfcos<w19tiygti
point process corresponding to the interfering uskrss the
uplink interference from the other users, aftdis the noise

= NM Py / L (max {z,D}) f5°5 (z) dx
0
D
= NMPmmBLOS (D_QLOS / f}L%OS (SC) dx
0

+ / g OLos f}%c’s (z) da:),

D

(8)

transmit power up toy25E{P,,} can be provided, as is given by [11, Lemma 3]

suggested in [1]. As such, the average receive paiier=

E{P,,} is pivotal in this case. Therefore, we focus on the R

average receive power and have the following theorem:

Theorem 1. The average receive powét,_ is derived as
(4) at the top of the next page, whekes given by(16), and
the lower boundP,™" for the average receive powd, is
given by

P = NMPmm27rp{ BpogD—es
D
X / & fpy () e~ 2mPIO@)FE(Pros @) gy
0
+ BLos /OO glmores fo () e~ 2mp[0(@)+E(#Los (2))] gy
D
D
+ BNLogD ™ ONLes / z(1— fpy (x))e_QWP[@(wNLos(w))—ﬁ-E(m)]dw
0

+ BNLos /OO ol TONLeS (1 — fp, (x))eQ”P[@(*"NLc’Sf(””))*E(z)de},
D
(5)
where © (z) = [ tfe: (t)dt, E(x) = [; (1— fer (1)) tdt,

5 1/aNLos
= ( EL—E‘;S) zores/ontes - and pnros (2)

1/aLos
L ONLoS /QLos

¥LoS (‘T)

BLos
( BNLos )

2mp
€Tr) =

( ) ALOS
We then derivel {En; |[NLoS} as

E {En;|[NLoS} = E {NM Py L (max {R,,D}) |[NLoS}

R z fpr (I) e~ 2mp[0(z)+E(pros (2))]

9)

= NMPunm / L (max {z, D}) f3%°5 (z) dz
0
D
= NMPmmBNLoS (DiaNLOS / fgLOS (SC) dx
0

+ /OO g~ ontos fRLOS (4 dx) },

D

(10)

where fN°5 (z) is the conditional PDF of the distance
between the user and the serving NLoS BS given that the user
is connected to a NLoS BS, which is given by [11, Lemma 3]

NLoS 2mp

R (z) =

= 2(1 — fp; (z))e2mPIO(PrLos (@) +E(@)]
ANLOS

(11)

Substituting (8) and (10) into (7), we get the lower bound
expression for the average receive power.
Similar to (7),E{Ens} in (6) is derived as

E{Ens} = AposE {Enz|LoS} + AnposE {Eny|NLoS}. (12)

Proof: According to (2), the average receive power cafis mentioned in [11], we assume that the correlations of

be written as
P, =E{P.,} =E{En;}+E{Eny}. (6)

the shadowing between the links are ignored. By using the
thinning theorem of PPP [19], the LOS BS procebg,gs
and the NLOS BS proces®ni.s form two independent



Lo

— —Low Py~
P, =P~ + N—ﬁﬂLos (27p)? {

oo

+

+

o— S

53
;

NM

/ (max {t D} —QLos for (t) tdt]  fpr (x) 27O (@) +E(PrLos ()] 7,

NLos ()

+ O BN Los (27p)° {

+

_|_

Los ()

ﬁh

/ (max {t,D})” ALoS fo () tdt] (1 — fpr (I))e—%p[@(«:mos(w))+5(w)] d:z:}
7]

/ (max {t7D})7QNLoS (1= fpr () tdt‘| zfpr (2) e~ 2mP[0(2)+E(#ros (2))] 4
%)

/OO (max {t, D})—QNLos (1= for (1)) tdt] 2(1 = fpr (x))e—%rp[@(%NLos(i))-i-E(i)]dx} (4)

non-homogeneous PPPs with density functigps(R) p and polar-coordinate system aridis given by
(1 - fpr (R)) p in polar coordinates, respectively. Therefore,

E {Enz|LoS} can be divided into two independent components

as follows:

E {Ens|LoS}

_Pmm
T NM

—ZE
+ NM

where B (o; z) denotes ball of radius centered at the origin
o. Using Campbell’s theorem [19], (13) can be derived as

Prom

E {Eny|LoS}

r

+

r

Pom+
hﬁLoS X

 NM

= hANLos X

{ZkE‘I’NLos\{B(OWLos(Ro))}

E {Z%%OS\{B(O;RO)} B, L (max { Ry, D})}

hkL (max {Rk, D})
(13)

