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The process of rectifying electromagnetic field 
energy in micropower rectennas based on Schottky 
diodes has been investigated in this study. One of 
the challenges in designing such rectennas is the 
lack of a consistent system of quantitative criteria 
for selecting a rectifier diode capable of providing 
high conversion efficiency at ultra-low input power 
levels while accounting for its intrinsic and par­
asitic parameters. The practical relevance of this 
task is predetermined by the need to autonomously 
power Internet of Things sensors in weak electro­
magnetic fields. 

Decomposition of loss mechanisms was per­
formed, which made it possible to distinguish the 
fundamental limitations caused by the current-volt­
age characteristic from the frequency-dependent 
and parasitic diode parameters. The study was car­
ried out using the harmonic balance method in AWR 
Design Environment. 

The calculations showed that, in the microwatt 
regime, higher conversion efficiency is achieved for 
diodes with increased saturation current due to the 
dominant role of the junction threshold properties. 
For low-barrier structures, an increase in tempera­
ture above 50°C is accompanied by a sharp rise in 
reverse leakage currents, which leads to a decrease 
in efficiency. As the frequency increases, the junc­
tion barrier capacitance and the package parasitics 
increasingly limit the achievable efficiency, espe­
cially at 2.45 and 5.8 GHz. 

Comparative modeling of commercial Schottky 
diodes revealed that, under the micropower regime, 
preference should be given to low-barrier structures 
with minimized parasitic reactances, whereas at 
higher input power levels the advantage may shift 
to structures with a medium barrier height. 

Underlying the practical value of this study is the 
compilation of recommendations for the justified 
selection of components when designing battery-free 
power supply systems for Internet of Things sensors 
operating in weak electromagnetic fields
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1. Introduction

The evolution of the Internet of Things and wireless sen-
sor networks has led to increased requirements for reliable 
autonomous power sources. In this regard, scientific research 
aimed at battery-free power supply and increasing the energy 
efficiency of conversion in weak electromagnetic fields has 
gained practical and scientific significance. With the mass 
deployment of IoT devices, the use of conventional batteries 
has become economically and environmentally problematic 
due to the need for their regular replacement and disposal [1].  
Practice has revealed the need for solutions that can be applied 

to a large number of devices without regular service. One of the 
practical approaches has been the use of wireless power trans-
fer (WPT) technologies, which are considered an important 
factor in enabling the energy autonomy of modern communi-
cation networks [2].

The technical implementation of the WPT concept on the 
consumer side is based on the use of rectennas. A rectenna is 
a combination of a receiving antenna and a rectifier circuit that 
converts the energy of an electromagnetic (EM) wave into DC 
power. Historically, rectennas were designed as receivers for 
microwave WPT systems [3] but the reduction in power con-
sumption of microelectronics since the early 2000s has made  
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the approach of harvesting energy from the ambient EM envi-
ronment to power low-power sensors practically significant [4]. 
The Wi-Fi, GSM, DTV, and 5G infrastructure forms a dense EM 
coverage that can potentially serve as an ambient RF environ-
ment. At the same time, the available power flux density level is 
often very low (0.0017…0.86 μW/cm2), which for typical recten-
na antennas corresponds to input powers Pin ≈ –20…–30 dBm 
(10…1 μW) [5]. In this range, the conversion efficiency is signifi-
cantly limited by the operating mode of the rectifier element [4]. 
Unlike WPT systems with a powerful microwave beam [3], at Pin 
microwatt levels, the voltage on the diode becomes comparable 
to its threshold properties, so the efficiency becomes strongly de-
pendent on the input power level. At high incident power levels, 
efficiency values of more than 70–80% are possible [4, 6], while 
when approaching microwatt levels, a sharp drop in efficiency is 
observed [6]. This has formed a separate scientific and technical 
task to ensure acceptable efficiency precisely in the region of 
ultralow input power levels.

Therefore, designing rectennas capable of operating effec-
tively at ultralow energy levels is a condition for increasing 
the sensitivity of energy harvesting systems at input powers 
below –20 dBm. Solving this task requires systematization of 
engineering criteria for selecting a semiconductor components 
depending on the operating mode and optimization of circuit 
solutions and impedance matching methods, which together 
make it possible to construct highly efficient systems for har-
vesting energy from the ambient RF environment. 

Thus, research on improving the efficiency of rectennas 
in the microwatt range is relevant for modern wireless sensor 
systems. Substantiation of the criteria for selecting the com-
ponents has a direct practical application.

2. Literature review and problem statement

Wireless energy transfer is considered as a set of energy 
transfer technologies using EM fields [2, 7]. In [7, 8], WPT 
methods are divided into two groups: non-radiative (induc-
tive, resonant, capacitive coupling in the near field) and 
radiative (energy transfer in the Fresnel zone or far zone). 
For radiative systems, it is advisable to distinguish between 
directional energy transfer and ambient RF energy harvesting. 
These modes differ significantly in input power levels and 
requirements for the rectifier.

In work [3], the results of studies on directional energy 
transfer by a microwave beam in the Fresnel zone are reported. 
It is shown that this mode is characterized by relatively high 
power levels. Therefore, when choosing rectifier diodes, the 
breakdown and permissible current limitations are primarily 
taken into account. However, the selection criteria devised for 
this mode cannot be directly transferred to micropower energy 
harvesting conditions and require additional clarification. Un-
der such conditions, the threshold properties of rectification 
become decisive. These conditions are typical for powering 
low-power devices in weak fields. In [4, 6], the results of stud-
ies on the ambient RF energy harvesting are summarized. It is 
noted that this mode is implemented mainly in the far zone.  
It is also accompanied by ultra-low power levels at the rectenna 
input. At such levels, even small additional losses significantly 
affect the useful energy in the load. Practical scenarios for the 
use of energy harvesting to power a large number of sensor 
network nodes and IoT devices are summarized in [1, 2].  
In these works, the approach is considered as a technically 
feasible direction.

