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Directional Multiport Ambient RF Energy
Harvesting System for the Internet of Things

Shanpu Shen, Member, IEEE, Yujie Zhang, Student Member, IEEE,
Chi-Yuk Chiu, Senior Member, IEEE, and Ross Murch, Fellow, IEEE

Abstract—Ambient radio frequency (RF) energy harvesting
can extract energy from RF signals in the ambient environment
and has potential for applications in the Internet of Things.
However, the power density of the ambient RF energy is low
and therefore methods to maximize the average output dc power
are required. In this work we show that average output dc
power in ambient RF energy harvesting is nonlinearly dependent
on antenna directivity and linearly dependent on antenna port
number. To maximize average ouftput dc power it is therefore nec-
essary to utilize directional multiport rectennas. To demonstrate
the enhancements possible, the design for a directional 4-port
pixel patch rectenna system to harvest ambient RF energy from
the GSM-1800 frequency band is provided. The design has an
average antenna size for each port of 0.3\ x 0.3\, and realized
gains of 5.5 dBi. Measurement results show that the proposed
rectenna can increase average output dc power by up to 6.2 dB
and 4.5 dB compared to omni-directional and directional single-
port rectenna designs of similar size, respectively. Measurement
in a real ambient environment is also conducted, showing that
the proposed rectenna can achieve an output dc power of 11.2
W which is five times higher than the two reference rectennas.

Index Terms—Directional, energy harvesting, multiport, pixel
antenna, random radio-frequency (RF) field, rectenna, rectifier.

I. INTRODUCTION

MBIENT radio frequency (RF) energy harvesting is
based on using rectifying antennas (rectenna) to extract
energy from RF signals in the ambient environment [1]. It has
the potential for alleviating the need for battery replacement
or recharging in applications involving the Internet of Things
(IoT) [2], [3]. Compared with solar [4], thermal [5], and
other energy harvesting technologies [6], ambient RF energy
harvesting has the advantage that it can provide mobility,
operate without light, and be embedded in walls. However,
as shown in various RF surveys [7], the power density of
the ambient RF energy is extremely low, which limits the
output direct current (dc) power of a rectenna. Therefore, the
challenge of ambient RF energy harvesting is to maximize the
output dc power.
To overcome the challenge, using multi-band rectennas have
been proposed to increase the output dc power [8]. Compared
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with single-band rectennas which only harvest RF energy from
single frequency band such as GSM-900 [7], GSM-1800 [7],
3G [7], LTE [9], AM [10], DTV [11], and WiFi [12], multi-
band rectennas fully leverage the available ambient RF energy
distributed at different frequency bands. Therefore dual-band
[13]-[16], triple-band [17], [18], quad-band [19], hexa-band
[20], and broadband rectennas [21], [22] have been designed
to increase the output dc power.

Using multiple rectennas provides another possibility for
increasing the output dc power. Two-dimensional (2-D) [23],
[24] and three-dimensional (3-D) [25] uniform rectenna arrays
are the most straightforward approach for implementing mul-
tiple rectenna systems, however they have a drawback that the
overall antenna size is increased which makes the multiple
rectenna system bulky. To reduce the overall antenna size,
we face the challenge that generally high mutual coupling
exists in a compact multiple antenna configuration [26]. The
high mutual coupling will decrease the RF power received
by multiple antennas. To compensate for mutual coupling,
various impedance matching techniques have been proposed
[27], however the matching comes at the cost of insertion loss
and increased circuit complexity.

Multiport antennas, widely used in multiple-input multiple-
output (MIMO) communication systems, have been designed
with low mutual coupling for a compact and portable configu-
ration. These multiport antennas have recently been utilized
for ambient RF energy harvesting to increase the output
dc power without increasing antenna size. For example, a
dual-port triple-band L-probe microstrip patch rectenna [17],
a 4-port dual-polarized dipole rectenna [28], and multiport
pixel antennas with optimized RF power reception [29], [30]
have been demonstrated. To implement multiport antennas,
polarization, spatial, and angular diversities can be leveraged.
Polarization diversity [31]-[33] can be exploited to harvest
the ambient RF energy distributed in different polarizations.
Spatial diversity [28], [34] and angular diversity [17], [29],
[35], [36] can also be exploited to achieve wide spatial and
angular coverage to harvest energy from different spatial and
angular positions.

Combining the harvested energy from multiport antennas
is an important issue and the advantages of RF and dc
combining have been discussed previously [37]. It is concluded
that dc combining might be more suitable for ambient RF
energy harvesting because it can have a broad beamwidth with
high gain for receiving RF signals from arbitrary directions.
In addition, hybrid combining [38], [39] has been proposed
to jointly leverage the benefits of RF combining and dc



combining. Other techniques to improve the performance of
RF energy harvesting systems include using reconfigurable RF
energy harvester [40], hybrid RF-solar energy harvesting [41],
and electrically small rectenna [42].

In this paper, we study the maximization of the average
output dc power of multiport rectenna systems. The impact
of increasing the number of antenna ports and/or increasing
antenna directivity on the average output dc power is analyzed,
both theoretically and numerically. Motivated by the findings
in the study, we design, prototype, and experimentally validate
a directional multiport rectenna system design for ambient
RF energy harvesting that performs better than other rectenna
designs. The contributions of this paper are summarized as
follows:

1) We show that the average output direct current power
increases nonlinearly with the antenna directivity and increases
linearly with the number of antenna ports through analysis and
numerical simulation. We also show that the benefit of antenna
directivity is weak at high power density.

2) Motivated by the findings, we design a novel directional
multiport rectenna system to maximize the average output dc
power. It operates at the downlink channel of the GSM-1800
frequency band and consists of a compact 4-port pixel patch
antenna, four single series diode rectifiers, and parallel dc
combining. The proposed 4-port pixel patch antenna has an
average antenna size of each antenna port of 0.3\ x 0.3\ (A
refers to the free space wavelength) with the isolation between
antenna ports greater than 10 dB and realized gain of 5.5 dBi
for each port.

3) We demonstrate the approach with experimental results
and provide comparisons with conventional omni-directional
single-port monopole rectenna and directional single-port
patch rectenna. Compared with the monopole rectenna and
the patch rectenna, our proposed rectenna can increase the
average output dc power by up to 6.2 dB and 4.5 dB,
respectively. We also measure the proposed rectenna and the
two reference rectennas in a real ambient environment. The
measurement results show that the monopole rectenna and the
patch rectenna can achieve output dc power of 1.4 uW and
2.1 pW, respectively, while the proposed rectenna can achieve
an output dc power of 11.2 W which is five times higher
than that of the two reference rectennas. Therefore, using the
proposed directional multiport rectenna system can maximize
average output dc power to overcome the challenge of low
power densities in ambient RF energy harvesting.

This work is different from previous work [29], [34] in that
1) the nonlinearity of the rectifier was not considered in [29],
[34] while this work fully considers the nonlinearity, and 2)
maximizing average output dc power was not considered in
[29], [34] while this work provides a thorough investigation.

