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RF-DC conversion efficiency improvement
for microwave transmission with pulse

modulation

TAKASHI HIRAKAWA, CE WANG AND NAOKI SHINOHARA

Microwave power transfer (MPT) can solve certain types of problems. For example, Internet of Things requires a flexible
configuration of sensor networks, which is hindered by wired-charging sensors. This problem can be overcome by MPT
techniques. However, the transmission efficiency of MPT is lower than that of wired transmission. This study focuses on
the operation of rectifiers having a pulse-modulated input signal. Although a pulse-modulated wave is effective for improving
the RF-DC conversion efficiency, the output voltage waves of rectifiers have a high ripple content. Moreover, the harmonic
balance method cannot be used to simulate the operation of a pulse-modulated rectifier. To reduce the ripple content, a
smoothing capacitor should be connected in parallel to an output load. We investigated the influence of a smoothing capaci-
tor, the general characteristics of rectifiers under pulse-modulated waves, and the effectiveness of using pulse-modulated waves
for improving RF-DC conversion efficiency. In conclusion, we reveal a necessary condition of the smoothing capacitor for
improvement, demonstrate the effectiveness of pulse modulation, and show that the optimum impedance with a pulse-
modulated wave input is an inverse of duty ratio times as compared to that with continuous wave input.
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. INTRODUCTION

Microwave power transfer (MPT) can provide solutions to
some critical problems. Currently, the necessity of the
Internet of Things (IoT) technique is increasing. IoT requires
a flexible configuration of sensor networks, which is hindered
by wired-charging sensors and MPT can be the solution. MPT
techniques have been improved [1, 2]; however, there are
some shortcomings, namely the lack of interference with com-
munication and low transmitting efficiency, which will be the
focus of our study. MPT requires rectifiers for the RE-DC con-
version. Information and power transmission can be operated
at the same frequency using pulse-modulated waves [3]. On
the other hand, simultaneous wireless information and
power transmission using pulse modulation has been consid-
ered in some research [4, 5]. Since pulse-modulated waves are
compatible with the MPT system of communication, we have
used it herein (Fig. 1) [6]. The modeling, simulation, and
analytical calculation methods have been discussed previously
[7-9]. In addition, the general characteristics of rectifiers have
been studied [10, 11]. Figure 2 shows the general characteris-
tics of the RE-DC conversion efficiency [11]. The use of signals
with a high peak-to-average power ratio (PAPR) improves the
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RF-DC conversion efficiency [12]. The efficiency decreases
with a low input voltage, and a small voltage applied to the
diode is adversely affected by the threshold voltage (Fig. 2).
In contrast, with a high input, the voltage applied to the
diode exceeds the breakdown voltage, and the RE-DC conver-
sion efficiency decreases. Herein, the RF-DC conversion effi-
ciency is improved using the low input voltage. Figure 3
shows the comparison between the output voltage under con-
tinuous wave (CW) and intermittent CW (ICW) inputs dis-
playing the increasing voltage of rectifiers under the input
with a high PAPR. The application of chaotic waves [13],
ultra-wide bandwidth signals [14], multisine waves [15], or
modulated waves [16] can improve the RF-DC conversion
efficiency because these waves have a high PAPR, similar to
the pulse-modulated waves. Thus, pulse modulation is effect-
ive at improving the RE-DC conversion efficiency of rectifiers
and solving other problems. Some studies are focusing on a
pulse-modulated wave as we mentioned above [4, 5]. These
research papers focused on information transmission by amp-
litude shift keying and discussed about the output voltage
wave for simultaneous wireless information and power trans-
mission (SWIPT). Their research shows pulse modulation is at
least effective for SWIPT. This research discusses operation in
more detail and focuses on improving RF-DC conversion effi-
ciency of rectifiers. A pulse-modulated wave has two funda-
mental frequencies, repetition and carrier frequencies. The
harmonic balance method is of no use for analyzing the oper-
ation under pulse-modulated waves. To analyze the operation
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Fig. 1. Waveform of pulse-modulated waves.
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Fig. 2. Theoretical characteristics of the RE-DC conversion efficiency [2].

of the rectifiers under pulse-modulated waves, one needs to
employ the transient method since the analysis using the har-
monic balance method is difficult. In this study, the operation
of single-shunt rectifiers (Fig. 4) under pulse-modulated input
is studied. The operation of rectifiers with pulse-modulated
input was discussed previously [17]. However, this work did
not discuss thoroughly enough the details regarding the
circuit design method and the conditions for using pulse-
modulated waves. We focus on the effects of smoothing cap-
acitance and of the parameters of the pulse modulations in
this research. In addition, the effectiveness of pulse modula-
tion for improvement and rectifier operations is discussed in

detail. Our study analyzes a general operation of rectifiers
with pulse-modulated waves and shows the effectiveness of
the pulse modulation for improving the RE-DC conversion
efficiency by theory, simulations, and experiments. In add-
ition, we suggest an analytical approach for rectifiers to
design pulse-modulated waves which have low repetition
frequency.

II. THEORETICAL ANALYSIS OF
THE RECTIFIER OPERATION UNDER
PULSE-MODULATED INPUT

A pulse-modulated wave rectifier that utilizes the charging
and discharging of a smoothing capacitor significantly
impacts V,,,;. This section discusses the operation of rectifiers
as affected by a smoothing capacitor and considers the oper-
ation of the rectifiers under pulse modulation.