To quantify the micropower mode, the sensitivity and effi-
ciency of rectification are used [3, 9]. The sensitivity of the rec-
tifier is defined as the minimum input power Pin min at which 
a given level of DC output power PDC is provided. In the small 
signal region Pin min is determined by the threshold nature of 
rectification. Therefore, the sensitivity is associated with the 
junction parameters and parasitic reactances of the diode 
package [4, 9]. The rectification efficiency is defined as the 
ratio of PDC to the power at the input of the rectifier path Pin.  
For comparison of different works, it is important to deter-
mine the Pin reference point. It is set at the antenna terminals, 
after the matching circuit or as the available power of the 
source. As a result, direct comparison of the energy indicators 
given in different works is often complicated. In the following, 
Pin is identified with the available power PAvail.

To explain the physical nature of losses during the conver-
sion of micropower EM fields into DC power, paper [9] reports 
the results of studies on the mechanisms of reducing the overall 
efficiency along the receiving-rectifying path of the rectenna.  
It is shown that the total losses are formed from several compo-
nents. These include losses due to the interception of EM en-
ergy by the antenna, losses due to reflection and attenuation in 
the matching circuits, as well as losses in the rectifier element. 
Additionally, effects associated with parasitic diode parameters, 
non-ideality of connections, and the appearance of harmonics 
are taken into account. The results have an important general-
izing value, but in themselves they do not reduce to formalized 
criteria for selecting the components.

A separate class of approaches is aimed at compensating 
for the low level of available power at the rectenna input.  
To do this, the power flux density is increased or the field is lo-
calized at the receiving aperture. In [10], the use of a dynamic 
metasurface aperture for controlling the field distribution was 
analyzed. In [11], a metamaterial absorber was considered, 
which increases the efficiency of absorbing ambient RF sig-
nals. Such electrodynamic solutions improve the excitation 
conditions of the receiving part. At the same time, the require-
ments for the rectifier element retain a significant impact 
under the micropower mode. Therefore, such approaches im-
prove the conditions for receiving energy but do not eliminate 
the need for a reasonable choice of the rectifier diode. 

Another direction is the use of multiband and broadband 
rectennas [12, 13]. Such solutions make it possible to use 
several frequency ranges of ambient radiation and increase 
the total available power at the rectifier input due to the 
simultaneous reception of energy in several ranges. Differ-
ential solutions are used to reduce losses in the balancing 
nodes [14, 15]. This makes it possible to abandon the balun 
in the path and reduce additional losses between the antenna 
and the rectifier. At the same time, the above approaches 
mainly reduce losses in the receiving part and matching. 
Under the micropower mode, the limitations of the rectifier 
and diode retain a decisive influence on the achievable energy 
indicators. The indicated solutions solve important partial 
problems of increasing the efficiency of rectennas but do not 
form universal rules for choosing a diode for given conditions 
of the micropower mode.

At the same time, the problem of selecting a rectifier diode 
by its parameters has already attracted the attention of re-
searchers, but mainly in a different context or within narrower  
problem statements. In particular, in [16], the influence of 
the intrinsic diode parameters on the efficiency of multi-band 
rectenna rectifiers in the range of 1.7–3.7 GHz was analyzed, 
and a significant influence of the intrinsic diode parameters 
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on the RF-to-DC conversion efficiency was shown. However, 
this approach is focused on statistical ranking of parameters 
for specific rectifier topologies and does not cover the simul-
taneous consideration of the temperature factor, package 
parasitics and regime change of the diode selection criteria in 
the case of transition from the micropower region to increased 
input power levels. In [17], the temperature dependence of 
rectifiers based on Schottky diodes for low-power applications 
was studied in detail and a significant influence of tempera-
ture on the achievable energy indicators was shown. At the 
same time, the temperature analysis in the study was per-
formed for a specific series rectifier circuit and specific diodes, 
without generalizing the results to a system of engineering 
criteria for diode selection for micropower rectifiers. 

Thus, the literature has already highlighted individual 
component problems, but the establishment of quantitative 
relationships between the intrinsic and parasitic parameters 
of Schottky diodes and the achievable efficiency and sensitiv-
ity indicators, while taking into account the frequency, input 
power level and operating temperature, remains unresolved. 
This is what determines the formulation of our study.

3. The aim and objectives of the study

The purpose of our study is to devise quantitative engi-
neering criteria for a reasonable choice of semiconductor 
Schottky diodes for rectennas operating under the ambient RF 
energy-harvesting mode. This mode is characterized by micro-
power input signal levels (typically, Pin ≈ –20 dBm), and the 
compilation of these criteria is based on establishing physically 
achievable limits of rectification efficiency. This will make it 
possible to reasonably choose the components and matching 
parameters for battery-free power supply of sensors in weak 
EM fields, taking into account the frequency and temperature 
of operation.