It is also worthwhile to compare our proposed rectenna
design with the recent rectenna designs based on tightly
coupled antennas (TCA) [43] and on metasurfaces [44]. There
are three differences between those two work and ours that
we would like to highlight: 1) The rectennas based on TCA
and metasurfaces both use infinite periodic unit cells so that
they are for large-scale rectenna applications. Our proposed
rectenna focuses on designing efficient multiport rectenna in
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Fig. 1. The ambient RF energy harvesting system with an NN-port rectenna.

a compact antenna area. 2) The rectennas based on TCA
and metasurfaces can both absorb incident RF waves from
the broadside direction with high absorbing efficiency. They
have less absorbing efficiency for other incident directions, so
they are more suitable for wireless power transfer where the
incident direction is known. Our proposed rectenna is designed
for ambient RF energy harvesting and fully considers the
unknown and random incident direction of ambient RF energy
to maximize the average output dc power. 3) The rectennas
based on TCA and metasurfaces both focus on high input RF
power above 9 dBm and is again more suitable for wireless
power transfer. Our proposed rectenna is designed for low
input RF power below -10 dBm where the rectifier nonlinearity
has been fully leveraged to increase the output dc power.
Organization: In Section II, we analyze the maximization
of average received RF power and average output dc power
of multiport rectenna systems in ambient RF environments.
In Section III, we numerically simulate the average received
RF power and average output dc power to verify the analysis.
In Section IV, we describe the design and optimization of a
directional 4-port pixel patch rectenna system. In Section V,
we provide measurement results and comparisons to show the
effectiveness of the design. Section VI concludes the paper.

II. MULTIPORT RECTENNA SYSTEM
A. System Model

Consider an RF energy harvesting system with an /N-port
rectenna immersed in an ambient RF field as shown in Fig.
1. The N-port antenna is modeled by an N x N antenna
impedance matrix Z 4. The open-circuit voltage across the
ith antenna port is denoted as wvoe; (¢ = 1,...,N) and
they are grouped into an /V-dimensional vector referred to as
the open-circuit voltage vector, Voe = [Uocl, Voc2, -+ VoeN]
A 2N x 2N multiport matching decoupling network Zj,
is inserted between the antenna impedance matrix Z,4 and
N rectifiers, whose input impedance is the standard load,
Zy = 50 . Each rectifier consists of a matching network
which matches the rectifier to Zj, a rectifying element such
as a diode, and a dc pass filter. The dc power output of the
N rectifiers are combined through a dc combining network so
that the total output dc power can be extracted from the load.
The multiport matching network Zy,, the IV rectifiers with dc
combining network, and the load can be viewed as an N-port
load impedance Zj, for simplification [27].



RF energy in the ambient environment is modeled as a
random RF field so that the open-circuit voltage across the
ith port v,;, the RF power received by the ith port Pk, and
the total received RF power Pry = Z PZ &r are all random
variables. Hence, we consider the ensemble averaged total RF
power received by the N-port antenna, which is given by [27]

E[PRF] =Tr (RL (ZA+ZL)710(ZA+ZL)7H) (1)

where E[-] is expectation, Tr (-) is trace, Ry, = Re(Z1)
denotes the load resistance matrix (where Re () is the real
part), and C = E [vocvfc] is the correlation matrix of v,..

We assume that the random RF field has uncorrelated
equally likely polarizations (that is the ambient RF energy
is uniformly randomly distributed in orthogonal polarizations)
and each polarization is spatially uncorrelated [45] so its power
angular spectrum (PAS) can be written as S (£2) Iy where
Q = (0,¢) denotes spatial angle with 6 and ¢ representing
the elevation and azimuth angles in spherical coordinates and
I, is the 2 x 2 identity matrix. The (i, j)th element [C];; can
then be written as [45]

[Cl;; = E [vocivie;] = / S(Q)h

where * refers to complex conjugate and h; (§2) is the antenna
height of the ith port and is expressed as [46]

hi (Q)de ()

A [[Ral; eiD;

h;, (Q) =
() J w4y

E; (2) 3)
where ), j, and Z,, denote the wavelength, imaginary unit, and
intrinsic impedance of free space, respectively. R4 = Re (Z4)
is the antenna resistance matrix and [R 4] ,; denotes its (7, 7)th
element representing the self-resistance of the ith port. E; (Q2)
denotes the normalized electric far-field pattern of the ith port
with other ports open-circuited (i.e. |E; ()| max = 1). D;
and e; denote the directivity and radiation efficiency of the ¢th
port with other ports open-circuited, respectively. Directivity
is expressed as

4
Di=——— . 4)
JE: ()" d2
Substituting (4) into (3) and making use of (2), the self
correlation of the open-circuit voltage across the ¢th port is
given by

AN? [ Ral,;
i Z77
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Multiport conjugate matching (MCM) (Z, = ZX) provides
the maximum average received RF power [26], which can be
written as E [Prr],,,. = s Tr (CR;"). However, a disadvan-
tage of MCM is that Z; = Z¥ in this configuration is not
a diagonal matrix. Therefore Z,; becomes intricate and has
narrow bandwidth, with high insertion loss [26].

An alternative method to reduce the multiport conjugate
matching problem is to utilize antennas with good isolation
so that a multiport matching network Zj; is not required.
Compact multiport antennas developed for MIMO commu-
nication systems fall into this category and typically their

0)|? d0
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reflection coefficients S;; and couplings S;; are less than -
10 dB. Both Z 4 and C can then be approximated as diagonal
matrices with Z, = ZgIy where Iy denotes the N x N
identity matrix. Therefore, the maximum average RF power
received by this type of multiport antenna can be simplified
as E[Prr] . = iva:l [Cl;; / [Ral;; - Making use of (5),
we then can rewrite E [PRF]max as

A2 E; (Q))*dQ
E[PRFmax_ .
7 2 s

depends on |E; (2)].

(6)

Now, we can see that E [Prp], .

B. Maximization of Average Received RF Power

We first maximize average received RF power as an inter-
mediate step towards maximizing average output dc power.
We separate out terms under the integrals in the numerator
and denominator in (6) and use the straightforward inequality

/S(Q)\Ei @) d0 < So/|Ei @A @

where Sy = max (S(12)). Therefore an upper bound on the
maximum average received RF power is

E[P < X5 3
[ RF]max — Z Zei' (8)

moi=1

In ambient RF environments we can assume that

]0 Q€ elsewhere

where the power angular spectrum is constant, Sy, over some
set of angles i,. and zero elsewhere (for example the
situation when PAS is constant over a sector of elevation
angles (0; < 6 < 6,) and all azimuth angles (0 < ¢ < 2m)
where 6; and 6, are the lower and upper bounds of the sector).
That is the ambient RF energy could appear from different
angles within ;.. The maximum average received RF power
reaches the upper bound in (8) when the following condition
is satisfied

0,1 ,Q Qsub
IE; (Q )I—{( b e g (10)

, ) € elsewhere

where QU0 is any subset of Qi and (0, 1] is the range 0 <
B, (Q)] < L.

From (7)-(10) it is concluded that 1) the average total
received RF power increases linearly with the number of
antenna ports no matter whether the multiple antenna ports
arise from polarization, spatial, or angular diversity, and 2)
it does not depend on directivity. That is any directional
antenna whose |E; ( )| satisfying (10) with directivity given
by D; = 4w/ [ |E; (Q % dQ would maximize the received RF
power.

To highlight this further, for the special case of 3-D uniform
PAS, i.e. S(2) = Sy, average received RF power reaches the
bound in (8) no matter its directivity since (10) is always sat-
isfied. More generally for PAS defined by (9) and normalized
far-field antenna patterns satisfying (10), average RF power



received by multiport antennas with good isolation does not
depend on antenna directivity and it increases linearly with
the number of antenna ports.

