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Abstract. The aim of this work was the characterization of
the diode parameters from the single diode and voltage dou-
bler rectifiers employed in multiband rectennas. For that,
an analysis of variance was made through the 2* factorial
design for determining the effects on the RF-DC conversion
efficiency, with basis on the diode families that have been
used in this type of rectennas. For both types of rectifiers the
most influential parameters were the junction capacitance
and the saturation current. The results in the trends of the
parameter levels showed that the diode must have a high level
of saturation current and a low level of junction capacitance,
mainly. Additionally, these must have a low level of series
resistance and emission coefficient. There were no interac-
tions of the parameters for each evaluated load resistance.
Among the diode families employed in literature, there was
no particular family that complies with these criteria. There-
fore, the selection of the diode family must be made through
a trade-off between the parameters, which is accomplished
by the family SMS-763x.
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1. Introduction

Inrecent years, the radio frequency (RF) energy harvest-
ing systems have had an important development because the
RF signals from different communication systems are ubiqui-
tous. One of the most promising devices for the harvesting of
these signals is the rectenna or rectifying-antenna, which can
convert the energy necessary for supplying low-consumption
devices, for example, sensors and watches [1-3].

The rectennas have low incident power levels, thus their
RF-DC conversion efficiency must be high to avoid losses
and take advantage of all the available energy [4]. This effi-
ciency depends on the rectifier circuits used and the nonlinear
components selected [3]. The rectifiers have been designed
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for different bands of the communication systems, such as the
Global System for Mobile Communications (GSM), Univer-
sal Mobile Telecommunications System (UMTS), Long Term
Evolution (LTE), Wireless Local Access Network (WLAN),
and Interoperability for Microwave Access (Wi-Max) [1, 5].
These can be rectifiers of a single band or multiband, the for-
mer collects energy from a single frequency band in an am-
bient environment, while the latter one converts energy from
different frequency bands simultaneously [2].

The rectifiers in RF employ nonlinear elements as
diodes, which in general are of the Schottky type because
they fulfill the requirements of the RF circuits [5]. In the
design of rectennas, different diode families have been em-
ployed in recent years, being the HSMS-28xy and SMS-7630
the most widely used [1,2,5]. In most of the cases, the se-
lection of the diode family depended on the availability or
the preference of the authors, showing no particular selection
criteria. However, some research works carried out this selec-
tion through the comparison of the rectifier performance with
diverse commercial diodes, both for a single band rectifier [6]
and a multiband rectifier [7]. After the rigorous analysis of
literature, it has been detected that there are no established
selection criteria that allow to decide on a diode or a diode
family with basis on their fundamental characteristics, and
how they influence the performance of the rectifier.

In this sense, this work aims to determine a set of se-
lection criteria for diodes that permits to obtain the best con-
version efficiency for the rectifiers of multiband rectennas for
frequencies between 1.7 GHz and 3.7 GHz. This is accom-
plished through the characterization of the diode parameters
on the rectifiers, in terms of their effects in the RF-DC con-
version efficiency through the analysis of variance (ANOVA),
with basis on the diode families used in multiband rectennas.

2. Parameters of the Diodes Employed
in Rectifiers for Rectennas

In this research, two types of rectifiers were considered,
a single diode and a voltage doubler, because these have been
the most commonly used in recent years [1]. The first one is
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a rectifier of half-wave (Fig. 1(a)), whose diode D conducts
only in the positive half of the wave that charges the capacitor
C, and it keeps the voltage during the negative half-wave. The
second one is a full-wave rectifier (Fig. 1(b)) that conducts
through the diode D1 during the positive half of the wave and
the series capacitor C1 charges the capacitor C2. While in
the negative half of the wave, C1 is charged for helping C2
in the other half wave, through D2 that conducts in the same
way that D1 [8].

