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Abstract: Power splitting of the input radio frequency (RF) signal is used to improve the efficient power range of a RF rectifier.
Direct current (dc) power at the output of every rectifying branch is then combined over a resistive load and thus resulting in a
single dc output. The enhancement in efficient power range, over which the power conversion efficiency (PCE) remains = 50%,
is determined to be 2.8 dB. The article starts by a theoretical analysis that addresses the negative effects of the diode's
breakdown voltage, formulates an equation that predicts the maximum output dc voltage at saturation, and introduces a method
that can improve the PCE of a typical shunt-type diode rectifier at low power levels. As a result, a rectifying system is designed
and tested as a proof of concept. The proposed circuit, with the enhanced power range, is designed to operate within the power
span from —=10 dBm up until 10 dBm. Such system is suitable for operation in RF wireless energy transfer and energy harvesting

applications.

1 Introduction

The ability to wirelessly charge an electronic device has become a
necessity especially when such devices are deployed in hard to
reach areas or at distant locations as in the case of wireless sensor
networks. One possible solution is to rely on radio frequency (RF)
energy harvesting by making use of ambient or dedicated RF
waves to provide energy to low-power electronic devices [1-3].
For either case, a rectenna that is a combination of an antenna and
a rectifier is required. The antenna receives the RF signal, while the
rectifier converts it into direct current (dc) with certain power
conversion efficiency (PCE). A PCE is defined as the percentage
ratio of the generated dc power by the rectenna to the input RF
power.

Researchers have resorted to several techniques to implement
highly efficient rectifiers for either wireless energy transfer or
energy harvesting applications. For example, a differential rectifier
with  self-biasing and enhanced dynamic range (D.R.)
characteristics is designed in [1]. Another differentially fed
rectenna is also proposed in [4] to ensure successful wireless power
transmission and harvesting. Full wave rectification [5], power
combining rectenna array [6, 7], power splitting for breakdown
enhancement [8, 9], and optimisation techniques such as genetic
algorithms [10] are used to achieve maximum rectification
efficiency for stationary and moving objects. Complementary metal
oxide semiconductor (CMOS)-based rectifiers can also be
implemented to achieve high efficiency as detailed in [11, 12],
while a multi-band rectifier is proposed in [13] by resorting to a
pseudomorphic high electron mobility transistor switch, which is
intended to enhance the breakdown performance of the rectifier.
Moreover, rectifiers that use automatic switching [14, 15],
resistance compression networks [16], and power-optimised
excitation waveforms [17] have been reported.

The novelty of the work presented in this paper is first based on
the concept of splitting the input RF power to delay the Schottky
diode breakdown, then combining the output dc power into a single
load. Accordingly, this improves the efficient power range of the
proposed rectifier. Such implementation is applied to a rectifying
circuit that is briefly discussed in [18], where the original circuit
topology is introduced. While initially in this paper, the concept is
theoretically analysed, the full implementation and testing of a
rectenna system are discussed for validation purposes. Another
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additional feature of the presented work is that the efficient power
range improvement is achieved by relying solely on Schottky zero-
bias diodes without resorting to any active components such as
transistor switches for instance. Moreover, this work presents a
theoretical analysis that provides insight into the non-linear
performance of the well-known shunt-connected Schottky diode
rectifier. This analysis has the objective of explaining the
breakdown voltage effects on the rectifier's operable power range.
It also aims at formulating an equation to predict the maximum
possible output dc voltage from such a rectifier. Such prediction
can be used by a designer to choose the suitable diode based on the
application's requirements. Finally, the analysis aims at presenting
a technique that enhances the PCE of this configuration at low
power levels.

In this paper, section 2 introduces the theoretical analysis
carried out over the shunt-type rectifier topology. Section 3
presents the proposed rectifier topology with the RF power
splitting/dc combining technique. Section 4 shows the measured
performance results of the fabricated rectifier. Section 5 presents
the design and implementation of a full rectenna system. Section 6
concludes the paper.

2 Theoretical analysis

In this section, the shunt-connected Schottky diode in a typical
rectifier is theoretically analysed. The circuit of a typical rectifier
with shunt-connected Schottky diode is shown in Fig. la, The
time-domain voltage and current waveforms, denoted by v4 and iy,
respectively, in Fig. 1a, are analysed due to an RF signal excitation.