C. Maximization of Average Output DC Power

Average output dc power depends on both the average
received RF power and the nonlinear rectification process. It
is the key overall parameter we wish to maximize in ambient
RF energy harvesting. It is very important to distinguish the
difference between the average received RF power and the
average output dc power, as the former is the power input into
the rectifier. Specifically, the RF power received by the ith
antenna port Pgy is input to the ith rectifier so that the output
dc power of the ith rectifier, denoted as P}, is given by

P = Pipn (Phr) (11)

where 7) (P} ) is a nonlinear function that refers to the RF-to-
dc efficiency of the ith rectifier at the input RF power P . We
assume all the rectifiers are identical without loss of generality.
Therefore, the total output dc power, Ppc, is given by

N N
Poc=ea Y Pho=ea»  Phpn (Phr) (12)

i=1 i=1

where e is the efficiency of the dc combining circuit. P
and Ppc are random variables since Pg . is a random variable.
Hence, we are interested in the ensemble averaged total output
dc power E [Ppc].

n (Pip) plays a crucial role in analyzing E [Ppc]. If we
consider a linear rectifier model which assumes that the RF-
to-dc efficiency is a constant, ie. n(Pip) = 7, then we
have that Ppc = eqnPrr and E [Ppc] = eqnE [PRF]’ which
indicates that the average output dc power does not depend on
directivity similarly to the result in Section II.B. However, a
rectifier is a nonlinear circuit element where 1 (P ) increases
with Pip until a turning point, denoted as Ppp ", and after
PIE™ n(Pip) decreases because of the diode breakdown
effect. Therefore, the nonlinear 7 (P ) affects the expression
of E[Ppc] so that it cannot be ignored.

To find E[Ppc], we need to know the instantaneous re-
ceived RF power at each antenna port P}y, which requires
knowing the instantaneous incident electric field (the real-
ization of the random RF field). However, the instantaneous
electric field distribution is an Ergodic stochastic process and
we only know its ensemble average from its PAS. Therefore
there are many instantaneous electric field distributions in time
and angular space that will provide the same PAS. We consider
two extreme instantaneous incident electric field scenarios
which provide 3-D uniform PAS, S(£2) = So.

We first consider an electric field which is completely
uniformly distributed in all angular directions each with a
random phase. Its instantaneous incident power density per
steradian at any angle is Sy, providing a 3-D uniform PAS.
We denote this incident electric field scenario as EL2'°&"
since it is the conventional definition for a Rayleigh fading
channel. For the scenario Ei}fliylmgh, the instantaneous received
RF power Py follows an exponential distribution, denoted as

Pip ~ Exp (E [Pir] _1). It has been shown in Section II.B
that antenna directivity has no effect on the average received
RF power E [Py ], so the distribution of Pjp does not depend
on antenna directivity. As a result, in this scenario antenna
directivity also has no effect on the instantaneous output dc
power P} and the average output dc power E [Ppc].

In the second scenario, a single incident plane wave with
random phase and arriving with random uniformly distributed
angles over 47 spatial angles in time will also provide a 3-D
uniform PAS. The power density of the plane wave is 47.5y/Z,,
and also corresponds to 3-D uniform PAS with Sy power
density per steradian. We denote this incident electric field
scenario as EB®™ For the scenario E2*™  antenna directivity
will have a significant effect on the average output dc power
E [Ppc] because the instantaneous received RF power changes
significantly with the antenna directivity.

To obtain insight into the effects of antenna directivity on
the average output dc power E [Ppc], we need to find the
closed-form expression of E[Ppc]. In the scenario EBcam
the plane wave is arriving with random uniformly distributed
angles over 47 spatial angles, so the average output dc power
of the 7th rectifier is given by

i i i 1
E [Pbe] = /PRF Q) n (Phr () EdQ (13)
where Pjip (€2) denotes the RF power received by the ith
antenna port given a single incident plane wave with power
density 47Sy/Z, arriving from 2. According to [46], Py (€2)
can be found by

. A2 47 S
Pie (@) = - eiDi (Q) - —
n

y (14)
where D; (2) denotes the directivity function of the ith
antenna port. Unfortunately, it is difficult to find the closed-
form expressions of E [PE)C] and E [Ppc| because there is no
closed-form solution for 7 (Pip).

To overcome the challenge for finding the closed-form
expressions of E[Ppc|, we consider antennas that have an
idealized normalized far-field radiation pattern given by

1 ’Q € Qin in
1E: ()] = i (15)
0 ’Q € Qside

where Q% . and Q. are spatial angle sets representing
the main and side lobes of the ith antenna radiation pattern,
respectively. Such idealized radiation pattern approximates a
realistic radiation pattern by assuming all the radiated power
is uniformly distributed within the main lobe of the pattern.
Accordingly, the directivity function of the ith antenna port

can be written as

D; (Q) = DiS1 € D (16)
0 ,92eQ%.

where D; = 4n/ [, d€ is found from antenna directivity

main

(4). Hence, Pip () can be written as

2 478 ]
i e eiDi . L ,Q S Qinain
Prp () = {4 Zn

; 17
0 Qe a7

side



Using (13), E [P},] can be found by

. A2Soes { A2Soe;
E [Phc] = Z°€n< 0¢ D,;>

n Z”I

(18)

which increases with D; as long as \2Sye; D; /Z, is lower
than Py, which is the input RF power achieving the max-
imum RF-to-dc efficiency. When A\2Sye; D;/Z,, is higher than
PIE™, E [Ph] will decrease with D; due to the breakdown
effect of the diode. However, this case is not probable since the
power density of ambient RF energy is very low. The average
total output dc power of the multiport rectenna is given by

egr?S A2Spe;
E [Ppc] = -2 OZ < °D,,>.

It can be concluded that total average output dc power 1)
increases nonlinearly with the antenna directivity of each port
which is related to the nonlinear RF-to-dc efficiency versus
input power characteristic of the rectifier and 2) increases
linearly with the number of antenna ports no matter whether
the multiple antenna ports arise from polarization, spatial, or
angular diversity.

It should be noted that the theoretical result (19) based on
an idealized radiation pattern is used to help investigate the
impact of antenna directivity on the average output dc power,
instead of accurately predicting the average output dc power.
More generally for realistic radiation patterns, (19) would
represent an upper bound to the improvement in average output
dc power. These conclusions also hold for PAS defined by (9).

In practice the incident electric field is between the
E[YICigh and EBeamgcenarios. The practical incident electric
field often has a random beam like structure where incident
power density at a particular time interval is higher in some
directions than others. Therefore, given that antenna directivity
does not affect the average output dc power in E.2¥'¢ish

mc
scenario but it can boost the average output dc power in EB¢am

mc
scenario (and also incident electric field having random beam
like structure), it makes sense to increase the directivity of the
antenna in ambient RF energy harvesting for all scenarios.

If we were also to assume that the incident plane is transient
in time then even greater instantaneous power densities could
be achieved and this has been exploited to boost the dc
power by optimizing the waveform in wireless power transfer
systems [47]. However our interest here is in the effect of
the angular distribution of the instantaneous electric field on
antenna design.