The fundamental parameters of the Schottky diode are
the emission coeflicient (N), the series resistance (Rs), the
junction capacitance (Cy), and the saturation current (Ig).
The emission coefficient is a constant and it cannot model
the change in the I-V characteristic curve, for convergence
its value must be higher than 0.01. The series resistance is
a constant and it does not depend on the current, the voltage,
or the temperature. The junction capacitance is an approxi-
mation of the real capacitance of the diode, especially in the
reverse bias region. The saturation current is a constant that
does not depend on the reverse bias voltage, thus the reverse
leakage current is kept constant in the reverse bias region
until the rupture voltage [8].

For the simulation of microwave electronic circuits with
basis on SPICE, AWR software was used, where the model
of the Schottky diode is shown in Fig. 2. Its current is
calculated by:

I=Iq (ew‘% —1) (1)

where gV is the charge of the electron, K is the Boltzmann
constant, and 7T is the temperature. Using the AWR soft-
ware, the variation of the RF-DC conversion efficiency is
determined in terms of the values of the Schottky diode pa-
rameters. In this way, the effects of such parameters over
the RF-DC conversion efficiency can be evaluated. In the
rectifiers previously designed in literature, different types
of diode families have been used for applications of two
bands or more, corresponding to the mobile telephony and
WLAN. These families are: HSMS-282x [9-11]; HSMS-
285x [12-17]; HSMS-286x [18, 19]; SMS-762x [20]; and
SMS-763x [21-26].

D C D:

C T R D> CZT

O *—o

O ® *—o

(a) (b)
Fig. 1. Rectifier with a single diode (a) and voltage doubler (b).

Fig. 2. Equivalent model of the Schottky diode in SPICE.

Family N [ Rs[Ql | GjIpFl Ig [A]
HSMS-282x [27] | 1.08 6 070 | 22x10°8
HSMS-285x [28] | 1.06 25 018 | 3.0x10°°
HSMS-286x [29] | 1.08 6 018 | 5.0x10°%

SMS-762x [30] | 1.05 12 010 | 40x10°8
SMS-763x [30] | 1.05 20 0.14 | 5.0x10°

Tab. 1. Parameters of the SPICE model from the commercial
diodes used in the rectennas.

The parameters of these diode families are shown in
Tab. 1, where the range of operative frequency of the diode
is also indicated.

3. The 2* Factorial Design

An ANOVA with 2 factorial design with 4 factors for
each type of rectifier was applied through the statistical soft-
ware StatgraphicsCenturion X VI, considering a level of sig-
nificance of 0.05. With this method, fewer evaluations of the
dependent variable using simulation are needed for determin-
ing the influence of the factors, which are the Schottky diode
parameters. Additionally, this method is widely used for the
selection of significant variables in an experiment [31]. The
range of each parameter is shown in Tab. 2. These ranges
were selected considering the values of commercial Schot-
tky diode parameters employed in the rectennas designed in
recent years. The simulation of the multiband rectifiers was
done in a range from 1.7 to 3.7 GHz for the operation fre-
quency and the input power of the rectifier was between —40
and 0 dBm. In the selected frequency range various commu-
nication systems can be harvested, such as the WLAN system
at 2.45 GHz, and the mobile telephony systems GSM, UMTS,
LTE, and 5G [32]. The multiband rectifiers permit to maxi-
mize the RF-DC conversion efficiency [33]. The simulation
allows to evaluate of the power output of the rectifier for
different frequency components and diode parameters. This
is employed to calculate the mean of the RF-DC conversion
efficiency for different input power levels and operation fre-
quency bands through:

100 P
TIRF-DC = Z Z " ((l])]) o] 2
== Pin

where Ppc is the effective value of the harvested power, Pi,
is the input power, m is the number of the levels from the
input power j, and 7 is the number of the frequency compo-
nents i. With these results, the influence of each parameter
was evaluated for the rectifier of a single diode and the volt-
age doubler. This allows to establish the characteristics of
the diode for obtaining the best performance in terms of the
conversion efficiency.

Parameter | Low Level [-1] | High Level [+1]
N 1.0 1.1
Rg [Q] 5 25
C;j [pF] 0.1 0.9
Is [A] 1078 107

Tab. 2. Ranges for the design parameter of the diode.