2.1 Assumptions

For simplicity, perfect matching conditions are assumed between
the RF generator (with source impedance Zj,) and the single
Schottky diode. Hence, maximum available power P is transferred
to the diode. However, in practice, the impedance matching
network is not ideal and adds to the overall power losses of the
circuit. Such losses need to be considered especially if low power
operation is to be targeted by the rectifier. Moreover, referring to
Fig. 1a, the ratio of the generated dc voltage to current is — R from
the dc equivalent circuit. Ry represents the dc load resistance.
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Fig. 1 Theoretical Analysis of the shunt-type rectifier
(a) Circuit of the typical rectifier, (b) Rectifier with impedance transformer, (¢) DC
characteristics of the diode junction, (d) Equivalent circuit of the Schottky diode

However, from the RF equivalent circuit, this ratio becomes — Z;j,.
Consequently, the two resistances are assumed to be equal. This
allows the theoretical analysis to achieve its objectives, while
mitigating its complexity. To schematically model the assumption
over Ry, an impedance transformer with turns ratio (V) given by

(1) is introduced as shown in Fig. 1b, where Rjngs models the
losses due to an impedance matching network.

R
veE .

The RF source is assumed to provide a sinusoidal voltage
waveform Vj, as shown in (2)

Vin = Vpcos(2rfit) . 2)
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In (2), ¥, denotes the peak of the voltage excitation signal, fo
denotes the fundamental frequency, and ¢ is the time variable. ¥,
and P, can be related to the source impedance Z;, as shown in (3)
[19]

V, = \8PRe(Ziy) - 3)

The equivalent circuit of the Schottky diode is shown in Fig. 1d,
where Ry and Cj denote the non-linear resistance and capacitance
of the junction, respectively. ¥y denotes the junction voltage drop
that depends on the region of operation [20]. The diode is
characterised using a linear piece-wise model whereby its R; is
assumed a short circuit during Forward Bias (F.B.) or Breakdown
Region (B.R.), hence shorting out C;, and an open circuit during
Reverse Bias (R.B.), where the effects of C; are ignored for
simplicity. These regions are defined based on the diode properties
of Vi and V., which, respectively, denote the minimum forward
voltage required for a current to conduct through the junction, and
the maximum reverse voltage that can be applied before a reverse
current starts to flow. In addition, the slopes of the lines in the F.B.
and B.R. regions are characterised by the series parasitic resistance
R of the diode as summarised in Fig. lc. R is included in the
model to account for the incurred parasitic power losses.

2.2 Case I: Vp <V,

In this case, the diode operates in the F.B. and R.B. regions only.
Fig. 16 can now be represented as shown in Fig. 2a, where the
diode is replaced by a voltage source V,; and a series resistance R.
Using circuit theory, vq and iy can be derived in both operating
regions along with the points #; and #,, which, respectively, denote
the points in time when the diode transitions from R.B. into F.B.
and when the diode leaves F.B. and goes back into R.B. Such diode
behaviour is presented in (4) through (7), where vg4, and i4, are the
waveforms in R.B. and v4¢ and i4¢ are those in F.B.

Var = larRLoss - 4)
. Vin
= R+ Rioss )
var = latRs — Vi - ©6)

= Rioss(in + Vi) + VoiRL @
™ Rioss(Rs + R) + RR.

The equations for the time points can be derived by solving for
t; in (8). Symmetry can be used to derive an expression for f,.
Equations (9) and (10) show the respective expressions for both #;
and t,

Var = = V- 3

_ T o[~ VeRross + Rr)
"Ta T Vikioss )
tL=T-1. (10)

The derived voltage and current equations along with time points #;
and #, are plotted in Fig. 2b for the special case of Pg=0 dBm, an
SMS7630 Schottky diode whose V=170 mV, Rg=20 Q and Vy,;
=2V, and Ry, of 100 Q [21]. Due to the periodicity of vq and ig,

Fourier series can be used to derive an equation for the dc voltage
V4c generated by the diode as shown in (11)—(13)

_a_1 [T
Vae =5 = T[ va(r) dt . (11)
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Vie = ! X

i o) T
/ vgrdt + / vgedt + / Vdr d[) . (12)
0 n 153

Assuming that Ryggs tends to infinity to resemble lossless
impedance matching and simplify the final Vy. equation, the dc
voltage generated is given by (13)