To achieve the goal, the following tasks were set:
– to perform parametric modeling of the influence of static 

junction parameters and temperature on the rectification effi-
ciency in the small signal region;

– to investigate the influence of dynamic diode parameters 
on the rectification efficiency and determine the conditions 
under which they become limiting for the energy characteris-
tics of the rectenna;

– to assess the influence of package parasitics on the energy 
characteristics of rectennas in the S and C bands;

– to verify the analysis results on models of commercially- 
available Schottky diodes of different classes and to assess 
the temperature stability under the ambient RF energy-har-
vesting mode.

4. The study materials and methods

4. 1. The object and hypothesis of the study
The object of our study is the process of converting the 

energy of the ultra-low-level EM field into DC power by semi-
conductor Schottky diodes. The principal hypothesis assumes 
that in the micropower range the rectification efficiency is 
limited by the threshold and parasitic junction parameters, 
which cannot be fully compensated by matching circuits. 
The study adopted assumptions and simplifications based on 
the use of idealized lossless matching circuits for an isolated 
assessment of the losses of the diode itself.

4. 2. Rectenna model for estimating losses in a recti-
fier diode

A rectenna with a single-diode half-wave rectifier was 
considered (Fig. 1).
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Fig. 1. Rectenna circuit with a half-wave rectifier

The matching network (MN) formed the required imped-
ance at frequency f0 and load conditions for harmonics, the di-
ode VD1 performed rectification, and the low-pass filter (LPF)  
isolated the DC component and interfaced the load RL.  
To estimate the upper limit of efficiency due to the diode, it 
was assumed that MN and LPF are ideal (lossless), and their 
impedance characteristics meet the conditions:

– the output impedance of MN at frequencies of higher 
harmonics (nω0, where n = 2, 3 ...) is zero:
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– the input impedance of LPF loaded on RL must be equal to:

Z n
R n

n
n

in

L
2

0

0
1

0 1

� � � � �
�

� �
�

�

�
�

�
�

�
at

at

at

,
,
.

	 (2)

Conditions (1), (2) set an idealized regime for the fundamen-
tal component and harmonics. The energy of higher harmonics 
did not dissipate in passive circuits but returned to the nonlin-
ear element. Under these assumptions, the difference between 
the supplied RF power and the usable PDC was determined 
only by internal losses and conversion processes in the diode.

4. 3. Schottky diode parameters
In rectennas, diodes with a Schottky barrier are mainly 

used. In the microwatt range, the efficiency is largely deter-
mined by the junction parameters, package nonidealities, and 
temperature changes in the characteristics. Therefore, to as-
sess their impact on the efficiency of rectennas, it is advisable 
to divide the diode parameters into three groups:

1. Static junction parameters. Within the resistive model, 
the diode behavior is described by the Shockley equation [18]

i I es

q
kTm

u
� �

�

�
�
�

�

�
�
�
1 . 	 (3)

Here, i is the current through the diode; u is the voltage at 
the diode junction; Is is the saturation current; q is the electron 
charge; k is the Boltzmann constant; T is the absolute tem-
perature; m is the ideality factor.

2. Dynamic and parasitic (frequency-dependent) parame
ters. For microwave analysis, the diode is described by an 
equivalent circuit (Fig. 2), which takes into account the series 
resistance Rs, the barrier capacitance Cj (in the micropower 
region, Cj ≈ Cj0 is approximated), as well as the package para-
sitics, Ls and Cp.
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Fig. 2. Equivalent circuit of a diode

Under the matching mode, the ratio of the total radio-fre-
quency power supplied to the diode to that part of it that is 
usefully absorbed directly in the nonlinear junction deter-
mines the parasitic conversion loss coefficient Lpar [19]
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where Rj = dU / dI – differential junction resistance.
From (4) it follows that at large values of differential re-

sistance of the junction Rj capacitive losses increase sharply. 
At microwatt levels Rj >> 1/ωCj0, therefore the RF current 
flows mainly through the barrier capacitance Cj0, bypassing 
the nonlinear junction, and the rectification efficiency 
decreases. Hence the requirement for the rectenna compo-
nents is to choose diodes with the highest possible cutoff 
frequency [19]
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Reducing Cj0 improves high-frequency performance, 
but usually requires a compromise with other structure 
parameters, in particular with Rs.

3. Temperature and operational parameters. To take 
into account the temperature effect in circuit modeling, the 
standard dependence Is(T) [20] is used
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where Tnom is the nominal temperature; T is the operating 
temperature of the junction; Eg is the band gap; k is the Boltz-
mann constant; m is the ideality factor; XTI is the temperature 
coefficient of the saturation current. 

Therefore, under conditions (1), (2), the total efficiency 
of the idealized rectenna was determined primarily by the 
junction parameters, temperature, and frequency-dependent 
parameters, which formed the basis for further parametric 
modeling and diode selection.

4. 4. Algorithm for calculating energy characteristics
The rectenna simulation was performed in the Cadence 

AWR Design Environment (AWRDE) within the framework 
of a generalized nonlinear model of the electrodynamic level 
of the WPT system [21–25], which reconciles the electrody-
namic and circuit description. The optimization was carried 
out using the Source/Load Pull method, which takes into ac-
count the dependence of the rectifier input impedance on Pin 
and makes it possible to determine the maximum efficiency 
and justify the choice of optimal matching conditions and 

components. The synthesis of the optimal complex imped-
ance within the framework of this methodology was carried 
out by numerical optimization of the objective function (ef-
ficiency maximization). A circuit model of a rectenna with 
a half-wave rectifier was built in AWRDE [26] (Fig. 3).