19)

III. NUMERICAL SIMULATION

To show that antenna directivity has no effect on the
average received RF power and also quantify the effect of
antenna directivity on the average output dc power under the
EBeam gcenario, we provide numerical simulations for the
average received RF power and average output dc power for
realistic antennas and a rectifier. The numerical simulations
are performed by joint simulation in CST Microwave Studio
and Advanced Design System (ADS). We focus on the single-
port rectenna for harvesting RF energy from the downlink
channel of GSM-1800 (1.8-1.88 GHz) band. For the purposes
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Fig. 2. Topology of the rectifier used in the numerical simulation and the
simulated RF-to-dc efficiency versus input RF power at 1.8 GHz.

of revealing the effect of directivity we again assume that a
single incident plane wave with power density of 47.Sy/Z,
is incident and the incident angle is uniformly distributed
over 4 spatial angles in time. We achieve a realistic antenna
directivity range by considering various antenna types ranging
from monopole, loop, inverted-F, slot, patch, and finally Yagi
antennas with 5, 9 and 12 elements, respectively. These were
simulated using CST and provide gains of between 0 dBi (by
including an ideal isotropic pattern) through to 14.5 dBi (for
the 12 element Yagi) in the numerical simulations. A single
series diode rectifier operating in the GSM-1800 frequency
band is designed and considered in the numerical simulation
as shown in Fig. 2. Its RF-to-dc efficiency simulated by ADS is
also shown in Fig. 2, and it is used in the numerical simulation
to find the output dc power.

The average received RF power (or average output dc
power) is found by three steps: 1) generating multiple indepen-
dent random incident spatial angles, 2) finding the received RF
power (or output dc power) for each angle, and 3) averaging
the received RF power (or output dc power) over all angles.

The average received RF power versus antenna directivity
at different incident power densities based on the numerical
simulation and the theoretical analysis (8) is provided in Fig.
3(a) and (b), respectively. We can find that the numerical
result matches very well with the theoretical results. Both
the theoretical and numerical results show that the average
received RF power does not depend on antenna directivity
no matter how large the power density is, which verifies
the correctness of the theoretical analysis on the average
received RF power. Besides, there is a small fluctuation of
the average received RF power, less than 1.4 %, in Fig. 3(a).
The fluctuation arises from using discretized radiation patterns.
The incident spatial angle is a continuous random variable, but
the radiation pattern simulated by CST is discretized, i.e. we
only find the radiation pattern at 6 = 0°,1°,...,180° and
¢ =0°1°...,359° So, in step 2), the continuous angles are
rounded to integers to approximately find its radiation pattern
and then its received RF power, which causes the numerical
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Fig. 3. Average received RF power versus antenna directivity at different
incident wave power densities (a) based on the numerical simulation and (b)
based on the theoretical analysis (8).

error and the fluctuation. Particularly, for an antenna with high
directivity, the numerical error is relatively higher because its
radiation pattern has a very narrow beam so that the pattern
changes greatly even when the angle changes only 1°.

On the other hand, the average output dc power versus
antenna directivity at different incident power densities based
on the numerical simulation and the theoretical analysis (19) is
provided in Fig. 4(a) and (b), respectively. The numerical and
theoretical results do not exactly match because the numerical
result is based on realistic radiation patterns while the theoreti-
cal result is based on idealized radiation patterns. Nevertheless,
the numerical and theoretical results show the same trend that
the average output dc power increases with antenna directivity,
which verifies the correctness of the theoretical analysis on the
average output dc power.

It is also worthwhile to quantify the increase of the average
output dc power with antenna directivity. From Fig. 4(a),
we can observe that the average output dc power increment
between low and high gain antennas is large when the power
density is low. Specifically, it can be deduced that when
antenna directivity increases from O to 14.5 dBi, average
output dc power increases by 9.35 dB for an incident power
density of 100 W /m?. At a power density of 1200 W /m?
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Fig. 4. Average output dc power versus antenna directivity at different incident
wave power densities (a) based on the numerical simulation and (b) based on
the theoretical analysis (19).

the increase is less at 3.46 dB. Considering the largest gradient
of the lines in Fig. 4(a) (the 100 W /m? line at around 9-
14 dB), this implies that approximately a doubling of antenna
directivity (3 dB) doubles the average output dc power (3 dB)
at best. Therefore, antenna directivity has a significant effect
on the average output dc power when the power density is low.
However, this effect becomes weaker at higher incident power
densities where the gradients of the lines in Fig. 4(a) are less
due to the nonlinear RF-to-dc efficiency of the rectifier.

IV. DIRECTIONAL MULTIPORT AMBIENT RF ENERGY
HARVESTING SYSTEM DESIGN

In this section, we provide a directional 4-port rectenna
system design for ambient RF energy harvesting based on the
analysis and simulation in Sections II and III. It consists of a
4-port microstrip pixel patch antenna, four single series diode
rectifiers, and parallel dc combining.

A. Antenna Design

To design antennas that maximize average output dc power
we should maximize the number of antenna ports and antenna
directivity within a given volume. Doubling antenna area



roughly corresponds to doubling the number of antenna ports
or doubling antenna directivity. However, the increase of
average output dc power with antenna directivity is weak
when the power density is high while the increase with the
number of antenna ports is linear and independent on the
power density. Hence, it is more beneficial to increase the
number of antenna ports rather than the directivity as it is
applicable across a wider range of power scenarios. Therefore,
antenna port number maximization should take priority over
directivity maximization.

The constraint of a fixed volume makes the maximization
process difficult. In a fixed area or volume, the number of
antenna ports can be increased by leveraging polarization,
spatial, and angular diversities, however, the increase does not
come without physical limits. Mutual coupling will increase
as we add more antennas into the fixed volume limiting the
total energy that can be harvested. On the other hand, there is
also a physical limit for increasing antenna directivity given
a fixed area or volume [46]. Therefore the design challenge
is to squeeze as many compact antennas into the fixed area
or volume with the lowest mutual coupling acceptable for en-
ergy harvesting while maximizing the directivity of individual
antennas in the system. In addition, the radiation efficiency
of each antenna port and the efficiency of the dc combining
circuit should also be maximized for maximizing average
output dc power according to (19). Optimization is therefore
required in the antenna design process to achieve the best
trade-off between the antenna port number and directivity so
that a given volume can be fully utilized to maximize the
average output dc power.

In the optimization approach adopted here we use the
pixel antenna approach which can be broadly thought of as
“programmable” or “software defined” antennas. The concept
of pixel antennas is based on discretizing a radiation surface
into small elements and connecting them through switches or
hardwires [48], [49]. Given a mother structure such as a grid of
pixels, different antenna characteristics including S-parameters
[48] and radiation pattern [49] can be obtained by changing
the connections between them so that we can achieve desired
antenna features by optimizing the connection configuration.
Applying the pixel antenna approach in the microstrip antenna
design, we propose a 4-port microstrip pixel patch antenna
design as shown in Fig. 5. The patch is discretized into a
rectangular grid of 10 x 10 square pixels. The pixelized patch
is printed on a Rogers 4003 (¢, = 3.38) substrate having
a thickness of 1.524 mm and thick air substrate is used to
improve the radiation efficiency and bandwidth. It has four
ports fed by disk-loaded probes to improve the bandwidth.
Each pixel can connect to its neighboring pixels and there
are () = 180 possible hardwires. We use binary digits =, €
{0,1} (¢ =1,2,...,Q) to represent the presence or absence
of hardwires between pixels and group them into a vector
x = [z1,22,... ,xQ]T to describe the hardwire configuration.
In total there are 29 combinations of x producing various
distinct antenna characteristics. Therefore, we can evaluate a
wide range of possible pixel patch antenna characteristics to
find the optimum hardwire configuration for implementing the
directional 4-port rectenna system.
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Fig. 5. Plan and elevation views of the 4-port microstrip pixel patch antenna
(unit: mm).