~|

_ Rux[Viy1 = (Vuil V)" = Vaicos™ (Vuil V)|

7(Rs+ Ry) =

Vdc

2.3 Casell: Vpz Vy,

In this case, the input RF signal can be large enough such that the
diode operates in breakdown. The B.R. region is accounted for
using the circuit in Fig. 2c. The operating regions in this case are
separated by 1, t,, #3, and #4, which, respectively, denote the points

in time when the diode leaves B.R. into R.B., goes from R.B. into
F.B., enters R.B. from F.B. and finally goes back into B.R.
Equations (14) and (15) represent the vy, and igq, waveforms in the

B.R. region:
Vab = lgpRs + Vi - (14)

= Rross(Vin = Vi) — ViR (15)
® = Rioss(Rs + RL) + RRy,

The time points can be derived as shown in (16)—(19). The derived
voltage and current equations along with time points #1, t,, #3 and #4
are plotted in Fig. 3a for the special case of Pg=15dBm, an
SMS7630 Schottky diode, and Ry of 100 Q [21]

_ T [ Ve(Rross + R)
= ZCOS ‘/pR—LOSS (16)

_ T _i[=Vwi(Rioss + RL)
= ECOS |:‘/PR—LOSS (17)
L=T-1t. (18)
t=T—1. (19)

(see (20))

Fourier series is used to derive the expression for the dc voltage
V4 across the diode as given by (20) for the special case of a
lossless matching network. The dc voltage generated by an
SMS7630 diode when Ry =100 €, along with the circuit's PCE, are
simulated using Keysight's ADS [22] and compared to the dc
voltage predicted by (13) and (20) and the PCE calculated
according to (21):

[Va(W)]*

PCE (%) = 100 x ng(v\])

@1

The comparison between the theoretical analysis and ADS
simulation is shown in Fig. 35, where breakdown is determined as
the point at which the PCE ceases to increase with an increase in
the input RF power. In Fig. 3b, this occurs when the input power
reaches 7 dBm. During breakdown, reverse current flows through
the Schottky junction and leads to increasing diode losses as
illustrated by the additional overlap between vq and ig during the
time intervals [0, ¢] and [#4, T] as shown in Fig. 3a.

Using (20) the maximum possible dc voltage that can be
generated by a diode in a shunt-type rectifier can be predicted. In
order for the output dc voltage to saturate, the input RF signal must
be large enough to cause the diode to operate in breakdown (Vp >>

a
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Fig. 2 Schottky diode's equivalent circuits and characteristics
(a) Diode equivalent circuit during forward bias (F.B.), () Diode voltage and current
waveforms when Vp<Vor, (© Diode equivalent circuit during breakdown region

Ver)- From (3) and for a constant P, increasing Zj, causes an
increase in Vp. Using this concept, (22) is derived:

. Vir — Vi
Viacemax = lim Vg = % (22)
Ziy = ©
dVin didr idr
ar = Rs+Zul g+ 23)

2.4 Effect of the source impedance

The source impedance has a direct effect on the PCE. This is
illustrated in Fig. 3¢, where the PCE for increasing Z;, values is
calculated and compared with ADS simulations for an SMS7630
diode [21].

From Fig. 3c, it is clear that the developed equations are in
agreement with simulation results. As shown, an increase in the
source (or load) impedance from 50 to 150 Q leads to an increase
in the PCE from 15.5 to 38% at 0 dBm.

Hence, a crucial property is concluded for this rectifier
configuration. While increasing the load resistance generally
enhances the output dc voltage, this does not necessarily increase
the PCE.

In fact, increasing the PCE at low power levels requires an
increase in Ry and Zj,. This is explained by the fact that a higher
Ry generally increases the input resistance of the rectifier but
worsens the impedance matching. Increasing Z;, simultaneously
with Ry allows for higher output dc voltage with better power
transfer. This in turn allows for higher output dc power and higher
PCE.

On the other hand, this has a negative effect on the power
handling capability of the circuit. This is noticed by the PCE peaks
shifting towards lower power levels as in Fig. 3c. These findings
are consistent with those presented in [23].