/ (max {t,D})” "M (dt)] fEoS (x) da
R2\ B(o;z)

P
NM

/ (max {t,D})” “N**M (dt)} fEoS (x) da
R?\B(0;¢Los (7))

a) Pom =
(—) NM hBLos2mpx

/Oo (max {t,D})” """ fp, (¢ )tdt] EOS (1) dx

r

P,

+ ﬁﬁﬁmos 2mpx

I

/

oo

Los (2)

(14)

(max {£, D}) """ (1 — fp, (¢ ))tdt] 5% (x) da,

(15)

h=E{h}= ]E{ (1= cos (N0, 0.,)) }

(1 — COo8 (wﬁrkﬁro))

of o))

(1 — Cos (wmk79%))

/%/% 1—COS N‘erv )) 19rk9rod19 Ldf,, %

1—cos ﬁrk,ﬁro)) ar

/271, /271- 1 — COS Mwﬁtk Gtk)) ﬁtkotk d,(g d9 (16)
tk bt

2
1—cos wm 79%)) Ar

Similar to (13),E {Enz|NLoS} is given by

E {En,|NLoS}

Pmm_
T NM {Zké‘f’Los\{B(OWNLos(Ro))}

Prm

+

P

/OO
0
mm

NM

L (max { Ry, D})}

+ NM e {ZkE‘I’NLos\{B(O;Ro)} L (max {Rk, D})}
Pmm

~NM

ﬁBLoS 277/) X

/OO (max {t,D})” "5 fp, (t) tdt] fRES (1) da

PNLos ()

hBNLos2TpX

/OO (max {t,D})”“N% (1 — fp, (t)) tdt} fRES (1) da.
' (17)

Substituting (16) and (17) into (12), we gBt{Ens}. Sub-
whereM (A) in (14) represents the mean number of points &tituting E{En, } in (7) andE {En,} into (6), we obtain the
a spatial point process i [19], (a) results from using the desired result given by (4). ]



IV. PERFORMANCEEVALUATION where (a) follows from the fact that the distance between the

In this section, we examine the average achievable rate fgpical user and the typical serving BS should be larger than

the uplink. Based on Section Ill, each user sets its transritMinimum valueA such that the receive SNR drops below
power to a stable valu®, = 7 ¢ P.., where the average a thresholdr. For LoS,A = Ay, and for NLOS,A = A,. As

- (1-9)
receive poweiP,. is given by Theorem 1. such, we can further calculate (22) as

The average achievable rate can be expressed as D .
Fsnr (7) = ALos1 (D > Al)/ FE° (t) dt
0

1 1 - F
r-(-op; [ e qg .

nzJo z +ALos/ FES () dt
where Fging () is the CDF of the receive SINR at a typical max{D,A1}
serving BS. Since a simple expression g (x) is in- D NLoS
tractable, we derive an upper bound of the average achivabl +Axpos1 (D > A2)/0 fR (t)dt
rate as A o0 FNS () g 23)

00 + NLoS/ R > (t) dt.
1 1 — F;
RUpper _ (1—¢)— / de’ (19) max{D,A>}
In2 J, 142 o .
H H Lo H NLo H H

whereFsnr is the CDF of the receive SNR at a typical serving\l Sugft'_tu?r?gJ;R _(t)dm (9)Ita_ndJ;% (t) in (11) into (23),
BS without mmWave inter-cell uplink interference, which i e obtain the desired result in (20). u

By substituting (20) into (19), the upper bound expression

resented in the following theorem. ) i ,
P g (tjpr the average achievable rate is obtained.

Theorem 2: The CDF expression for the receive SNR at

typical serving BS is given by V. NUMERICAL EXAMPLES

D
Fsnr (z) =1(D > A1)27TP/O tfpr (1) e 2 POOFT=@reslar - \we provide numerical examples to understand the impact

oo B of the BS density and number of antennas on the harvested
+ 27Tp/ tfpr (t) e 2mPIOOFE(Pros ()] ¢ energy and achievable rate. The mmWave network is assumed
max{D,A:} to operate at 38 GHz, the mmWave BS transmit power is