Our pixel antenna design does not require any switches so
that the complexity of antenna is not increased compared to
other designs [43]. It should be noted that the hardwires used
in the design are fixed in position and can be thought of as
part of the antenna geometry and do not increase complexity
any more than geometric features of other antennas. The key
reason for using the pixel antenna design approach is that
it provides a convenient method for optimizing directional
multiport antenna but once optimized the antenna geometry
is completely fixed.

We consider optimizing four objectives to achieve, 1) good
impedance matching, 2) good port isolation, 3) high radiation
efficiency, and 4) high antenna directivity, for average output
dc power maximization. We combine the four objectives into
a single objective based on the realized antenna gain found
by the loaded-circuit radiation patterns. The loaded-circuit
radiation pattern is defined as when one port is measured
while the other ports are connected to 50 2. It should be
distinguished from open-circuit radiation pattern which is
defined as when one port is measured and the other ports
are open-circuited. The two kinds of patterns can be related
to each other through the antenna impedance matrix Zy4. If
there is no or low mutual coupling, the two kinds of pat-
terns are approximately identical. However, multiport antennas
typically have mutual coupling and therefore the kind of
pattern measured needs to be carefully mentioned. In Section



II, we use the open-circuit radiation pattern E; (Q) to find
the correlation matrix C = E [vocvE] and then analyze
the average output dc power. However, herein we use the
loaded-circuit radiation pattern to find the realized gain of each
port. The benefit is that maximizing the realized antenna gain
of each port simultaneously improves impedance matching,
radiation efficiency, and directivity, and port isolation. For the
4-port pixel patch antenna with the hardwire configuration x,
we denote its realized antenna gain at the +th port at frequency
fas Gﬁeal (x, f). To implement our directional 4-port rectenna
system, we focus on finding a hardwire configuration x to
maximize the realized antenna gain of all ports over the
frequency band of interest. This can be expressed as a binary
optimization problem

(%, f) (20)

K 4
maximize E E Geal
k

=1i=1
subjectto x € {0,1}¢

where fj, denotes the kth (out of K) frequency samples in the
frequency band of interest. Since our focus is the downlink
channel of GSM-1800 (1.8-1.88 GHz) band, we maximize the
sum of the realized antenna gain of all ports at 1.8, 1.82, ...,
and 1.88 GHz.

The realized antenna gain G, (x, fx) can be computed
by electromagnetic solvers. In this work we compute them
efficiently by a technique we refer to as Internal Multi-
Port Method (IMPM) through the commercial solver CST
Microwave Studio. IMPM is well suited for pixel antenna
optimization as it can reduce the computational complexity
significantly by using the techniques described in [48]-[50].
We also use the 90-degree rotational symmetry of the design
to reduce computation time significantly.

A variety of optimization methods can be utilized but in this
paper, we adopt Successive Exhaustive Boolean Optimization
(SEBO) [51], which is shown to be efficient for pixel antenna
optimization problems such as (20). The block size in SEBO
is set J = 8 to solve the binary optimization problem (20).

The 4-port microstrip pixel patch antenna with the optimal
hardwire configuration found by SEBO has been prototyped
as shown in Fig. 6. The measured reflection coefficients and
mutual couplings are shown in Fig. 7. The measured reflection
coefficients Si1, Sa2, Ss33, and Si4 are almost the same
resulting from the 90-degree rotational symmetric hardwire
configuration. The measured reflection coefficients and mutual
couplings are all below -10 dB from 1.8 to 1.88 GHz, showing
good impedance matching and isolation. The loaded-circuit
radiation patterns (when measuring one port, the other ports
are connected to 50 ) of the four ports are also measured
by the SATIMO StarLab system. The measured loaded-circuit
radiation patterns of the fours ports at 1.8 GHz on the XOZ
plane and YOZ plane are shown in Fig. 8. The patterns of
ports 1-4 are all uni-directional providing high directivity. We
also find that the patterns of port 1 and port 4 are symmetric
and also the patterns of port 2 and port 3 are symmetric, which
results from the 90-degree rotational symmetry of the hardwire
configuration. In addition, the patterns of ports 1-4 are slightly

Fig. 6. Prototype of the 4-port microstrip pixel patch antenna with the optimal
hardwire configuration.
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Fig. 7. Measured reflection coefficients and mutual couplings of the 4-port
microstrip pixel patch antenna with the optimal hardwire configuration.

tilted from the broadside direction, which implies that angular
diversity has been leveraged in the multiport antenna design to
reduce mutual coupling. We can also find that the polarizations
of port 1 and port 4 are orthogonal to the polarizations of port
2 and port 3, showing that our proposed multiport antenna
is dual-polarized. Therefore, there is an advantage due to
polarization diversity in our proposed multiport antenna, i.e.
the randomly polarized ambient RF energy can be harvested to
increase the average output dc power. The measured realized
gains of ports 1-4 at 1.8 GHz are 5.52, 5.24, 5.37, and
5.75 dBi, respectively, and the total radiation efficiencies of
ports 1-4 at 1.8 GHz are 66.0%, 63.5%, 64.9%, and 68.5%,
respectively. The size of the 4-port microstrip pixel patch
antenna is 0.6x0.6x0.1\3. Each antenna port has a size of
0.3x0.3x0.1\% and realized antenna gain around 5.5 dBi.
Therefore, the proposed 4-port microstrip pixel patch antenna
implements the design of the compact multiport antenna with
good realized antenna gain overall and should be close to the
optimum possible for these design constraints.

B. Rectifier Design

We design and prototype a compact single series diode rec-
tifier in GSM-1800 frequency band with size of 39 x 19 mm?.
The geometry and photo of the proposed rectifier is shown
in Fig. 9. It consists of a matching network, a Schottky
diode Avago HSMS-2850, a 1 nF capacitor, and a load
resistor. The Schottky diode Skyworks SMS7630 is also a
good choice for the rectifying diode due to its low turn-on
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Fig. 9. Geometry and prototype of the single series diode rectifier (unit: mm).

voltage. It is fabricated on 62-mil-thick substrate RT/Duroid
5880 (dielectric constant €, = 2.2) with low loss tangent of
0.0009 to reduce the insertion loss.

We adopt the single series diode rectifier topology because
it maximizes the RF-to-dc efficiency at low input RF power
compared with other topologies such as the voltage doubler
rectifier [20] and Greinacher rectifier [21], as shown by a
thorough study of rectifier topology in [52]. In ambient RF
energy harvesting, rectifiers should operate at low input RF
power because the power density of the ambient RF energy
is very low. For a rectifier operating at low input RF power,
there is a tradeoff between the RF-to-dc efficiency and the
output dc voltage level. Increasing the number of diodes in
the topology can increase the output dc voltage level, but it
will decrease the RF-to-dc efficiency since more diodes cause
additional loss. Therefore, the single series diode rectifier has
been used in ambient RF energy harvesting due to its high RF-
to-dc efficiency [7], [10], [13], [14], and we also use the single
series diode rectifier to maximize the RF-to-dc efficiency and
the output dc power. In addition, a power management unit
(PMU) including dc-dc converter can be used to store the dc
energy from the rectifier output and boost the dc voltage to
provide a stable dc voltage supply for loads [7].