RuX [\[VE — Vi = [Vb = Vi = Viicos™ (Vi/ V) + Vicos™ (Vi / Vi)

Voe = (R, + R) :
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Fig. 3 Rectifier analysis and characteristics

(a) Diode voltage and current waveforms for the large input case, (b) Calculated
versus simulated dc voltage and PCE, (¢) Comparison between the calculated and
simulated PCE curves for different Zj;, values, (d) Proposed power combining rectifier
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Fig. 4 Equivalent circuit of the rectifier during R.B.

2.5 Effects of the junction capacitance

In the previous analysis, the junction capacitance (Cj) is ignored.
This is due to the fact that during F.B. and B.R., Rj is assumed to
short out Cj. During R.B., Ry is assumed to be infinite and this
makes Cj in series with Rg. For this reason, the actual diode
voltage and current waveforms during R.B. can be derived using
the equivalent circuit shown in Fig. 4.

Assuming perfect matching and that Cj is initially uncharged,
the reverse bias current (ig;) can be derived by solving the

differential equation in (23) whose solution is given in (24). The
reverse bias voltage waveform can be derived using (25): (see (24))

Var = Rgigr + CLfidr dr. 25)
J
1 it T
Py = T / Varlgr dt + / Varlgr dt] . (26)
0 B

Equations (24) and (25) are used to analyse the diode power losses
(P4r) given by (26) during R.B. In (26), (#';) and (¢;) denote the
new time points associated with the new reverse bias voltage
signal. These are found by plotting v4. and denoting the times at
which it becomes equal to V},; for a 0 dBm signal at 1.8 GHz using
an SMS7630 diode and a 100 Q load. Py, is found to be 15.6 uW as
opposed to 445 pW diode loss during F.B. Consequently, the diode
losses are >27 times higher in F.B. compared to the R.B. region,
where the charging and discharging action of C; incurs losses in
Rg. In fact, the diode losses for a 15 dBm signal are similarly
computed during F.B., R.B., and B.R. It is found that the R.B.
losses constitute ~0.1% of the overall diode losses accumulated
during operation in all regions. Hence, Cj effects can be safely
ignored for the sake of simplicity without sacrificing accuracy.

2.6 Proposed rectifier topology

The previous analysis shows that a trade-off exists between
sensitivity and power-handling capability of a shunt-type rectifier.
Hence, a new method is proposed to enhance the efficient power
range for energy transfer scenarios, while keeping good PCE at low
power levels if ambient scavenging is required.

This method consists of splitting the input power between two
identical rectifiers such that each gets fed by 0.5xPs. Thus, the
breakdown effect is delayed resulting in a theoretical doubling of
the efficient power range. In other words, a single branch rectifier
that is optimised for efficient performance (PCE > 50%) over a
power range of (Py, to Py), as shown in Fig. 3d, maintains efficient
performance over an input RF power range of 2 x (P to Py). This
refers to a theoretical shift of the efficient power range by 10log)
(2)=3dB.

This configuration can also be used to extend the linear power
gain of a power amplifier whose 1-dB compression point could be
theoretically backed-off by 3 dB [24]. The output dc powers from
the rectifiers are combined across a resistive load resulting in a
single dc output for the system. Such single output allows this
rectifier to be cascaded with other circuitry for charging or power
storage applications.

3 Redctifier design with power splitting/combining
topology

In this section, the design of a rectifier using the power combining
topology is discussed. It is designed to operate at 1.8 GHz, which
lies within the Digital Cellular System (DCS-1800) band, and is
proposed for applications where dedicated power transmission and
energy scavenging scenarios are expected. The performance of the
proposed rectifier is estimated through Harmonic Balance and large
signal S-parameter simulations in Keysight's ADS.

The circuit is designed using microstrip technology over a 0.5
mm-thick Roger's RO3203 substrate whose dielectric constant is
3.02 and loss tangent is 0.0016. The shift in efficient power range

in(2zft ot
22Vefo % ~ 2nfcos(2af)| + 4 Vsiel Tam)
= i 24)
Rs+ R)|————— + 47 2]
" ”[(CJRS Y GRy T
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Fig. 5 Rectifier's performance compared to a single branch
(a) Layout of the proposed rectifier, (5) Simulated PCE curves

is targeted to be close to the theoretical 3 dB value, as discussed in
Section 2.