152 A. CONTRERAS, M. URDANETA, ANALYSIS OF VARIANCE OF THE DIODE PARAMETERS IN MULTIBAND RECTIFIERS ...

4. Analysis of Diodes in the Single
Diode Rectifier

The rectifier with a single diode was simulated for all the
values of diode parameters, and the results of mean RF-DC
conversion efficiency are shown in Tab. 3 for three different
values of load resistance (R). The selected values of resis-
tance were 100, 500, and 1000 Q for evaluating the one that
improves the performance of the rectifiers. Consequently,
16 runs were made for each value of load resistance to deter-
mine the influence of the 4 factors (parameters), according
to the low and high levels previously established in Tab. 2.

The results of the ANOVA for the rectifier with a sin-
gle diode are shown in Tab. 4 for load resistances 100 Q,
500 Q, and 1000 Q. It is noted that the factors saturation
current, junction capacitance, and series resistance were sig-
nificant for the performance of conversion efficiency, while
the emission coefficient did not reach statistical significance
because its P-value was higher than 0.21, which is consid-
erably above the level of significance (0.05) of the test [31].
This behavior happened in the single diode rectifier for all
the load resistances evaluated.

Concerning the influence of the main effects in this rec-
tifier, the high level of saturation current was more important
than the rest of the effects for increasing the RF-DC con-
version efficiency. In contrast, the other main effects must
have a low level to increase the efficiency. This behavior is
evidenced in Fig. 3 that shows the standardized Pareto di-
agram of the effects over efficiency for the three values of
load resistance, where the gray color indicates a high level,
and the blue color represents a low level of the correspond-
ing parameter. In Fig. 4 the influence of the main effects
for the different values of load resistance is shown, where it
was determined that the values near 100 Q permit obtaining
a higher conversion efficiency, considering the contribution
of the aforementioned parameters.

R[Q
NI N[ Rs | G| Is [pp 550 ] 1000
0 | =1 | =1 | =1 | =1 ] 386 | 361 | 265
T | =1 | =1 | =1 | +1 | 846 | 7.90 | 5.94
2 | =1 | =1 | «1 | =1 ] 238 [ 203 | 146
3 | =1 | =1 | +1 | +1 | 565 | 489 | 357
4 | =1 | +1 | =1 | =1 | 262 | 295 | 232
5 | -1 | +1 | =1 | +1 | 587 | 657 | 525
6 | =1 | +1 | «1 | =1 | 121 | 120 | 0.90
7 | =1 | +1 | +1L | +1 | 3.13 | 3.15 | 2.39
8 | +1 | =1 | =1 | =1 | 342 | 324 | 239
9 | +1 | =1 | =t | +1 | 7.83 | 738 | 5.56
10 | +1 | =t | +1 | =1 | 208 | 1.79 | 1.29
10 | +1 | =1 | +1 | +1 | 520 | 453 | 332
12 | +1 | #1 | =1 | =1 | 233 | 265 | 2.09
13 | +1 | +1 | =1 | +1 | 544 | 6.13 | 492
14 | +1 | +1 | 1 | =1 | 1.05 | 1.05 | 0.79
15 +1 +1 +1 +1 2.87 2.90 2.21

Tab. 3. Mean RF-DC efficiency 2* factorial design of experi-
ment for the rectifier with a single diode.
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Fig. 3. Diagram of standardized Pareto for the efficiency of the
rectifier with a single diode, when the load resistance was
100 Q (a), 500 Q (b), and 1000 & (¢).
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Fig. 4. Influence of the main effects in the conversion efficiency

of the rectifier with a single diode.

Regarding the interactions of the effects, there were no
interactions between the main effects, as is shown in Fig. 5,
because the lines of the effects do not cross, i.e. the results
from the low level do not intercept with the results from
the high level, presenting the same behavior, ascending or
descending.