PORT1 in the model implemented a Thévenin equivalent 
source, which replaced the rectenna antenna. The excitation 
level was set by the available power PAvail (parameter Pwr in 
PORT1) for a source with an internal resistance Ra = 50 Ohm. 
PAvail was understood as the maximum power under condi-
tions of ideal complex-conjugate matching. It was determined 
by the no-load electromotive force ea and the active compo-
nent of the antenna impedance Ra
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Fixing Ra = 50 Ohm was essential for correct comparison 
of the rectifier boundary characteristics. Changing Ra at a con-
stant field strength would change PAvail, making it impossible 
to estimate the efficiency of the rectifier element in isolation. 
Therefore, in the model, Ra was set to be constant, the exci-
tation was determined through PAvail, and during optimiza-
tion, the reactive component of the source impedance XS and 
the load resistance RL were varied. 

The HBTUNER element (Fig. 3) simulated an ideal loss-
less matching network that formed the required ZS at f0 with-
out changing Ra and without redistributing PAvail. The optimal 
mode was determined by maximizing PDC at a fixed PAvail. 
For energy harvesting systems, the efficiency was determined 
as ηr = PDC/PAvail, since the approach to determining the 
efficiency through the absorbed power does not take into ac-
count reflection losses. The calculation was performed using 
the harmonic balance method with 7 harmonics. In this case, 
HBTUNER set lossless reactive loads for 2f0 and 3f0 (condition 
|Γ| ≈ 1) according to (1). This was due to the fact that the main 
contribution of nonlinear distortions falls precisely on these 
harmonics [19]. Taking into account higher-order harmonics 
significantly complicates the implementation of real match-
ing circuits and increases losses [27].

Capacitor C1 (Fig. 3) performed the function of the low-
pass filter. C1 = 1000 pF was chosen from the condition of 
small reactance at f0 relative to the minimum RL

X
f C

Rc L�
1

2 0 1�
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The range of rectenna excitation levels is selected ac-
cording to typical WPT scenarios [3, 12, 13]: ambient RF 
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Fig. 3. Schematic model of the rectenna
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energy harvesting and directional WPT. In the calculations, 
Pin = –20…10 dBm was assumed.

4. 5. Conditions for parametric modeling and verifi-
cation

The physically achievable efficiency limit, due only to the 
nonlinearity of the semiconductor junction, was estimated 
using an idealized resistive diode model based on the Shock-
ley equation (3) with the exclusion of frequency-dependent 
and parasitic parameters (Ls = 0, Cp = 0, 
Cj0 = 0, Rs = 0). This formulation allowed 
us to separate the fundamental limitations 
of the current-voltage characteristic from 
the influence of package parasitics and 
the diode cutoff frequency. The determin-
ing static parameters of the model were 
the saturation current Is and the ideality 
factor m. The variation of Is corresponded 
to the change in the height of the Schottky 
barrier according to the Richardson-Desh-
man equation [18].

The maximum ηr for each Pin was found numerically 
using the Source/Load Pull method. The search for opti-
mal source and load impedances was carried out using the 
Simplex optimization algorithm (Nelder-Mead method [28]).  
To ensure stable convergence of the optimization, the search 
area is limited to the values Vbr = 15 V and Ibr = 1 mA. These 
values are introduced as numerical limits, and not as data-
sheet parameters of a particular diode.

To analyze the threshold properties of the junction, the 
expression for the video resistance at zero bias was addition-
ally used [29]

R mkT
qI qIV

s s
� �

0 026. . 	 (9)

At a frequency of 2.45 GHz, three typical saturation cur-
rent levels were considered: Is = 10–6, 10–9, and 10–14 A. The 
ideality factor was varied within the range m = {1; 1.2; 1.5},  
where m = 1 corresponded to the idealized case, m = 1.2 –  
typical for commercially-available diodes, and m = 1.5 –  
a pessimistic scenario taking into account technological vari-
ation [18]. The temperature effect was evaluated for three 
temperature points of the industrial range: –40°C, 25°C,  
and 85°C.

The study of the effect of dynamic junction parameters was 
performed for the series resistance Rs and the barrier capaci-
tance Cj0. The Rs ranges were selected based on data on com-
mercially-available Schottky diodes: for low-barrier structures 
with Is ≈ 10–6 A, Rs = 20…50 Ohm is typical, for medium-barrier 
ones with Is ≈ 10–9 A – Rs = 5…20 Ohm [4]. Additionally, the 
reference case Rs = 0 Ohm was considered as the upper limit 
in the absence of ohmic losses. All dependences of this group 
were obtained at t = 25°C and m = 1. For the analysis of capac-
itive limitations, the values Cj0 = {0.05; 0.15; 0.3; 0.5} pF were 
considered, covering the range from low-parasitic structures to 
mass-market components. 

The impact of the diode design on the efficiency was as-
sessed by numerical simulation under two modes: Pin = 0 dBm 
(directional WPT) and Pin = –20 dBm (ambient RF energy har-
vesting). Three designs were considered according to reference 
data [30]: flip-chip package (Ls = 0.05 nH, Cp = 0.05 pF), SC-79 
case (Ls = 0.7 nH, Cp = 0.07 pF) and SOT-23 case (Ls = 2.0 nH, 
Cp = 0.15 pF). Frequency dependences of efficiency were stud-

ied for two values of the junction capacitance of the die: 
Cj0 = 0.05 pF and Cj0 = 0.15 pF. Additionally, the dependence of 
the optimal load RLopt on frequency was analyzed.