We simulate the rectifier by using the harmonic-balance
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Fig. 10. (a) Measured reflection coefficient at different input power levels
and (b) measured RF-to-dc efficiency at different frequencies of the single
series diode rectifier.

(HB) solver in ADS with the nonlinear SPICE model of the
Schottky diode Avago HSMS-2850. Because the performance
of the rectifier is mainly determined by the load resistor for a
given input RF power level, we optimize the load resistor in
ADS to maximize the RF-to-dc efficiency at an input RF power
of -20 dBm in the GSM-1800 frequency band. The optimized
load resistor for -20 dBm input power is a Ry, = 6 k.
For the matching network, we use single-stub tuning with a
surface-mounted device (SMD) component, a 0.6 nH inductor
from Murata, to implement impedance matching. The stub is
grounded by a via to provide a dc circuit in the rectifier.

The measured reflection coefficients S1; of the proposed
rectifier at different input power levels are shown in Fig. 10(a).
Although the resonant frequency of the proposed rectifier
slightly increases with the input RF power level due to the
nonlinearity of the rectifier, the measured S1; shows that the
proposed rectifier has good impedance matching for harvesting
ambient RF energy in the GSM-1800 frequency band. We also
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Fig. 11. Measured RF-to-dc efficiency of the single series diode rectifier
versus load resistor at different input RF power levels and at 1.8 GHz.

evaluate the RF-to-dc efficiency of the proposed rectifier by
connecting it to a signal generator and using a multimeter
to measure the output dc voltage across the load resistor.
The RF-to-dc efficiency of the rectifier is then obtained from
n = VL2 /Ry Py, where V;, denotes the output dc voltage of
the rectifier and P, denotes the input RF power provided by
the signal generator. The measured RF-to-dc efficiency of the
proposed rectifier versus input RF power levels at different
frequencies is shown in Fig. 10(b). We can find that the
RF-to-dc efficiency increases with the input RF power until
a turning point around -5 dBm, which shows the nonlinear
behavior of the rectifier. The peak efficiencies over the GSM-
1800 frequency band are 5.1% at -35 dBm, 11.9% at -30
dBm, 22.5% at -25 dBm, 33.4% at -20 dBm, 43.4% at -15
dBm, 51.3% at -10 dBm, and 55.1% at -5 dBm, showing
good rectification efficiency at low input RF power levels.
In addition, the rectifier can still work with an efficiency of
1.6% at the extremely low input RF power of -40 dBm. The
measured RF-to-dc efficiency of the proposed rectifier versus
load resistor at different input RF power levels and at 1.8
GHz is shown in Fig. 11. We can find that the measured RF-
to-dc efficiency is maximum at 6 k(2 at low input RF power
ranging from -30 dBm to -15 dBm. This is consistent with
optimizing the load resistor in ADS simulation to maximize
the efficiency. In addition, we can find that the measured RF-
to-dc efficiency of our proposed rectifier at low input RF power
does not decrease much when the load resistor deviates from
the optimal value of 6 k(.

C. DC Combining Design

DC combining is used for the proposed directional 4-port
rectenna system to add the output dc power of each rectifier
to the load. We fabricate four rectifiers as shown in Fig. 9 and
each rectifier is connected to an antenna port to rectify the RF
power received by each antenna port. The efficiency of the
dc combining circuit is important for increasing the average
output dc power. To achieve high dc combining efficiency,
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Fig. 12. Topology of the parallel dc combining circuit for the 4-port rectenna.

we can use a multiple-input multiple-output switching dc-dc
converter to combine the output dc power of each rectifier
[53]-[55]. However, considering the circuit complexity and
high cost, in this work we use a straightforward parallel dc
combining circuit. The topology of the parallel dc combining
circuit for the 4-port rectenna is shown in Fig. 12. In Fig.
12, there are four rectifiers and each rectifier is connected
to an antenna port. The dc outputs of the four rectifiers
are connected in parallel to increase the output dc current.
Accordingly, the corresponding load resistor is then decreased
to Ry = 1.5k since we have 4 ports [56]. In addition, for
each rectifier, the capacitor at the output is 1 nF. It should
be noted that connecting the dc outputs of the four rectifiers
in series will short the diodes because the four antenna ports
share the same ground. Therefore, series dc combining is not
applicable for our proposed 4-port rectenna.

V. DIRECTIONAL MULTIPORT AMBIENT RF ENERGY
HARVESTING SYSTEM MEASUREMENT

To demonstrate the effectiveness of the proposed directional
4-port rectenna for average output dc power maximization,
we compare it with a reference omni-directional single-port
monopole rectenna and a reference directional single-port
patch rectenna.

The omni-directional single-port monopole rectenna con-
sists of a single-port monopole antenna as shown in Fig. 13(a)
and a single series diode rectifier as shown in Fig. 9. The
single-port monopole antenna is fabricated on Rogers 4003
substrate and fed by a microstrip line. It has a similar size to
the proposed 4-port pixel patch antenna. We measure the S1;
and radiation pattern of the single-port monopole antenna and
it shows a good impedance matching and an omni-directional
pattern at the GSM-1800 band. The measured realized gain and
total radiation efficiency of the single-port monopole antenna
at 1.8 GHz is 1.62 dBi and 80%, respectively. On the other
hand, the directional single-port patch rectenna consists of a
single-port patch antenna as shown in Fig. 13(b) and a single
series diode rectifier as shown in Fig. 9. The single-port patch
antenna is fed by L-probe and the microstrip line and the
patch are printed on the Rogers 4003 substrate. It also has
the same size to the proposed 4-port pixel patch antenna.
We measure the S1; and radiation pattern of the single-port
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Fig. 13. Plan view and elevation view of (a) the single-port monopole antenna
and (b) the single-port patch antenna (unit: mm).

patch antenna and it shows a good impedance matching and an
uni-directional pattern at the GSM-1800 band. The measured
realized gain and total radiation efficiency of the single-port
patch antenna at 1.8 GHz is 7.6 dBi and 80%, respectively.
We find that the single-port monopole and patch antenna have
low and high antenna directivity, respectively. Therefore, we
select them as benchmarks to demonstrate the effect of antenna
directivity on the average received RF and average output
dc power and also to show the advantages of the proposed
directional 4-port rectenna.

The experimental setup corresponds to an approximation to
RF energy harvesting in an ambient RF environment. For the
average received RF power, we measure it in three steps: 1)
we measure the radiation patterns of the proposed antenna and
the two benchmark antennas; 2) we assume a random RF field
with a 3-D uniform PAS; 3) we estimate the average received
RF power using the measured radiation patterns and assumed
random REF field. On the other hand, for the average output dc
power, we measure it in four steps: 1) we replace antenna ports
with signal generators; 2) we set the RF power levels of signal
generators according to the RF power received by antenna
ports; 3) we connect the signal generators to the rectifier
prototypes; 4) we measure the output dc power of the rectifier
prototypes using multi-meter. We use this setup because it is
difficult to build an experimental setup to generate the random
RF field with 3-D uniform PAS in reality. In addition, the load
resistor for the single-port monopole rectenna, the single-port
patch rectenna, and the proposed 4-port rectenna are 6 k€2, 6
kS, and 1.5 k{2, respectively.

A. Average Received RF Power

First, we compare the average received RF power of the
single-port monopole rectenna, the single-port patch rectenna,
and the proposed 4-port pixel patch rectenna. The average
received RF power of the three rectenna versus the power
density at 1.8 GHz is shown in Fig. 14.

