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Abstract-Microwave rectifier design with tunnel diodes for
energy harvesting are presented in this paper. Addressing the low
efficiency of rectifiers based on common Schottky diodes in low
power level, rectifiers with tunnel diodes show higher efficiency at
low power levels. The I-V characteristic curve of a tunnel diode is
different from that of a Schottky diode, marking the conventional
rectifier model unsuitable for rectifiers based on tunnel diodes. To
address this issue, this study conducted simulations and
calculations using a new rectifier model based on the I-V
characteristic curve of diodes, which was verified by the proposed
rectifier.
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I. INTRODUCTION

Due to the rapid development of wireless networks,
electromagnetic signals from wireless communication,
Bluetooth, broadcast, and WIFI are distributed in every corner
of our lives, which leads to an increasing of electromagnetic
power density in space. The emergence of the Internet of
Things requires the use of a large number of wireless sensors,
and the power supply for large-scale sensor networks remains a
restricting factor in its development[1]. The harvesting and
utilization of electromagnetic wave energy in space can power
these sensors. Therefore, researchers are studying energy
harvesting (EH) technology[2] as well as large power and
dynamic range rectifiers [3][4].

In the context of low-power rectifying technology, the power
density of the receiving antenna is typically in the range of
uW/cm?, and the input power of the rectifier is usually in the
pW range. The primary objective of rectifier design is to
maximize the output of DC power[5][6]. However, achieving
high-efficiency rectification at low-power levels is challenging
due to the limited nonlinearity of diodes.

To enhance the efficiency of rectifier circuits at low power,
researchers have explored numerous viable approaches, with
one of the most common being the selection of diodes known
for their superior performance. Currently available options
include the HSMS285x series by Avago Technologies and the
SMS7630 series by Skyworks. However, these diode series
suffer from the disadvantage of elevated threshold voltage,
which consequently leads to reduced rectification efficiency,
particularly at extremely low power levels.

Hence, searching for a Schottky diode with a low turn-on
voltage can effectively improve rectification efficiency at low
power. According to reference [7], the VDI ZBD diode
demonstrates promising characteristics. At a forward current of
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100 pA, it exhibits an opening voltage ranging from 45 mV to
95 mV. When operating at a frequency of 1.9 GHz and with an
input power of -30 dBm, the rectification efficiency reaches
11.2%, whereas the rectification efficiency of the SMS7630
diode is 8%. Moreover, the VDI ZBD diode finds application
in low-power rectifiers covering frequencies from 24 GHz to
81 GHz and 94 GHz.

Apart from Schottky diodes, researchers are also exploring
alternative types of low-power rectifier diodes. They have
developed models for the tunnel diode MBD2057,
implemented them in low-power rectifiers operating at 28 GHz.
According to reference [8], a comparison was made regarding
the rectification efficiency of the GI401A tunnel diode and the
HSMS285B Schottky diode at 2.4 GHz. Across the power
range from -10 dBm to -40 dBm, tunnel diodes can achieve up
to a maximum rectification efficiency of 12.6%, whereas
Schottky diodes exhibit an efficiency of only 6.53%. In
reference[9], researchers designed a GaAs tunnel diode for
low-power rectification, eventually achieving an efficiency of
18.2% at -30 dBm.

Firstly, this study shows the SPICE model of a tunnel diode
and discusses its corresponding I-V characteristic curve. Next,
the study performs calculations, simulations, and discussions
on rectifiers based on tunnel diodes.

1I. SPICE MODEL OF TUNNEL DIODE

G

Fig. 1 SPICE model of tunnel diode

Fig. 1 illustrates the equivalent circuit model of a tunnel
diode, comprising five components, namely, diode core
parameters and packaging parameters. Here, C; represents the
junction capacitance of the diode. R; correlates with the
nonlinear I-V characteristic curve of the diode and regulates
the current through voltage control. R, denotes the series
resistance. Additionally, C, and L; introduce parasitic
capacitance and inductance to the diode's packaging.
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Fig. 2 I-V characteristic curve of tunnel diode

The I-V characteristic curve of the tunnel diode is shown in
Fig. 2, which differs significantly from the I-V characteristic
curve of the Schottky diode. Under reverse bias, the diode
current increases monotonically with voltage. Under forward
bias, owing to the quantum tunneling effect, the current
initially increases with voltage, reaching its maximum value, I,,
at V=V,. Subsequently, the current value decreases with
increasing voltage, reaching its minimum value, Iy, at V=V7y,
where the resistance in this region exhibits differential negative
resistance. With further voltage increase, the current exhibits
characteristics similar to a Schottky junction.

I11. SIMULATION AND CALCULATION

With its lower power loss compared to other tunnel diodes,
the tunnel diode MBD2057 offers advantages in low-power
rectifier circuits. This study will present the design of a low-
power rectifier circuit utilizing the tunnel diode MBD2057 as
the rectifier diode and perform calculations and analyses of the
losses and efficiency during the rectification process.