Verification of the conclusions of parametric analysis 
at the level of SPICE models was performed for diodes of 
different classes of barrier structures and designs: SMS7630, 
MA4E20541, SMS7621, and SMS1546. The intrinsic diode pa-
rameters of the SPICE models (at t = 25°C) and the package 
parasitics are given in Table 1.

The temperature stability of commercially-available 
structures was evaluated for the diode that provided the 
best threshold efficiency at Pin = –20 dBm. The matching 
network parameters were adjusted to maximum efficiency 
at 25°C, after which they were fixed, leaving only tempera-
ture as a variable.

5. Results of investigating  
the intrinsic and design limitations  

of rectifier diodes under the ambient RF energy-
harvesting mode

5. 1. Influence of static junction parameters and 
temperature on the efficiency of rectenna

The results of the efficiency modeling at a frequency of 
2.45 GHz are shown in Fig. 4 for three typical Is levels (10–6, 
10–9, 10–14 A). In the micropower region (Pin ≈ –20 dBm),  
a significant difference in efficiency was found depending 
on Is. For Is = 10–6 A, the efficiency was already about 
70% at Pin = –20 dBm, while for Is = 10–14 A it decreased 
to a level of about 10–15%. In the large-signal region  
(Pin   0 dBm), the efficiency curves converged and reached 
approximately 90–96%.
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Fig. 4. Dependence of the rectification 	

efficiency on Pin for diodes with different Is under 	
optimal matching

Table 1

Intrinsic diode parameters of the SPICE models and package parasitics 	
of commercially available Schottky diodes

Diode type Case Is, А m Vbr, V Cj0, pF Rs, Ohm Cp, pF Ls, nH

SMS7630 SC-79 5 · 10–6 1.05 2 0.14 20 0.07 0.7

MA4E20541 SC-79 3 · 10–8 1.05 5 0.13 11 0.1 0.6

SMS7621 SC-79 4 · 10–8 1.05 3 0.1 12 0.07 0.7

SMS1546 SOT-23 3 · 10–7 1.04 3 0.38 4 0.15 1.5
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The next step was to evaluate the influence of the ide-
ality factor m on efficiency (Fig. 5). According to Fig. 5, it 
was found that in the micropower region (Pin ≈ –20 dBm) 
the increase in m was accompanied by a decrease in the 
efficiency, and this effect was enhanced with an increase in 
the barrier height. For the high-barrier structure (Fig. 5, c) 
when going from m = 1 to m = 1.5 the efficiency de-
creased from ≈ 12.2% to ≈ 0.8%. In the large-signal re-
gion (Pin ≈ 10 dBm) a decrease in efficiency was also ob-
served for m > 1.
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Fig. 5. Dependence of the efficiency on Pin : 	
a – for low-; b – medium-; c – high-barrier structures 	

for different m

The temperature dependences ηr(Pin) for three types of 
barrier structures are shown in Fig. 6.

The obtained dependences demonstrated the different 
nature of the temperature effect for diode structures of dif-
ferent types. For the medium-barrier structure (Fig. 6, b), 
heating to 85°C at Pin = –20 dBm increased the efficiency 
from ≈ 43% (at 25°C) to ≈ 64.5%. For the low-barrier struc-
ture (Fig. 6, a) at 85°C, the efficiency at the Pin = –20 dBm 
decreased to ≈ 0.12%. When the temperature was lowered 
to –40°C for all structures, the efficiency in the micropower 
region deteriorated.
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Fig. 6. Dependence of the efficiency 	
on temperature for diodes with: a – low; b – medium; 	

c – high barriers

5. 2. Influence of dynamic junction parameters on 
the efficiency and frequency limitations

Below, the influence of dynamic junction parameters Rs 
and Cj0 on the rectification efficiency is estimated and the 
conditions under which they become limiting for the energy 
characteristics of the rectenna are determined.

According to Fig. 7, it is established that the influence of Rs 
is energy dependent. In the micropower region (Pin ≈ –20 dBm), 
the change in Rs had a weak effect on the efficiency. For  
a low-barrier structure (Is = 10–6 A), the transition from Rs = 0 
(ηr ≈ 69.1%) to Rs = 50 Ohm (ηr ≈ 68.2%) reduced the efficiency 
by approximately 1%. In the large-signal region (Pin ≈ 10 dBm), 
the influence of Rs was amplified. For the same structure at 
Rs = 50 Ohm, the efficiency decreased by approximately 7.5% 
(ηr ≈ 95.7% → ηr ≈ 88.3%).

Special attention is paid to the study of the influence of the 
barrier capacitance Cj0 on the conversion efficiency (Fig. 8). 
For a low-barrier structure (Is = 10–6 A), with increasing 
Cj0, the efficiency at Pin = –20 dBm decreased nonlinearly. 
Approximately 60% at 0.05 pF and about 31% at 0.15 pF. 
At Cj0 ≥ 0.3 pF, the efficiency in the micropower region ap-
proached zero. For a medium-barrier structure (Is = 10–9 A), 
already at Cj0 = 0.15 pF, the efficiency at –20 dBm dropped 



Energy-saving technologies and equipment

23

to fractions of a percent, and at Cj0 ≥ 0.3 pF the threshold of 
effective operation shifted to the region of higher Pin.