We make the following observations from Fig. 14. Firstly,
we find that the single-port monopole rectenna and the single-
port patch rectenna have the same average received RF power,
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Fig. 14. Average received RF power of the single-port monopole rectenna,
the single-port patch rectenna, and the 4-port pixel patch rectenna versus the
power density at 1.8 GHz.

which verifies that the antenna directivity does not affect
the average received RF power. Secondly, we find that the
proposed 4-port pixel patch rectenna has 4.73 dB more average
received RF power than the single-port monopole and patch
rectenna. The improvement in the average received RF power
is because the proposed rectenna has more antenna ports and
the improvement is constant no matter how the power density
changes. From Section II.B, the increase of average received
RF power should be 6 dB but due to the multiport antenna
having less efficiency than the single-port antenna so that the
increase is only 4.7 dB.

Overall, the two observations made from Fig. 14 show
that the measurement results match well with the theoretical
analysis (7)-(10) in terms of the average received RF power.

B. Average Output DC Power

Next, we compare the average output dc power of the three
rectennas. For simplicity, we replace antenna ports with signal
generators and connect the signal generator to the rectifier
prototype input to simulate the RF power received by each
antenna port at different incident angles and at different power
densities above. The RF power levels of the signal generators
are set according to the received RF power found by the
loaded-circuit radiation patterns and assumed power densities.
Because the antennas have good impedance matching and the
RF power level is based on the measured radiation pattern,
the approximation by replacing the antenna ports with signal
generators is accurate and reasonable. The output dc voltage is
measured by a multimeter and is used to compute the output
dc power. Averaging the output dc power over all the incident
angles, we can therefore find the average output dc power
of the three rectennas at different power densities and this
provided at 1.8 GHz in Fig. 15. We also find the average output
dc power of the 4-port pixel patch rectenna with perfect dc
combining and plot it in Fig. 15.

We make the following observations from Fig. 15. Firstly,
comparing the two reference rectennas, we find that the single-
port patch rectenna can provide more average output dc power
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than the single-port monopole rectenna. At a power density of
100 ©W/m?2, the improvement is 2.9 dB, however at 4000
uW /m? the improvement is only 0.4 dB. The improvement
of the average output dc power is because the single-port
patch rectenna has higher antenna directivity than the single-
port monopole rectenna, demonstrating the effect of antenna
directivity on the average output dc power. In addition, it is
demonstrated that such effect becomes weak at high power
density, which is due to the nonlinear RF-to-dc efficiency
verses input power characteristic of the rectifier as shown in
Fig. 10(b). This is consistent with the numerical simulation
results shown in Fig. 4.

Secondly, compared with the reference single-port patch
rectenna, the proposed 4-port pixel patch rectenna provides
more average output dc power. When the power density
increases from 100 to 4000 xW /m?, the average output dc
power difference between the 4-port pixel patch rectenna
with perfect dc combining and the single-port patch rectenna
increases from 3.2 to 4.5 dB while the difference between the
4-port pixel patch rectenna with the parallel dc combining and
the single-port patch rectenna increases from 1.9 to 3.7 dB.
The improvement is because the 4-port pixel patch rectenna
has more antenna ports, demonstrating that the average output
dc power increases linearly with the number of antenna ports.
We also find that the improvement is weak at low power
density because the single-port patch rectenna has higher
antenna directivity than the 4-port pixel patch rectenna.

Thirdly, compared with the reference single-port monopole
rectenna, the 4-port pixel patch rectenna provide more average
output dc power (up to 6.2 dB) than the single-port monopole
rectenna. When the power density increases from 100 to 4000
uW /m?, the average output dc power difference between the
4-port pixel patch rectenna with perfect dc combining and the
single-port monopole rectenna decreases from 6.2 to 4.9 dB
while the difference between the 4-port pixel patch rectenna
with the parallel dc combining and the single-port monopole
rectenna decreases from 4.8 to 4.1 dB. This improvement is not
only because the 4-port pixel patch rectenna has more antenna

ports but also has higher antenna directivity. In addition,
we can find that this improvement is weak at high power
density because the 4-port pixel patch rectenna has higher
antenna directivity than the single-port monopole rectenna.
This again demonstrates that high antenna directivity can boost
the average output dc power but the advantage decreases when
the power density increases.

Lastly, the difference between the average output dc power
of the 4-port pixel patch rectenna with perfect dc combining
and with parallel dc combining is around 1 dB, which implies
that the efficiency of the parallel dc combining circuit is
around 80%. The reason why the parallel dc combining circuit
cannot have 100% efficiency is because the input RF power
to each rectifier is different due to the different radiation
pattern of each antenna port. In the dc circuit of the four
rectifiers with parallel dc combining, four diodes are in shunt
with a load resistor so that the working condition of each
port will influence the other three ports. When the input RF
power to each rectifier is different, each rectifier will deviate
from its optimal working condition so the overall rectifying
performance will be degraded. To solve this problem, we can
use a multiple-input multiple-output switching dc-dc converter
to match all the rectifiers to their optimum working condition
[54], [55]. Therefore nearly perfect dc combining efficiency
can be achieved. Overall, in spite of the the dc combining
efficiency degradation, the parallel dc combining circuit has
good performance with simple circuit structure and low cost.

To conclude, the proposed directional 4-port pixel patch
rectenna can increase the average output dc power by up to 4.5
dB compared with the single-port patch rectenna and by up to
6.2 dB compared with the single-port monopole rectenna. The
observations made from Fig. 15 show that the measurement
results match well with the theoretical analysis (19) that the
average output dc power increases linearly with the number
of antenna ports and increases nonlinearly with the antenna
directivity.

C. Measurement in Real Ambient Environment

To further demonstrate the benefit of the proposed rectenna
design, we measure the proposed rectenna and the two bench-
mark rectennas in a real ambient environment outdoors at the
Hong Kong University of Science and Technology as shown in
Fig. 16. For the single-port monopole rectenna, the measured
output dc voltage is around 80 mV and can reach 92.8 mV
as shown in Fig. 16(a), which corresponds to an output dc
power of 1.4 uW (the load is 6 k(2). For the single-port
patch rectenna, the measured output dc voltage is around 100
mV and can reach 112.7 mV as shown in Fig. 16(b), which
corresponds to an output dc power of 2.1 uW (the load is
6 k) higher than that of the single-port monopole rectenna.
This demonstrates the benefit of increasing antenna directivity
to increase the dc power. On the other hand, for the proposed
4-port pixel patch rectenna, the measured output dc voltage
is around 110 mV and can reach to 129.9 mV as shown
in Fig. 16(c), which corresponds to an output dc power of
11.2 W (the load is 1.5 k2 with the parallel dc combining).
Therefore, using the proposed rectenna can achieve five times



Fig. 16. Photos of the measurement in a real ambient environment with (a)
the single-port monopole rectenna, (b) the single-port patch rectenna, and (c)
the 4-port pixel patch rectenna (units on the display are in mV).

higher output dc power than the two conventional benchmark
rectennas in reality. Our proposed rectenna performs better
because of both the multiple antenna ports and also the good
antenna gain, as analyzed by the theoretical model in Section
II. Hence, using directional multiport rectenna is beneficial to
overcome the challenge of low power density in ambient RF
environment.