To achieve such shift, while maintaining good PCE values at
low power levels for ambient energy scavenging scenarios, the
proposed topology shown in Fig. 3d is implemented at 1.8 GHz
using SMS7630 zero-bias diodes in an SC-79 package. In order to
suppress harmonics, open-circuit stubs are adopted in both
branches of the circuit. These stubs are labelled Sy and Sy as
shown in Fig. 5a4. To improve impedance matching, while
suppressing harmonics, the stubs are determined to be of length
Ag/12 at fo. The better compactness of the proposed harmonic
termination network allows for good suppression of harmonics,
while limiting the additional power losses. This is necessary for
efficient rectifier operation.

The final layout of the resulting circuit is shown in Fig. 5a. A
1.2kQ dc load for the stand-alone rectifier results in an optimal
PCE. Hence, an optimal load of 600 Q is used with the combined
topology since its optimal load must be half that of the single
rectifier branch.

The dimensions of the rectifier shown in Fig. 5a4 are 9.5 cm x
5.9 cm. The circuit has a better power handling capability as shown
in Fig. 5b, where there is a shift of 2.8 dB between the single
branch and proposed combined branch efficient performance
responses where PCE is maximum. While the single branch
rectifier achieves PCE > 50% over a power range of 4.32 mW, the
proposed combined rectifier achieves efficient performance over a
range of 8.24 mW, which is 1.9 times, or 2.8 dB higher. The stubs
Sy and Sy improve the impedance matching, while providing ~—23
and —46 dBc suppression at the second and third harmonics,
respectively. Due to its compactness, this harmonic suppression
technique reduces power losses.

The variation of the PCE of the combined rectifier with R is
shown in Fig. 6a for several values of P,. It is clear that a 600 Q
load achieves best PCE values.

Fig. 6b shows the variation of the PCE of the proposed
combined rectifier with frequency as simulated by ADS for an
input RF power of 0 dBm. A PCE of 45% is achieved at 1.8 GHz.
For PCE > 30%, the proposed circuit covers the band [1.775-1.85]
GHz. According to [25], this frequency range can cover ~11% of
the DCS-1800 uplink channels and ~61% of its downlink
channels; because of the narrow-band nature of the single stub
matching networks, the PCE of the rectifier drops rapidly as the
operational frequency shifts away from the targeted 1.8 GHz.
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Fig. 6 Rectifier performance and results

(a) PCE of the rectifier versus load resistance, (b) Simulated PCE of the proposed
combined rectifier versus frequency for an input RF power of 0dBm, (¢) The
rectifier's fabricated prototype, (d) Comparison between measured and simulated PCE

3.1 Fabrication and measurement results

The fabricated rectifier, shown in Fig. 6¢, is designed to operate at
1.8 GHz. This circuit exhibits an efficient power range with the
ability to convert RF signals at low powers. This circuit generates
~530 mV dc, which corresponds to a 47% PCE, across a 600 Q
load at 0 dBm input power. Fig. 64 shows the measured PCE curve
of the rectifier in comparison to its simulated one. Differences
between the curves are mainly due to reactive parasitics of the
diodes' packages, which were not included in simulations.

At 1.8 GHz, the circuit achieves a measured PCE of 34% at
—10 dBm and over 50% PCE for input power values between 3 and
11 dBm. This rectifier allows operation in scenarios where low
power levels are available for transmission due to safety and
national regulations and in energy scavenging mode, where only
ambient RF signals are available for harvesting.
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Fig. 7 Rectenna system design and testing

(a) The top layer (left) and the bottom layer (right) of the used antenna, (h) The
measured and simulated reflection coefficient of the antenna, (¢) The 3D realised gain
patterns, (d) The rectenna system wirelessly lighting an LED

4 Design and implementation of a rectenna
system

A rectenna is the combination of an antenna and a rectifier. As
such, two identical antennas operating at 1.8 GHz are designed,
fabricated and measured to assess the performance of the proposed
rectenna system. The antennas are designed using a Roger's
RO3206 substrate with dielectric constant of 5.8, loss tangent of
0.0027, and thickness of 1.28 mm. The antennas are utilised to
measure the practicality of the rectifier. The antennas used here are
just examples of typical planar antennas that can be implemented
within a rectenna system. They are shown here as a proof of
concept. Other antenna types can also be used to portray the same
functional behaviour. The antenna prototype is shown in Fig. 7a.
The dimensions of the antenna are given in Table 1. Its full wave
Sy simulations that are carried out in ANSYS' Electronics Desktop
Simulator [26] and measurement results are given in Fig. 7b. The
antenna's 3D realised gain pattern at 1.8 GHz is shown in Fig. 7c.
The antenna has a maximum gain of 4.3 dB at 1.8 GHz. Both
antennas have a slotted ground plane, which allows their bi-
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Table 1 Antenna dimensions