The frequency dependence of these limitations is shown 
in Fig. 9.
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Fig. 7. Dependence of the rectification 	

efficiency on Pin for diode structures with different barrier 
heights at different Rs

-20 -10 0 100
10
20
30
40

50
60
70
80
90

100

Рin ,dBm

ηr,%
Is  =10-6 A

Cj0=0.05 pF

0.15 pF

0.3 pF

0.5 pF

 
 

-20 -10 0 10
0

10
20
30
40
50
60
70
80
90

100

Рin , dBm

ηr,%
Is  =10-9 A

Cj0=0.05 pF

0.15 pF

0.3 pF

 

a

b
Fig. 8. Dependences of ηr(Pin) for different values of Cj 0 for: 

a – low-barrier; b – medium-barrier diodes 	
at a frequency of 2.45 GHz
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Fig. 9. Frequency dependences of efficiency for different 

values of junction capacitance and input power levels

Under the small-signal mode (Pin = –20 dBm) for Cj0 = 0.15 pF 
the efficiency decreased rapidly with increasing frequency and at 
5.8 GHz approached zero. At Pin = 0 dBm the decline was slower.

5. 3. Effect of package parasitics on efficiency
The frequency dependences of efficiency for Cj0 = 0.05 pF 

and Cj0 = 0.15 pF are shown in Fig. 10.
For Cj0 = 0.05 pF under the Pin = 0 dBm mode, the dif-

ferences between the packages were moderate. At 5.8 GHz, 
the transition from flip-chip to SOT-23 reduced efficiency by 
approximately 20%. At Pin = –20 dBm, the differences between 
the packages increased. At 5.8 GHz, the efficiency for SOT-23 
decreased to ≈ 5.6%, while flip-chip provided ≈ 26.8%.

For Cj0 = 0.15 pF, the efficiency drop in the upper part 
of the range was amplified. For SOT-23 at Pin = –20 dBm at 
5.8 GHz, the efficiency decreased to < 3%.

The behavior of the optimal load RLopt was analyzed (Fig. 11).
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According to Fig. 11, it was found that with a change in 
frequency, the optimal load RLopt shifted towards lower values.

5. 4. Verification of selection criteria on commercial-
ly available Schottky diodes

For commercially available diodes, the parameters of 
which are given in Table 1, the resulting ηr(Pin) dependences 
are shown in Fig. 12.
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Fig. 12. Efficiency vs. Pin for various commercially available 

diodes at 2.45 GHz

According to Fig. 12, at Pin = –20 dBm, the SMS7630 diode 
provided an efficiency of about 33%, while for MA4E20541 
and SMS7621 the efficiency was significantly lower (less than 
8% and about 14%, respectively). The SMS1546 diode demon-
strated the lowest efficiency (less than 3%). In the intermedi-
ate power range, the curves intersected at Pin ≈ –4 dBm, after 
which the SMS7630 efficiency began to decline. In contrast, 
the MA4E20541 reached a peak efficiency of more than 82% 
in the range of 0…2 dBm.

Since the SMS7630 diode demonstrated the best threshold 
efficiency at Pin = –20 dBm, the temperature stability was ad-
ditionally evaluated (Fig. 13).
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Fig. 13. Temperature dependence of the efficiency 	

of a rectenna

The dependence had a pronounced dome-shaped char-
acter with a maximum in the range of 25…40°C. When the 
temperature increased above 50°C, the efficiency decreased 
sharply: to approximately 6% at 60°C and to a level of < 1% 
at 70°C.

6. Discussion of results based on parametric analysis 
and compilation of practical recommendations

The results allowed us to move from individual observa-
tions to a consistent system of criteria for selecting Schottky 

diodes for micropower rectennas. The main conclusion is that 
in the threshold region Pin ≈ –20 dBm, the efficiency is deter-
mined by the physical limitations of the junction and parasitic 
parameters. These limitations cannot be fully compensated 
for by external circuits in a wide range of modes.

The saturation current Is is the basic criterion for the 
operability of a rectenna under the micropower mode. As 
shown in Fig. 4, in the range of –20…–10 dBm, an increase 
in Is reduces the video resistance (9) and thereby weakens the 
threshold rectification properties. From an engineering point 
of view, this means that the first selection of the diode is ad-
visable to do on the basis of increased Is. At the same time, the 
results in Fig. 4 were obtained in an idealized resistive formu-
lation. Therefore, they should be interpreted as an upper limit 
determined by the shape of the I–V characteristic.

The ideality factor m is the second most important criterion 
for threshold power levels. According to the results in Fig. 5, 
even with the same Is, the deviation of m from 1 noticeably 
reduces efficiency in weak signals. At the same time, the effect 
is sharply enhanced for structures with small Is. Therefore, for 
threshold sensitivity problems, the requirement m → 1 is not 
only a recommendation but a necessary condition for maintain-
ing operability in the region of –20…–10 dBm.

Temperature determines the applicability of low-barrier 
solutions. According to Fig. 6, low-barrier structures can lose 
efficiency when heated in the threshold region due to increased 
reverse currents. In contrast, medium-barrier structures can 
demonstrate better stability and even efficiency gains at the mi-
cropower point at elevated temperatures. Therefore, tempera-
ture actually acts as a criterion for choosing a barrier class. If 
the upper operating temperature of the object is potentially high, 
choosing the lowest barrier may be irrational. For room-tem-
perature and low-temperature scenarios, low-barrier diodes 
provide the maximum margin in sensitivity.