We also provide a comparison of the proposed rectenna with
related work in Table I. We can find that our proposed rectenna
implements multiple antenna ports with high realized gain in
a compact size. Compared with other rectennas, our proposed
rectenna has more ports and smaller average antenna size for
each port while having higher realized gain, showing a good
directional multiport rectenna design. Particularly, we define
a figure of merit (FoM) as

21
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where Apy, refers to the physical aperture of the N-port
antenna, A, refers to the antenna effective aperture of the
nth port, and G, refers to the realized gain of the nth port.
According to the definition of FoM (21), large FoM implies
more antenna ports and/or higher antenna gain given a fixed
antenna area, which is beneficial to increase the average output

dc power as shown in Section II. Therefore, we include the

FoM in Table I and we can find that our proposed rectenna
has the highest FoM, again showing the good performance of
our directional multiport rectenna design. Furthermore, we can
stack two 4-port pixel patch antennas back to back as proposed
in [17] to double the number of antenna ports without affecting
the antenna area and gain, so that the FoM can be further
doubled. Besides, our rectifier has good RF-to-dc efficiency at
the low input RF power. Therefore, the proposed 4-port pixel
patch rectenna is well suited for ambient RF energy harvesting.

VI. CONCLUSION

We have shown that for ambient RF energy harvesting the
average output dc power increases nonlinearly with antenna
directivity and increases linearly with the number of antenna
ports through analysis and numerical simulation. Therefore to
maximize average output dc power the number of antenna
ports should be maximized as well as the antenna directivity.
However, the increase in harvested energy through adding
additional antennas in a fixed area or volume does not come
without physical limits such as mutual coupling. Besides,
increasing directivity increases antenna size. So the design
challenge is to fit as many compact antennas into the fixed area
or volume with the lowest mutual coupling acceptable for RF
energy harvesting with highest directivity possible. Meeting
this challenge opens up the possibility of utilizing ambient
RF energy harvesting for IoT applications.

Motivated by these findings and challenges, we have de-
veloped an optimized directional multiport rectenna system to
maximize the average output dc power. It operates at GSM-
1800 frequency band and consists of a 4-port microstrip pixel
patch antenna, four single series diode rectifiers, and parallel
dc combining. The 4-port microstrip pixel patch antenna has an
average antenna size for each port of 0.3\ x 0.3\ and realized
gains of 5.5 dBi for each port. The single series diode rectifier
shows good impedance matching and high RF-to-dc efficiency
of 11.9% at -30 dBm, 33.4% at -20 dBm, and 51.3% at -10
dBm.

We compare the proposed 4-port pixel patch rectenna with
two reference rectennas, a single-port monopole rectenna and
a single-port patch rectenna. Measurement results show that
the proposed 4-port pixel patch rectenna increases average
output dc power by up to 4.5 dB compared with the single-
port patch rectenna and by up to 6.2 dB compared with the
single-port monopole rectenna. It also shows that the parallel
dc combining circuit has an efficiency of around 80%. We also
measure the proposed rectenna and the two reference rectennas
in a real ambient environment. Measurement results show that
the proposed rectenna can achieve an output dc power of 11.2
#W which is five times higher than that of the two reference
rectennas.

Future work could include the extension to multi-
band/broadband and multi-polarized directional multiport
rectennas to further increase the output dc power for ambient
RF energy harvesting.
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TABLE I

COMPARISON OF THE PROPOSED RECTENNA AND RELATED WORK

. Average antenna size | Port . . # Rectifier RF-to-dc
Ref. Frequency (GHz) of each port in \** No. Realized gain FoM efficiency performance
Dual-band 187 dBi@0.015 GHiz 13%@-20 dBm, 0.915 GHz
: }
(14] 0915, 2.45 0.18x0.18x0.18 ! 4.18 dBi@2.45 GHz N.A. 10%@-20 dBm, 2.45 GHz
Dual-band 33%@-15 dBm, 0915 GHz
[15] 0915, 2.45 N.A. ! B N.A. 21%@-15 dBm, 2.5 GHz
— 815 dBi@0.94 GHz, Pori 1,2 37.3%@-20 dBm, 0.94 GHiz
[17] pospeband | 0.39x0.44 2 7.15 dBi@1.84 GHz, Port 1, 2 3.03 20%@-20 dBm, 1.84 GHz
94, 1.84, 2. 8.15 dBi@2.14 GHz, Port 1. 2 14%@-20 dBm, 2.14 GHz
Tt 7 dBi@2 GHz 0% @2 GHz
[18] P b 0.8x0.8 1 5.5 dBi@2.5 GHz 0.62 7% @2.5 GHz
» 23, 3. 9.2 dBi@3.5 GHz 5% @3.5 GHz
uad-band 16%@-20 dBm, 0.9 GHz
t 6 dBi 15%@-20 dBm, 1.8 GHz
(19] %91’ 1223‘ 0.3x0.3 1 from 0.9 to 3 GHz N.A. 14%@-20 dBm. 2.1 GHz
1,2 14%@-20 dBm. 2.4 GHz
75 dBi@0.55 GHz 75%@-20 dBm, 0.55 GHz
Hexa-band 3.1 dBi@0.75 GHz 20%@-20 dBm, 0.75 GHz
0.55, 0.75, 3.6 dBi@0.9 GHz 25%@-20 dBm, 0.9 GHz
(201 0.9, 1.85, 03%0.3 ! 5 dBi@1.85 GHz 1.57 15%@-20 dBm, 1.85 GHz
2.15, 2.45 5 dBi@2.15 GHz 9%@-20 dBm, 2.15 GHz
45 dBi@2.45 GHz 5%@-20 dBm, 2.45 GHz
o R | e [ heie  w | neamend
Broad-band higher than 2 dBi 35.2% @4.7 dBm, 0.98 GHz
(22] 098, 1.8 0.27x0.23 1 from 0.98 to 1.8 GHz 2.03 6%@5.4 dBm, 1.8 GHz
Single-band . 35% @-10 dBm, 2.45 GHz
[24] v 0.57x0.56 6 5 dBi@2.45 GHz, Ports 1-6 0.79 129 ®20 dbm 243 GHL
Singlo-band _ 35%@-10 dBm, 1.84 GHz
28] o 0.42x0.42 4 3.3 dBi@1.84 GHz, Ports 1-4 0.96 21.5%@-20 dBm, 1.84 GHz
' 5.1%@-30 dBm, 1.84 GHz
Sineloband 383 dBi@1.84 GHz, Port 1 31.5%@-10 dBm, 1.84 GHiz
[29] meles 0.2x0.34 3 236 dBi@1.84 GHz, Port 2 2.57 21.1%@-20 dBm, 1.84 GHz
' 3.90 dBi@1.84 GHz, Port 3 6.9%@-30 dBm, 1.84 GHz
552 dBi@1.8 GHz, Port 1
. ; : 51.3%@-10 dBm, 1.8 GHz
This work Single-band 03%03 4 3.24 dBi@1.8 GHz, Port 2 3.12 33.4%@-20 dBm, 1.8 GHz
18 537 dBi@1.8 GHz, Port 3 D o o, 8
5.75 dBi@1.8 GHz, Port 4 o >

* Central frequency of each band for multi-band rectenna, whi

**\ is the wavelength referring to the lowest frequency of antenna operation.
T The antenna is not a planar antenna, so it is not applicable to find the FoM.
1 The antenna size does not include the reflector plane, so it is not applicable to find the FoM.
# For multi-band/broad-band antenna, we only consider the FoM at its lowest frequency of antenna operation.

Ie Towest and highest operating frequency for broad-band rectenna.
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