TABLE 1
PARAMETERS OF MBD2057
R 15Q G 0.3 pF
G 0.12 pF L 0.61 nH

Table 1 presents the key parameters of tunnel diode
MBD2057, with the model shown in Fig. 1. The characteristics
of R; closely resemble the I-V characteristic curve, and
therefore, it can be simulated using polynomials. In this study,
a 6th-order polynomial is utilized:

Iy =ay+aly, +a2VR2j + a3V,fj +a4V,?j +a5VR5j +a6VR(’j (1

The coefficient g; is given in Table II.

TABLE II
POLYNOMIAL COEFFICIENT OF MBD2057
ay a a as ay as s
0 0.01154 | -0.1269 | 0.4509 | -0.319 | -1.124 1.638

The rectifier circuit employs a straightforward parallel diode
configuration, as depicted in Fig. 3. The parallel rectification
circuit utilizing tunnel diode MBD2057 comprises an input
isolation capacitor, a matching network, a parallel diode, an
output low-pass filter network, and a DC load. We utilize

electromagnetic simulation software for simulating the rectifier,
with a particular emphasis on observing the efficiency trend of
the rectifier circuit as power varies. To accurately simulate the
rectification performance of the tunnel diode, other circuit
components introduce no losses except for the diode.

A

Fig. 3 Schematic of rectifier based on tunnel diode

The rectifier operates at a frequency of /~=2.4 GHz, with a
load resistance (R;) of 1000 Q. The input power range is P, = -
20 dBm to 0 dBm. Firstly, the matching network at the input
port is optimized to match the source impedance of 50 Q. The
IS11] of the rectifier, shown in Fig. 4, demonstrates that when
the input power is between -17 dBm and -2 dBm, the |Sii| of
the circuit is less than -10 dBm, indicating a good match.
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Fig. 4 |Si| of the rectifier

Regarding tunnel diode rectification, research in this area is
currently limited, with no comprehensive circuit model
analysis available. Since tunnel diodes have no conduction
angle and reverse breakdown angle, conventional rectifier
models based on the conduction angle of Schottky diodes are
no longer applicable to tunnel diode rectifier. In this section,
we employ the rectifier model based on the diode I-V
characteristic curve [10] for calculating and analyzing the
tunnel diode rectifier. The simulation and calculation
efficiency are illustrated in Fig. 5(a).

Fig. 5(a) illustrates the output DC voltage and efficiency of
the tunnel diode MBD2057 rectifier within the power range
from -20 dBm to 0 dBm. The figure demonstrates the
consistency between the calculation and simulation results. The
rectification efficiency reaches its maximum of 28% at an
input power of -12 dBm. However, the rectification efficiency
rapidly decreases when the input power is below -12 dBm.
Furthermore, at an input power of approximately -10 dBm, a
notable discrepancy is observed between the calculation and
simulation results. To analyze the underlying reasons, we
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conducted a simulation of the spectrum for the tunnel diode
MBD2057 during the rectification process, with the results
displayed in Fig. 5(b).
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Fig. 5 (a)Simulation and calculation results of efficiency and dc voltage and (b)
simulated spectrum of the rectifier when f/=2.45 GHz
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At both -20 dBm and 0 dBm power levels, the harmonics
generated by diode rectification exhibit significantly smaller
amplitudes compared to the fundamental wave, aligning with
the assumption of harmonic behavior in the circuit model
based on the diode's I-V characteristic curve. As a result, the
calculation and simulation results exhibit relatively consistent
behavior, considering the assumption of a perfectly matched
circuit during calculation, with the calculation results tending
to be slightly larger than the simulation results. At an input
power of -10 dBm, the amplitude of diode harmonic becomes
relatively significant, leading to a notable discrepancy between
the calculation and simulation results. While, the overall trend

of change remains consistent.
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Fig. 6 (a)Simulation and calculation results of efficiency and dc voltage and (b)

simulated spectrum of the rectifier when /=10 GHz

Because the tunnel diode exhibits excellent performance at
high frequencies, it can be effectively utilized in the rectifier of
the X band. Therefore, we once again employ the tunnel diode
MBD2057 in the X-band rectifier. The circuit structure
remains consistent with Fig. 3, operating at a frequency of /=10
GHz, a load R; of 1000 Q, and an input power range of P;=-20
dBm to 0 dBm.

Similarly, we initially optimized the matching network to
achieve optimal impedance matching, resulting in very small
reflection coefficient. Subsequently, we simulated and
calculated the rectifier. Fig. 6(a) shows the simulated and
calculated DC voltage and efficiency, indicating a high level of
agreement between the simulation and calculation results. The
efficiency of this circuit surpasses 12% at an input power of -8
dBm. However, the efficiency of the circuit significantly
decreases for power levels below -12 dBm.

Fig. 6(b) displays the spectrum of the tunnel diode
MBD2057 during the rectification process at various input
power levels, where the higher harmonics exhibit significantly
smaller amplitudes compared to the fundamental wave. This
characteristic contributes to the consistency between the
simulation and calculation results.

IV. CONCLUSIONS

This study proposed an analysis of rectifiers based on tunnel
diode in low-power level. Firstly, by studying the SPICE
model and I-V characteristic curve of tunnel diodes, it is
demonstrated that tunnel diodes are suitable as rectifying
diodes for low-power applications. Next, the simulation and
calculation of rectifiers based on tunnel diodes operating at
different frequencies are presented. When the rectification
harmonics are low, the results of simulation and calculation
show good agreement.
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