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Abstract - In this paper, we develop an analytical model of a
rectifier circuit that is used in wireless power transfer (WPT)
systems, considering the switching timing, ON/OFF resistance,
and load characteristics of the rectifier. The model enables us to
estimate the performance of the rectifier and optimum load
resistance that maximizes the output power and the power
efficiency. The model can be extended into Y parameter, which
is useful when we consider to develop multi-stage rectifier circuit.
By comparing the derived model with the circuit simulation, we
confirmed that the performance of the rectifier can be estimated
with high accuracy.

Index Terms — Rectifier, Load characteristic, Switch
resistance, Switching timing.

1. Introduction

A highly efficient rectifier circuit design is strongly
required to develop wireless power transfer (WPT) systems.
The output voltage and power efficiency of the rectifier
change according to load conditions. There is an optimum
load resistance that maximizes the output power and
efficiency. However, it is quite difficult to estimate the
optimum load resistance because the optimum load condition
varies with various design parameters such as an output
resistance of input voltage source, switching timing, and
switch resistance. The optimum load resistance is derived in
[2]. However, switching timing and switch resistance have not
been considered enough.

In this paper, we study the load characteristics of the
rectifier circuit, considering switching timing and switch
resistance. We model the rectifier into Y parameter to simplify
the analysis. The model gives us more realistic insight into the
rectifier design. Our model can estimate the optimum
resistance that shows maximum output power and power
efficiency.

2.  Analytical model of the rectifier
The characteristics of a rectifier is investigated. Figures 1
(a) and (b) show a schematic of the rectifier and control signal,

respectively. In response to the control signal, SW1 and SW2
turns ON alternately. The rectifier rectifies the input voltage
vin(f) and the charge is stored on the output capacitor Cr.. By
repeating the operation, we obtain DC output voltage vour(?),
which has a finite ripple voltage.

The characteristics of the rectifier circuit can be analyzed
by solving circuit equations. As shown in Fig. 1 (b), we can
define ON and OFF states as follows: (i) SW1 and SW2 are
OFFwhen 0<t¢<t, T2 -t <t<TR+t,and T—t,<t<T,
where T is a period of the control signal. (ii) SW1 and SW2
are ON when t;, <t <72 —-tiand 7/2 + t; <t < T — t;. Note
that, ON condition and t; are different with different type of
rectifiers and can be summarized as shown in Tab. I. The
circuit equations of each state are given by
dlr{+:l:(t) + (R + 10pp)irLorF(t) = 0
(i) avn(t) = CLRLON _dlm:i—otN(f) + (R + 1on)ire,on (8)
where igp, pr(t), irp,on(t), Topr and 1oy are the load current
and equivalent resistance at OFF and ON condition.

The capacitor current iy (t), or the charge and discharge
voltage of Cr, can be calculated using igy,(t). In a steady state
condition, because the total amount of charge and discharge
current are equal, the following equation is established,

T

) CLRLTOFF -

ty E_tl
J- iCL,OFF(t)dt + f iCL,ON(t)dt =0.

-t ty
From this equation, output current Iyt can be obtained when
the load capacitance Cy is infinity. The calculated output
voltage Voyr, input power Ppy, output power Poyr and the
power efficiency 1 are summarized in Tab. II. To simplify the
equations, § and ¢ are used as shown in Tab. II. The input
power is calculated by
T
Py = T}Tz{f_t; viN(¢) - iinorr(E)dE + fé_tl vN(E) - iIN,ON(t)dt}s

where iy (t) is the input current.

T T Table I
2, =2t 2, —-2tt :
Vin(®) nMOS pMOS Y N AN ON condition and ¢, of a rectifier.
w( | Type ON condition Expression of wt;
SW2 Vour Diode Vin|sinwt| b= lsin‘l Vour + 2Vry
* > bridge > Vour + 2Vy T Vin
Cross Vry
1 2 ; ; Vin|sinwt| = V- t; =—sin"t—
.f SW SW ch(t) RL lR[_(f) couple [3] il | ™ T Vin
i@ ! SWI] ON_|OFF | OFF |OFF v
SW2| OFF |OFF| ON |OFF Gate . _1. Vour
. . L Vinlsinwt| = Voyr t; s v
(a) Schematic. (b) Control signal. biasing [3] w IN

Fig. 1 Rectifier.
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*V1n : Threshold voltage
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Table II. Model of the rectifier.

Table III. Calculation and simulation conditions.