The results in Fig. 7 show a fundamentally different role 
of the series resistance Rs under the two modes:

– in the micropower region, the contribution of Rs to the 
power balance is small, since losses are proportional to the 
square of the current, so at –20 dBm Rs is usually not a deter-
mining parameter of the rectifier performance;

– under the Pin   0 dBm mode, the forward currents in-
crease to the milliampere range, and Rs becomes one of the 
main factors reducing the efficiency.

Therefore, the criterion of "minimizing Rs" is mandatory 
primarily for the directional WPT mode. For the ambient RF 
energy harvesting mode, the threshold performance parame-
ters remain mainly important.

At microwave frequencies, it is Cj0 that often determines 
whether the rectifier’s performance is maintained under the 
threshold mode. According to the results in Fig. 8, 9, at the 
threshold point Pin ≈ –20 dBm, an increase in Cj0 leads to 
the fact that the RF component of the current flows mainly 
through the capacitive path. As a result, the voltage at the non-
linear junction does not reach a level sufficient for effective rec-
tification. This limitation is local at the crystal level and is not 
eliminated by matching. From a practical point of view, it is ad-
visable to interpret the obtained criteria as frequency-threshold:

– up to ~1 GHz, the influence of Cj0 is much weaker, the 
choice is more determined by Is, m, and permissible Rs;

– at a frequency of 2.45 GHz at –20 dBm, diodes with small 
Cj0 are required, otherwise the sensitivity deteriorates sharply;

– at a frequency of 5.8 GHz under the micropower mode, 
the requirements for Cj0 become more stringent, and operabil-
ity requires very small capacitance values.
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Comparison of the results for commercially-available di-
odes with the parametric dependences shown in Fig. 4–11 
shows the consistency of the formulated selection criteria. In 
the threshold region Pin ≤ –20 dBm, the increased saturation 
current Is reduces the video resistance (9) and increases the 
sensitivity, while at the operating frequency of 2.45 GHz, the 
efficiency is additionally limited by the junction capacitance Cj0 
and the package parasitics. That is why the best threshold effi-
ciency was demonstrated by SMS7630, while the worst results 
were obtained for SMS1546 due to the combination of large 
Cj0 and the SOT-23 package with increased package parasitics. 

The simulation results shown in Fig. 10, 11 demonstrate 
that under the micropower mode, the design of the diode 
ceases to be secondary. The main mechanism for reducing ef-
ficiency is the parasitic capacitance of the package Cp, which 
creates a parallel capacitive path. At the same time, Ls makes 
a noticeable contribution through the reactance XL = ωLs. In 
combination with Cp, this forms a frequency-dependent reac-
tance of the input path, which increases the efficiency drop in 
the upper part of the range.

The practical conclusions from our results are as follows:
– for 2.45 GHz, compact SMD designs may be acceptable, but 

only under the condition of small Cj0 and moderate Cp and Ls;
– for 5.8 GHz at –20 dBm, packages with increased Cp and 

Ls become a significant limitation, therefore, designs with 
minimal reactances or flip-chip packages are advisable;

– package parasitics shift RLopt with frequency change 
(Fig. 11), which should be taken into account in multi-band 
rectennas.

Comparative modeling of commercially available diodes 
(Fig. 12, 13) showed the consistency of the formed criteria 
at the level of real SPICE models, where all parameters act 
simultaneously. At the threshold point Pin = –20 dBm, diodes 
with increased Is, small Cj0, and package parasitics (SMS7630) 
demonstrate an advantage. At the same time, in the zone of 
increased powers, the advantage passes to diodes with higher 
breakdown voltage and lower active losses (MA4E20541). 
Temperature calculation showed that for low-barrier diodes, 
the operating temperature range can significantly narrow due 
to temperature drift of the parameters.

Unlike works [31, 32] in which most attention is paid to 
the search for optimal matching impedances and synthesis 
of topologies for specific frequency ranges, our results make 
it possible to clearly distinguish losses caused by the funda-
mental nonlinearity of the junction and losses in the reac-
tive elements of the rectifier diode package. This approach 
complements the temperature analysis [17] and indicates the 
existence of a physical efficiency limit that cannot be over-
come only by circuit engineering methods without a justified 
change in the type of semiconductor structure. This becomes 
possible due to the proposed decomposition of loss mecha-
nisms, which turns the design process of micropower systems 
into a predictive engineering procedure.

The proposed system of criteria makes it possible to estab-
lish a direct relationship between the parameters of the equiva-
lent circuit of the diode (Is, m, Cj0, Rs) and the energy indicators 
of the rectifier under the threshold mode. This is achieved by 
determining the limit values of reactive and nonlinear parame-
ters, at which the efficient conversion of the energy of micropo-
wer signals into DC power is ensured. Unlike approaches based 
on iterative selection of components, our procedure makes it 
possible to screen out structures at the stage of specification 
analysis, whose package parasitics or junction capacitance 
make it impossible to obtain the target efficiency level. This ap-

proach eliminates methodological uncertainty when choosing  
components, enabling the predictability of the results when 
designing systems for ambient RF energy harvesting.

Our results make it possible to form a step-by-step proce-
dure for selecting a diode for a micropower rectenna:

1. Formalize the application requirements. Operating fre-
quency, minimum input power level Pin min, which corre-
sponds to the "cold start" mode. Permissible temperature 
range Tmin…Tmax, as well as the upper level Pin max.

2. Selection by threshold sensitivity criteria (Pin ≈ –20 dBm). 
First of all, structures with increased Is and m → 1 should be 
selected, since it is these parameters that determine the video 
resistance and threshold rectification properties in the small 
signal region.