D A
—27p[© os(B)+E(t P = 43 dBm, QLoS = 2, QNLos = 4, d = 3, ¢ = 0.5
+1(D > Ay)2mp /0 H(L = for ()e 2 Otmes = Wlar 5. Let the LoS probability function béin, (R) =
o0 2 p[O(orLes (1) +E(1)] e R with o = 141.4 r_nete_rs [11_]. The mmWave ba_mdwidth is
+ 27Tp/ (DA t(1 = fee (t))e dt, (20) pw =2 GHz, the noise figure i¥lf = 10 dB, the noise power
maxdD.ba} 6% = —174 + 10log 10 (BW) + Nf dBm, and the reference

the condition A is satisfied, P, = nﬁﬁro with P,

1/an0
given by (4), A1 = (%“«f“’s) T and A, = 18

M N Py BNLos 1/anvos 161 M=512, Exact
62 . M=256, Exact
Proof: Based on (3), the CDF of the receive SNR at a 1 M=128, Exact
typical serving BS is defined as I M=04, Exact
------ Lower Bound
Fsnr () = Pr(SNR < x) 12} O MC Simulation

MNP, L R,,D ~

_ pr( (mex (R0, DY) ) BRI

=

Due to blockage effects, the user is connected to either a L85
BS or a NLoS BS. From the law of total probability, (21) can
be reexpressed as

MNP, L (max {R,,D})
52

MNP, L (max {R,,D})

52

“ ALes1 (D > A;) Pr (R, < D|LoS) 10° G 102 10"

+ Apos Pr (R, > max {D, A} [LoS) Density (1/sq. m)

+ AnLos1 (D > A) Pr (R, < D|NLoS) Fig. 1. The maximum continuous transmit power versus demsth different

+ Axros Pr (R, > max {D, Ao} [NLoS) @2 M

Fsnr (7) = Apos Pr < < a:|LoS)

+ ANLos Pr < < :Z?|NLOS)




Fig. 1 plots the maximum continuous transmit powgr= and the interfering base stations. We first derived the aeera
n%@E{PrO} versus BS density with different numbers harvested energy for the case of user with large energygepra

of( BS’s antennad/. The exact curves are obtained based do examine the amount of power transferred by millimeter
(4), and their lower bounds are obtained based on (5). Weve base stations. We then derived the average achievable
first see that the exact curves have a precise match with tigink rate, to examine the performance of uplink transioiss

Monte Carlo (MC) simulations, which validate our theoratic using the harvested energy. The results provide important

analysis. We next see that the lower bounds tightly matatsights into the design and application of the millimeteve
with the corresponding exact curves, which indicates that power transfer.

mmWave networks, the interference has little impact on the
harvested power. Furthermore, the use of large antenngsarra
can effectively improve the harvested energy. (1]

10

(2]

= M=512, Upper Bound
= M=256, Upper Bound
= M=128, Upper Bound

9L

(31

8 | | = M=64, Upper Bound
----- MC Simulation based on SINR
7 O MC Simulation based on SNR [4]

(5]

(6]

(7]

Average Achievable Rate (bits/s/Hz)

(8]

10° 102 107

Density (1/ sq. m) [©]

Fig. 2. The average achievable rate versus density witlerdifit /. [10]

Fig. 2 plots the average achievable rate versus density withy
different numbers of BS’s antenndg. The solid curves ob-
tained from (19) are the upper bound of the average achiev E]
rate, and have a good match with MC simulations marked wi
o. The dash lines obtained from the MC simulations are the
exact average achievable rate. We first see that incred@g[f?’]
number of antennas brings additional array gains and ingsrov
the achievable rate. The mmWave transmission with larfig]
antenna arrays can achieve enormous throughput with tipe hel
of large bandwidth and large array gains. We also see that thg
mmWave networks are noise-limited when BSs are not super
dense, however, increasing BS density beyond a criticaltpoi 16]
the mmWave networks will switch to be interference—limitec}
and the average achievable rate decreases with increaSing B
density. Similar conclusions have also been mentionedlih [1[17]
where downlink performance is examined without considgrin
energy harvesting. [18]

VI. CONCLUSION

In this paper, the millimeter wave networks with wireless, 4
power transfer was took into account. Before uplink trans-
mission, users harvested energy from its serving basemstati

REFERENCES

K. Huang and V. K. N. Lau, “Enabling wireless power tramsfin
cellular networks: Architecture, modeling and deploynielfEE Trans.
Wireless Communvol. 13, no. 2, pp. 902-912, Feb. 2014.