Parameter Formula Parameter Value Parameter Value
Ton o on 1705+ Toon ! Taor Type Cross couple wty sin™! (Voy/Vin)
; c T rnore)/2 Vin 1V Vg 0.59 V
TorF P.OFF T Tn,OFF Wen 13/45um Ly 0.35 um
Tp,0FFTn,0FF — Tp,0N"n,0N
o (o + 7o) (mon + Toome) 7p,0N/Th,0N 980/ 860 Tp,0FF/ Tn,OFF 31/3.0M
p,ON ( p,OFF n,ON) n,0FF f 1 kHz CL 1 mF
m— (1 — rin/Topr) * 20t
¢ EUETa—.Tra— ON/TOFF 1r R, 100 — 10M Number of 1.3
B 20N T 20 0FF B0 0N T I OFF (7 2 gy, +sin 2at, )+ ———— (200, — sin 2e0t stages
(rp.DN + 7, 0rr YFoon + Foore) 7,.0FF 11, o
Vour 2aViycoswt, /(¢ + mrgn/Ry) Tabel IV. Comparsion of the results.
V& 8a? cos? wt,
P — 1-stage 3-stages
21roN ¢ + mryn/RL
Poun VZur/Ry Ideal | MOS Ideal | MOS
7 Poyr/Piy Calc. | switch | switch | Calc. | switch | switch
Max P a?V& cos® wt, /(mprin) (Sim.) | (Sim.) (Sim.) | (Sim.)
[e10y . ’
" | Optimum R, | Rour = 1y /¢ Max Pour (UW) 60 62 180 185
2v2a cos wt, ? Optimum Ry, (kQ) 3.1 3.7 9.2 12
Max 77 \JBP ++/ B¢ — 8a? cos? wty Max 717 (%) 74 72 74 71
Optimum RL nﬁréN/\/ﬁd)(ﬁ(p — 8a? cos? wtl) Optimum Ry (kQ) 21 15 62 46
3 3-stages 250 1-stage 3-stages 100 1-stage 3-stages
—Calculation — Calculation — Calculation < — Calculation — Calculation
Ideal switch(Sim.) N S = = =Ideal switch(Sim.) Ideal switch(Sim.) > = = -Ideal switch(Sim.) Ideal switch(Sim.)
MOS switch(Sim.) /,/ 200 ——MOS switch(Sim.) MOS ‘switch(Sim.) = 80F ——MOs switch(Sim.) MOS switch(Sim.)
2 / s 7\ 9
< < 1501 e 60
~ 1-stage = / \ 2
3 o sinsimy | 31000 / £ 40
= 1k / ——MOS switchSim) | Q / ©
/ 9]
50} g 20
. o 7
0 I I I I O 1 = 1 I I
102 10°  10* 105 10° 107 102 10° 10* 10® 10° 10"  10® 10® 10* 10° 10° 107
R (Q) R (©) R (Q)
(a) Output voltage Vour. (b) Output power Pour. (c) Power efficiency 7.

Fig. 2. Load characteristics’ comparison of calculation and ideal/MOS switch simulation results.

Using the derived equations, we can estimate the optimum

load resistance that shows the maximum power and efficiency.

The optimum output resistance of the rectifier is given by
Royt = mryn/ ¢ because the output power is maximized
when the output resistance of rectifier equals to the load
resistance.

The rectifier can be modeled using Y parameter by
converting the equations shown in Tab. II. Y parameter is
expressed as,

In ] _ 1 [ B

_IOUT _an’ON —4a’COSa)t1

—4acoswt1] [ Vin ]
2¢ Vourl

By using the Y parameter, it is easy to develop multi-stage
rectifier circuit. The output resistance of n-stages rectifier is
given by nRoyt = nnrin/¢.

3. Calculation and simulation results

We evaluated our model accuracy by comparing the results
using circuit simulations. We developed 1- and 3-stage cross
couple rectifiers. In the circuit simulations, a rectifier with
ideal switches and one with MOS switches were considered.
Table III summarizes calculation and simulation conditions.

Figure 2 shows results of the output voltage, output power,
and efficiency. The simulated results with ideal switches
agreed with the calculated results. However, the results with
MOS switches slightly changed. This was because of the
parasitic loss. The results are summarized in Tab. IV. The

optimum load resistance that shows the maximum output
power of 3-stages rectifier increased three times higher than
that of 1-stage rectifier as discussed in Sect. 2. Thus, our
models are useful to estimate the performance of the rectifier
circuit.

4. Conclusion

In this paper, we developed an analytical model of the
rectifier circuit that is useful for the design of wireless power
transfer systems, considering switching timing and switch
resistance. The model enables us to estimate the performance
of the rectifier and the optimum load resistance that
maximizes the output power and the power efficiency. The
accuracy of our model was compared with the circuit
simulation and showed that our proposed model can estimate
the performance of the rectifier with high accuracy.
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