Dimension Value, mm Dimension Value, mm
Ly 13.8 Wi 1.85

Lo 20.4 Wo 3.8

L3 38 Wa 48

Ly 26 Wy 5.8

Ls 10.1 Ws 6.8

Lg 24.7 We 7.8

Ly 60 Wy 10

Lg 60 Ws 5

0 J
-10 -5 0 S 10 15
Power [dBm|

b

Fig. 8 PCE of the full rectenna system
(a) Measurement setup for the rectenna PCE, (b)) Measured PCE results versus input
RF power for the rectenna

directional radiation. One antenna is mounted at the input of the
proposed rectifier to collect the incident RF power at the receiver
side. At the transmitter side, a ground plane is introduced
underneath a replica of the receiving antenna at a distance of 1.7
cm, which corresponds to 4,/4 at 1.8 GHz. The ground plane
directs the transmitted RF power towards the rectenna at the
receiver. This increases the realised gain of the transmitting
antenna by a theoretical value of 3 dB resulting in a total gain of
~7.7dB. Such gain allows for better signal detection and
rectification. The transmitting antenna is connected to the signal
generator with 10 dBm power level. The rectenna is positioned at
118 cm from the transmitter, way within the far field zone. A 5 mm
light-emitting diode (LED) is then connected to the output of the
rectenna to test the performance of the proposed rectifier. Using the
same transmitted power, the LED is wirelessly lit. Since the LED
requires 20 mW of dc power (dim brightness) and to limit the
transmitted power, a 10 dB LNA is connected between the antenna
and the rectifier. This is shown in Fig. 7d where the LED is lit at a
voltage of 1.82 V. Nonetheless, the rectenna's full harvesting
capabilities become more apparent when used with ultra-low
power electronic devices. The PCE of the full rectenna in function
of input power has been measured using the setup in Fig. 8a. Its
PCE results are given in Fig. 8b.

Table 2 compares our work with prior rectifiers reported in the
literature. The D.R. is compared at 30% PCE. The peak PCE is
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Table 2 Comparison with prior work

Ref. Platform Freq, GHz D.R.,dB PCE, %
30% Peak @ 0dBm

[17] PCB 6.06 21 53 35
[16] PCB 0.915/2.45 NA 43 43
[14] PCB 24 25 40 NA
[12] CMOS 0.915 2.1 32 NA
[11] CMOS 0.868 8 40 NA
[3] PCB 1.8 14 35 25
This work PCB 1.8 25 51 47

reported along with that at 0 dBm. The rectifier presented herein
maintains good D.R., while achieving good PCE results at 0 dBm.

5 Conclusion

In this work, theoretical analysis of the shunt-type rectifier
topology is presented. It serves to explain the negative
consequences of limited diode breakdown voltage over the PCE. It
also allows the prediction of the maximum output dc voltage from
a shunt-type rectifier. Furthermore, it explains how the PCE of
such a rectifier can be enhanced at low power levels. A new
rectifier topology is introduced based on power splitting and
combining techniques. This new configuration increases the power
handling capability of the efficient power range by ~3 dB. This
concept is first demonstrated through simulations then tested
through measurements conducted over the rectifier and rectenna. It
is shown that the rectifier is capable of efficiently converting
dedicated RF waves to dc with better power handling capabilities
compared to the stand-alone rectifiers.

Accordingly, a 1.8-GHz circuit is designed, fabricated and
tested. It is useful in applications where rectification is needed for
either ambient scavenging or dedicated energy transfer cases.

The circuit is also tested for integration within a rectenna that is
used to wirelessly light an LED. Finally, it is important to note that
the proposed topology enhances the reliability of the rectifier. In
case a rectifier malfunctions in one of its branches, rectification can
still take place through the other branch.
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