S. Lee, R. Zhang, and K. Huang, “Opportunistic wirelegsergy
harvesting in cognitive radio networkdEEE Trans. Wireless Commuyn.
vol. 12, no. 9, pp. 4788-4799, Sep. 2013.

1. Krikidis, “Simultaneous information and energy tsdar in large-scale
networks with/without relaying,IEEE Trans. Communvol. 62, no. 3,
pp. 900-912, Mar. 2014.

I. Flint, X. Lu, N. Privault, D. Niyato, and P. Wang, “Perfmance anal-
ysis of ambient RF energy harvesting: A stochastic geonsgiproach,”
in Proc. IEEE Global Communications Conference (GLOBEC(Dc.
2014, pp. 1448-1453.

Z. Pi and F. Khan, “An introduction to millimeter-wave ibi¢e broad-
band systemsJEEE Commun. Mag.ol. 49, no. 6, pp. 101-107, June
2011.

T. S. Rappaport, S. Sun, R. Mayzus, H. Zhao, Y. Azar, K. @/aB. N.
Wong, J. K. Schulz, M. Samimi, and F. Gutierrez, “Millimeterave
mobile communications for 5G cellular: It will work!TEEE Access
vol. 1, pp. 335-349, 2013.

S. Hur, T. Kim, D. J. Love, J. V. Krogmeier, T. A. Thomas, can
A. Ghosh, “Millimeter wave beamforming for wireless backhand
access in small cell networkslEEE Trans. Communvol. 61, no. 10,
pp. 4391-4403, Oct. 2013.

Y.-J. Ren, Microwave and millimeter-wave Rectifying circuit arrays
and ultra-wideband antennas for wireless power transraissand
communications PhD thesis, Texas A&M University, 2007.

N. Shinohara, K. Nishikawa, T. Seki, and K. Hiraga, “Dimment of
24 GHz rectennas for fixed wireless access,General Assembly and
Scientific Symposium, URSAug. 2011, pp. 1-4.

S. Ladan, S. Hemour, and K. Wu, “Towards millimeter-eahigh-
efficiency rectification for wireless energy harvestingy’ Rroc. |IEEE
Int. Wireless Symp. (IWS)April 2013, pp. 1-4.

T. Bai and R. W. Heath Jr., “Coverage and rate analysisrflimeter-
wave cellular networks JEEE Trans. Wireless Commurmwol. 14, no. 2,
pp. 1100-1114, Feb. 2015.

Z. Shen, A. Khoryaev, E. Eriksson, and X. Pan, “Dynamigink-
downlink configuration and interference management in T IEEE
Commun. Mag.vol. 50, no. 11, pp. 51-59, Nov. 2012.

T. Bai, A. Alkhateeb, and R. W. Heath Jr., “Coverage aagacity of
millimeter-wave cellular networksfEEE Commun. Magvol. 52, no. 9,
pp. 70-77, Sep. 2014.

O. El Ayach, S. Rajagopal, S. Abu-Surra, Z. Pi, and R. \Eath Jr.,
“Spatially sparse precoding in millimeter wave MIMO sys&mMEEE
Trans. Wireless Commuynvol. 13, no. 3, pp. 1499-1513, March 2014.
Z. Pi and F. Khan, “A millimeter-wave massive MIMO systdor next
generation mobile broadband,” iroc. 46th Asilomar Conf. Signals,
Syst., Comput. (ASILOMAR)ov. 2012, pp. 693—-698.

C. H. Doan, S. Emami, D. A. Sobel, A. M. Niknejad, and R. W.
Brodersen, “Design considerations for 60 GHz CMOS raditEEE
Commun. Mag.vol. 42, no. 12, pp. 132-140, Dec. 2004.

F. Baccelli, B. Blaszczyszyn, and P. Muhlethaler, “AtoAa protocol for
multihop mobile wireless networks/EEE Trans. Inf. Theoryvol. 52,
no. 2, pp. 421-436, Feb. 2006.

M. R. Akdeniz, Y. Liu, M. K. Samimi, S. Sun, S. Rangan, T. S
Rappaport, and E. Erkip, “Milimeter wave channel modeliagd
cellular capacity evaluationJEEE J. Sel. Areas Commurpp. 1-16,
2014.

] F. Baccelli and B. BiszczyszynStochastic Geometry and Wireless

Networks, Volume I: Theory Now Publishers Inc. Hanover, MA, USA,
2009.



