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ABSTRACT : Zero bias Schottky diode model for low RF input power (≤ 0 dBm at antenna input port) and
moderate DC current (≥ 30 µA) RECtifying anTENNAs (RECTENNAs) is investigated. The model provides
diode parameters at the desired output DC current level to be matched with the antenna so that optimum power
transfer from antenna to the diode occurs. The model relies primarily on DC V-I diode characteristic curve
measurement results.

1.

INTRODUCTION

A rectenna is a receiving antenna combined with a rectifying circuit which converts RF or microwave power into
useful DC power. It can operate under both large and small signal (low power) conditions. In a large signal
condition (≥ 10 dBm), the efficiency for a rectenna could achieve 80% - 90%. In a small signal condition (≤ 0
dBm), however, the efficiency is quite low since the diode is not fully operated in the forward bias and because of
power dissipation in the diode.
This paper presents the experimental and simulation studies of zero bias Schottky diode model for low power,
moderate current rectenna for passive tag RFID (Radio Frequency Identification) application. In certain RFID
application, a rectenna is to supply certain output DC current and voltage to activate an Integrated Circuit (IC).
The current state of the art low power CMOS IC would require a DC voltage supply of about 1 V and DC current
of ≥ 30 µA for complex logical operations. Therefore, the issue is not only how efficient the rectenna is in
converting RF to DC power, but also what the output DC voltage and current of the rectenna are at a certain RF
input power level. An appropriate diode model that represents diode that rectifies desired DC output current
level, will allow one to design a matching circuit to provide optimum power transfer from the antenna to the
diode. The parameters for the diode model are obtained from measurement of the diode characteristic curve.
2.

DIODE MODEL

Generally in RF design, a diode can be modeled as combination of resistance and capacitance. This is shown in
Fig. 1 [1]. Rpd is the resistance of the barrier at the rectifying contact and varies with current flowing through it.
It is large in the backward bias compared to that corresponding to the forward bias. It becomes smaller as the
forward bias current increases. Rsd is the parasitic series resistance of the diode, the sum of the bondwire and
leadframe resistance. It dissipates RF energy as heat. Cj is junction capacitance arises from storage of charge in
the boundary layer. Usually, only Rsd and Cj are provided in a component databook. Rpd is only given at certain
operating current. Therefore, it is difficult to design matching circuit for this diode for operating current other
than those given in the data book.
However, by applying DC voltage across the diode and measuring the DC current, one will be able to obtain the
DC impedance of the diode Rd(ω=0) which is equivalent to the sum of Rsd and Rpd (see Fig. 1). Since Rsd is
known, Rpd can be determined. Thus, by measuring diode V-I characteristic curve, one will be able to obtain
Rpd for various diode DC current.
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Fig. 1. Diode equivalent circuit.

C d(ω)

Fig. 2. S-parameter diode model.

The model shown in Fig.1 can be simplified further to that shown in Fig. 2. Rd(ω) and Cd(ω) in Fig. 2 can be
related to the components in Fig. 1 by the following relations.
R d (ω ) = R sd +

R pd

(1)
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ω is the desired operating frequency. Note that in the limit Rpd → ∞, Cd(ω) → Cj and Rd(ω) → Rsd. This occurs
when the diode DC output current approaches zero. By providing matching circuit to the Schottky diode, utilizing
diode model in Fig. 2, optimum power conversion efficiency can be achieved at the desired DC output current.

3.

MODELING EXAMPLE : HSMS-8101 SCHOTTKY DIODE MODELING

From HP Communications Components data book [2], Rsd for HSMS-8101 is 4 Ω. Cj is 0.23 pF. Rpd as a
function of diode current is obtained from the measured diode DC V-I characteristic curve. The resulting V-I
curve is displayed in Fig. 3a. Figure 3b illustrates the dynamic resistance Rd(ω=0) versus diode current.
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Fig. 3. Diode characteristic : (a) Measured diode DC V-I trace (b) Rd(ω
ω=0) vs. diode current.

In our rectenna design, we are interested in 20 µA - 100 µA diode current range. The Rd(ω=0) (from Fig. 3b)
ranges from 2 kΩ to 8 kΩ. For simplicity, we will use midpoint range Rd(ω=0). Since Rpd is much larger than
Rsd in this current range, it is safe to assume that Rpd ≈ Rd(ω=0). At midpoint, this is approximately equal to 5
kΩ. For 1.3 GHz operating frequency, by utilizing Eqs. (1) and (2) and the parameters obtained from data book
and measurement, one should be able to get the equivalent Rd(ω) and Cd(ω) for a matching circuit design
simulation purpose. For this case, Rd(ω) ≈ 60 Ω where Rsd has been taken into account, and Cd(ω) ≈ 0.23 pF.
These values are utilized in the MDS to design matching circuit for the antenna to the diode.
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4.

RESULTS

The matching circuits for the diode was designed on FR-4. The dielectric constant ranged from 4.2 to 4.8. The
loss tangent was 0.018 and the thickness was 0.78 mm (31 mils). The resonant frequency was 1.327 GHz and the
matching circuit design was optimized using MDS. A sketch of the overall rectenna circuit equivalent is shown in
Fig. 4. A variable load resistance RL and a 1 nF short capacitance C were added to the rectenna circuit
configuration to give the flexibility to control DC output current. Vout is a rectified DC voltage output.
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Fig. 4. Circuit representation of the rectenna circuit.

S11 of the rectenna rectifying circuit was obtained by connecting the rectifying circuit input port to the network
analyzer. The frequency was swept from 1 GHz to 2 GHz. For RF to DC conversion measurement purpose, the
signal was injected into the rectifying circuit by using signal generator. The input power was -10 dBm. The DC
output voltage was measured across the load resistor. The load resistor was varied such that the current flowing
through the load was between 20 µA - 100 µA.
Figure 5 illustrates the simulation and experimental S11 for 10 kΩ load resistor (The peak voltage at resonance
was 0.45 V, hence the DC current was 45 µA). In the simulation, parasitic capacitance and inductance for the
diode case was added to enhance accuracy. The simulation and experiment are in agreement. If the parasitic
elements were not included in the simulation, the measured and simulation resonance would occur at different
frequencies.
Figure 6 illustrates Vout versus frequency for different load resistance. Note that the peak voltage shifts to higher
frequencies as the load resistance increases. This is due to Rpd variation as a function of current. As the load
resistance increases, the DC current decreases which causes Rpd to increase. This virtually lower the capacitance
value Cd(ω) and hence shifts the resonant frequency to higher values as the resonant frequency ω is related by
1
.
ω=
LC d (ω )
Figure 7 illustrates the performance of the rectenna at low power (≤ -10 dBm). The rectenna was placed 2.5 m
away from the transmitter. The transmitting antenna gain was 7 dB. The input power to the transmitting antenna
was varied from 0 - 20 dBm. Pr is the power available at the receiving rectangular patch antenna port which is
connected to the rectifying circuit. 10 kΩ load was used for the measurement. At -10 dBm, the conversion
efficiency is about 25%. The conversion efficiency drops below 10 % when the Pr is below -16 dBm.
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Fig. 7. Rectenna efficiency at various received power level.

SUMMARY

A diode model for low power, moderate current rectenna circuit is presented. The parameters of the diode model
are obtained from the diode DC characteristic curve measurement. The model yields good agreements between
MDS simulations and measurements. This model is useful in designing a rectenna circuit which can achieve
optimum efficiency at the desired DC output current operation.
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