S. Analysis of the Diodes in Voltage
Doubler

To determine the influence of the diode parameters in
the voltage doubler rectifier, it was considered that the two
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Case Source Sum of squares | Degrees of freedom | Mean square | F value | P-value
Al 40.6406 1 40.6406 125.90 0.0000
B:C;j 16.5242 1 16.5242 51.19 0.0000
R=100Q C:Rg 12.8881 1 12.8881 39.92 0.0001
D:N 0.5476 1 0.5476 1.70 0.2194
Error total 3.55095 11 0.322814 - -
Total(corr.) 74.1515 15 - - -
A:lg 38.8441 1 38.8441 137.79 0.0000
B:C; 22.302 1 22.302 79.11 0.0000
R=5000Q C:Rg 4.80706 1 4.80706 17.05 0.0017
B D:N 0.432306 1 0.432306 1.53 0.2414
Error total 3.10092 11 0.281902 - -
Total(corr.) 69.4863 15 - - -
A:lg 23.2083 1 23.2083 123.42 0.0000
B:Cj 14.421 1 14.421 79.11 0.0000
B C:Rg 1.76226 1 1.76226 9.37 0.0108
R=10000 D:N 0.228006 1 0.228006 1.21 0.2944
Error total 2.06852 11 0.188047 - -
Total(corr.) 41.6881 15 - - -
Tab. 4. ANOVA of the rectifier with a single diode.
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Fig. 5. Influence of the interaction between the main effects in the conversion efficiency of the rectifier with a single diode, when the load

resistance was 100 Q (a), 500 Q (b), and 1000 Q (c).

diodes in the rectifier had the same characteristics. Table 5 is
shown the results of the mean RF-DC conversion efficiency
for the different values of load resistance. In the same way
that it was done for the single diode rectifier, 16 runs were
made to determine the influence of the 4 factors, according
to the low and high levels previously established in Tab. 2.

The statistical behavior obtained for the voltage doubler
rectifier, was similar to the rectifier with a single diode in
terms of the influence of their parameters in the maximiza-
tion of the conversion efficiency, where the saturation current,
junction capacitance, and series resistance were the signifi-
cant factors, while the emission coefficient had no statistical
significance. Additionally, when load resistance incremented
the main effect of the series resistance was less significant, so
this effect was not significant for a load resistance of 1000 €2,
because it had a P-value higher than the level of significance
(Tab. 6). The most dominant main effect was the junction
capacitance, followed by the saturation current and the series
resistance. Regarding the trend of the levels of the parame-
ters, the behavior obtained was similar to the rectifier with
asingle diode, as it is shown in Fig. 7, higher efficiency levels
are obtained with a high level of /; and low levels of the rest

of parameters. The influence of the main effects is shown
in Fig. 8, where values near 500 Q permit to improve the
performance of the rectifier.

RI[Q

NI N | Bs | G| B —gp 5([)0] 1000
0 -1 | -1 | -1] -1 5.81 8.15 7.05
1 -1 | =1 | -1 ] +1 12.79 | 17.74 | 1543
2 -1 | -1 | +1 ] -1 2.05 2.17 1.65
3 -1 | =1 | +1 | +1 6.01 6.28 4.80
4 -1 | +1 -1 -1 3.63 6.12 5.72
5 -1 | +1 | -1 | +1 8.17 13.64 | 12.75
6 -1 | +1 | +1 ] -1 0.89 1.15 0.94
7 -1 | +1 | +1 | +1 2.96 3.74 3.07
8 +1 | -1 | -1 ] -1 5.12 7.28 6.32
9 +1 | =1 | =1 | +1 | 11.82 | 1651 | 14.40
10 | +1 -1 | +1 | -1 1.71 1.84 1.41
11 +1 | -1 | 41 | +1 5.43 5.72 4.39
12 | +1 | +1 | -1 ] -1 321 5.47 5.13
13 | +1 +1 | -1 | +1 7.55 12.70 | 1191
4 | +1 | +1 | +1 | -1 0.73 0.96 0.79
15 +1 | +1 | 41 | +1 2.66 3.39 2.80

Tab. 5. Mean RF-DC efficiency 2* factorial design of experi-

ment for the rectifier of the voltage doubler.