3. Check frequency suitability by junction capacitance. For 
operating frequencies f0   2 GHz, evaluate Cj0 as a necessary 
suitability criterion, since with increasing frequency, the capac-
itive shunting of the junction becomes significant under the 
"cold start" mode. For 2.45 GHz, the practical limit is the level of 
Cj0 ≈ 0.15 pF, while for 5.8 GHz, much smaller Cj0 are required.

4. Take into account parasitic parameters of the package at 
high frequencies. In the range of 2.45…5.8 GHz, evaluate Cp 
and Ls as factors that limit the effective operating frequency 
and change the matching conditions. Preference is given to 
designs with minimized parasitic reactances.

5. Check the high-power mode (Pin   0 dBm). If large Pin 
levels are possible in the scenario, additionally limit the choice 
by Rs and Vbr. These parameters determine the efficiency and 
the upper limit of the operating range under a large signal mode.

6. Final verification in nonlinear modeling. Confirm the 
selection by nonlinear analysis and temperature test with 
fixed matching parameters to assess practical efficiency.

The limitation of this study is that our analysis was carried 
out exclusively for half-wave rectifier circuits. Although such 
conditions make it possible to determine the limiting energy 
capabilities of individual semiconductor structures, they do 
not take into account the specifics of full-wave rectifier topol-
ogies and voltage doubling circuits. In such solutions, the total 
losses increase proportionally to the number of diodes, and the 
interaction of their parasitic parameters significantly changes 
the broadband matching conditions. This indicates the need 
to conduct a comparative analysis of different rectifier topol-
ogies in further studies using the developed system of criteria.  
A separate limitation is the use of unmodulated harmonic 
signals, which was appropriate for finding fundamental limits, 
but does not cover the effects that arise when working with real 
telecommunication signals of complex spectral composition. 

Prospects for further research are to expand the formed 
criteria to multi-stage and multi-phase rectenna topologies 
used to increase the output power in the load. Of particular 
scientific interest is the verification of our results for signals 
with a high peak factor, which is typical for modern wireless 
communication standards, such as Wi-Fi or 5G. Taking into 
account the significant non-uniformity of the amplitude of 
such signals will make it possible to assess their impact on the 
dynamic resistance of the diode and clarify the requirements 
for the selection of the components for energy harvesting sys-
tems in a real ambient RF environment.

7. Conclusions 

1. The influence of static junction parameters and tem-
perature on the efficiency of small-signal rectification has been 
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established. In the micropower region (Pin ≈ –20…–10 dBm), 
the efficiency is determined primarily by the threshold prop-
erties of the junction. An increase in Is reduces the video 
resistance and provides higher efficiency. The requirement 
m → 1 is a necessary condition for maintaining operability. 
The temperature effect is non-monotonic. In contrast to the 
widespread practice of unconditional selection of low-barrier 
diodes for rectification of weak signals, it is shown that the 
temperature range of operation acts as an independent crite-
rion for choosing the barrier height. Our results are explained 
by the exponential dependence of current on voltage and the 
competition between facilitating turn-off and increasing leak-
age currents upon heating.

2. The influence of the dynamic parameters of the diode 
on the rectification efficiency was investigated and the con-
ditions under which they become limiting for the energy 
characteristics of the rectenna were determined. The role of 
the series resistance Rs has a pronounced regime character. 
In the micropower region at Pin ≈ –20 dBm its influence on 
the efficiency is insignificant, while at Pin   0 dBm it be-
comes one of the determining factors of the efficiency. The 
junction capacitance Cj0 is the main microwave limitation 
under the "cold start" mode. At a frequency of 2.45 GHz, 
an increase in Cj0 from 0.05 pF to 0.15 pF reduces the ef-
ficiency at –20 dBm from 60% to 31%. The results allowed 
us to determine the conditions under which the capacitive 
properties of the junction become limiting for effective recti-
fication under the micropower mode. The drop in efficiency 
is explained by the shunting of the high-frequency current 
through the junction capacitance, which is not eliminated 
by ideal matching.

3. The influence of package parasitics on the power charac-
teristics of rectennas in the S and C bands has been evaluated. 
Package parasitics set an additional frequency limit under the 
micropower mode. At a frequency of 5.8 GHz at –20 dBm, the 
efficiency decreases from 26.8% (flip-chip) to 5.6% (SOT-23).  
In contrast to low-frequency applications, a significant influ-
ence of the design in the micropower microwave mode was 
established. The decrease in efficiency is explained by the fact 
that the parasitic capacitance Cp acts as an additional shunt 
path, and in combination with Ls shifts the optimal load, mak-
ing standard packages ineffective.

4. Our results were verified on commercially available 
Schottky diode models; their temperature stability was as-
sessed. A comparison at 2.45 GHz confirmed the formulated 
selection criteria. The SMS7630 diode provides the highest 
efficiency at the threshold point of –20 dBm (33%) but is lim-
ited by low Vbr. In contrast, the MA4E20541 provides a higher 
efficiency of over 82% in the range of 0…2 dBm. The decrease 
in the efficiency of low-barrier diodes at temperatures above 
50°C is explained by the dominance of reverse leakage cur-
rents. Unlike empirical methods of component selection, the 
verification demonstrated the consistency of the devised engi-
neering criteria, which turns the process of a priori selection 
of the components for battery-free sensor power supply into 
an algorithmic procedure.
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