154 A. CONTRERAS, M. URDANETA, ANALYSIS OF VARIANCE OF THE DIODE PARAMETERS IN MULTIBAND RECTIFIERS ...

Case Source Sum of squares | Degrees of freedom | Mean square | F value | P-value
A:lg 73.2736 1 73.2736 58.50 0.0000
B:C; 79.4772 1 79.4772 63.45 0.0000
R=100Q C:Rg 27.4052 1 27.4052 21.88 0.0007
D:N 1.0404 1 1.0404 0.83 0.3816
Error total 13.7785 11 1.25259 - -
Total(corr.) 194.975 15 - - -
A:lg 135.606 1 135.606 47.23 0.0000
B:Cj 243.048 1 243.048 84.65 0.0000
R=5000 C:Rg 21.4369 1 21.4369 747 0.0195
D:N 1.6384 1 1.6384 0.57 0.4659
Error total 31.5829 11 2.87118 - -
Total(corr.) 433.312 15 - - -
A:lg 102.718 1 102.718 41.39 0.0000
B:C;j 216.531 1 216.531 87.25 0.0000
C:Rg 9.51722 1 9.51722 3.83 0.0760
R=10000 D:N 1.13422 1 1.13422 0.46 0.5130
Error total 27.3005 11 2.48186 - -
Total(corr.) 357.201 15 - - -

Tab. 6. ANOVA of the rectifier of the voltage doubler.
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Fig. 6. Influence of the interaction between the main effects in the conversion efficiency of the rectifier of voltage doubler, when the load resistance
was 100 Q (a), 500 Q (b), and 1000 Q (c).
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Fig. 7. Diagram of standardized Pareto for the efficiency of the rectifier of voltage doubler, when the load resistance was 100 Q (a), 500 Q (b),
and 1000 Q (c).
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Fig. 8. Influence of the main effects in the conversion efficiency
of the rectifier of voltage doubler.

Additionally, in the ANOVA is important to determine
the influence of the interaction between the factors (Fig. 6).
For this rectifier, the resultant lines did not converge at any
point in the evaluation space. Hence, there is no influence
of the interaction between parameters over the RF-DC con-
version efficiency in all the values of load resistance, as it
happened with the single diode rectifier.

6. Conclusions

The main contribution of this work is a set of selection
criteria for diodes that enables to obtain the best RF-DC con-
version efficiency in the rectifiers of multiband rectennas for
frequencies from 1.7 to 3.7 GHz. These criteria are proposed
considering the circuit topologies more employed in recent
years, i.e. the single diode and the voltage doubler. Such
criteria are not established in current literature, and recent
research works have selected the diode family with basis on
the availability or the preference of the authors. In order to
accomplish the objective, an ANOVA test was carried out in
this research considering four different diode parameters to
determine their influence on the RF-DC conversion efficiency
of multiband rectifiers employed in the design of rectennas
in frequencies from 1.7 to 3.7 GHz. The ANOVA test of the
four main parameters of the diode: the emission coefficient,
the series resistance, the junction capacitance, and the satura-
tion current allowed to establish selection criteria for diodes
or diode families.

According to the results obtained, it is established that
for attaining high values of RF-DC conversion efficiency in
a multiband rectifier it is necessary that the diode has a high
level of saturation current and a low level of junction capaci-
tance, mainly. Also, the diode must have low levels of series
resistance and emission coefficient. These criteria were simi-
lar for the rectifier with a single diode and the voltage doubler.

Between the diode families, which have been employed
in literature, there was not a particular family that accom-
plishes these criteria. Therefore, it permits the develop-
ment of future research focused on designing diodes with

these characteristics. Nevertheless, if it is necessary to se-
lect a commercial diode family, the selection must be made
through a trade-off between the parameters.

In the cases studied in this research, the diode family
that complies with this trade-off is the SMS-763x, in its single
diode configuration and series pair for the voltage doubler,
because these diodes have the highest values of saturation
current, the lowest emission coeflicients, and low junction
capacitances. Although their series resistances are high, this
parameter did not present a dominant influence in the RF-DC
conversion efficiency.

Finally, future works can be conducted in the evalua-
tion of the influence of the diode parameters in other circuit
topologies, which are not the most used in recent years. Ad-
ditionally, it is possible to perform this analysis for higher
frequency ranges, for example in satellite communications
on the range from 11 to 14 GHz.
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