A) Parameters used in this paper

Table 1 shows the definition of the variables used herein. The
following equations are used to express the relations among
these variables:

Piypur = DPrr (1)
T 2
1 (7 Voue(t)
Pautput = ?j ;;l:ad dt (2)
[}
V2
P — DC
DC Rioad (3)
1 T
VDC = ? Vout(t)dt (4)
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Fig. 3. Comparison between the output voltage using the CW and ICW inputs [12].
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Fig. 4. Schematic of single-shunt rectifiers.

Mg = 52 5)
pe Pinput
Poutput
u (6)
Mout Pinput
M= maX(Vaut(t)) - min(vout(t)) (7)

Vbe

B) Discussion on the fluctuation of V,,,

The fluctuation of V,,, is caused by the charging and dischar-
ging of the smoothing capacitor. The amount of electric
charge stored during charging is designated as Q. In the
steady state, the amount of electrical charge stored during
the charging period is same as that flowing out from C,,,
during the discharging period. Hence, equation (8) is
obtained:

Q = Cout(vout(to + DT) - Vuut(to))
_ I T Vo) ®)

ty+DT Ry

Table 1. Definition of variables.

Variables Definition
Pre Power of a carrier wave (W)
Pinpur Average of input power (W)
Poutput Average of output power (W)
Ppe DC power of output (W)

Vous(t) Output voltage of rectifiers (V)
Ve DC component of V,,(t) (V)

Cin Capacitance of input capacitor (fixed as 100 pF)

Cout Capacitance of smoothing capacitor (F)

Load resistance ({2)

TRE RF-DC conversion efficiency with CW drive condition

Mpc RE-DC conversion efficiency
Nout Pinput 10 Poyspys 1atio

fr Repetition frequency (Hz)

T Repetition period (s)

M Ripple content of V,,,(t)

D Duty ratio of pulse modulation

In contrast, equation (9) is obtained:

(1—D)T. (9)

jto+T Vaut(t) dl’ < max (Vaut)
rpor Ri Ry

Therefore, the maximum value of the voltage change is
expressed using equation (10):

max(Voge) — min (Vo) = 2200) (, _pyp - (q0)
CautRL
Equation (11) is derived from equation (10):
min(VDut) (1 - D)T
—_— > (11)
maX(Vout) CoutRL

Consequently, equation (12) is derived as a condition wherein
a sufficiently small fluctuation occurs:

1—D
Cout>>Tfr~

(12)
The operation of rectifiers with the condition satisfying equa-
tion (12) is discussed in the next subsection. With the condi-
tion equation (12) unsatisfied, the output voltage wave is in
the steady state, as shown in Fig. 5. The waveform consists
of two functions, fyising and fruning. Figure 6 shows the forms
of their functions. E means the DC voltage in the steady
state with CW input, which has Pgp input power. E,,, and
E nin respectively indicate the maximum and minimum vol-
tages of an output wave under pulse-modulated input.
Herein, the change in V,,, during charging is denoted as
Srising(t) and that during discharging as funing(t). frising(t) and
Sfatiing(t) satisfy equations (13) and (14), respectively:

frising(DT + tro) _frising(tro)

(13)
z,ﬁ’alling((l -DT+ tfo) _ffalling(tfo)v

ffalling(l}fo) :frising(DT + tro)- (14)
These are the boundary conditions of a steady state. When we
know the transient operations of rectifiers during charging
and discharging, the operations of rectifiers under the pulse-

I
i
2 i
) -
<) ‘ a I I e
f§ [ S i | e
S A [ I S
7 : : franing(t = (to +DT))
/ frising(t —ta) I 1
1 i 1
1 i 1
to to+ DT to+T
Time (s)

Fig. 5. V,,, with pulse-modulated waves in the steady state.
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Fig. 6. Definition of fiising(t) and fraping(t).

modulated waves can be calculated by equations (13) and (14).
Figures 7 and 8 show the equivalent circuits at the rising and
falling edges. fyising(t) and fruing(t) can be determined by the
easy calculations shown below:

frising(t) = E(l - eXP <_ d ))a
Trising

t
(1) = Eex - : 6
f;‘allmg( ) p < Tfalling) ( )

(15)

When the C;, and junction capacitance of the diode are small,
Talling 1 €qual to Coy¢Rjoaq. In addition, equation (16) has been
discussed and used in some papers [4, 5]. The rise operation is
complex for the microwave propagation; therefore, 7,
cannot be obtained from a theoretical analysis.

C) Analysis of the rectifier with a sufficiently
large smoothing capacitor

This subsection discusses the rectifier operation under the
conditions of equation (12). The current is defined as shown
in Fig. 9. We let the average of I and V,,, be represented as
I and V,,;. In addition, the average current flowing through
the capacitor during charging is a times as large as I. When
the fluctuation of V,,,; is sufficiently small, the fluctuation of
I is also very small. Equation (17) is obtained by considering
the conservation of charge during the charging and

Rluad fr[sing(t)

Fig. 7. Equivalent circuit at the rising edge.

- R ing(t
E(f - O)I L Cout load ffalllng( )
Fig. 8. Equivalent circuit at the falling edge.
discharging of a steady state capacitor:
alD = (1 — D)I. (17)

With a sufficiently small voltage fluctuation, the apparent
impedance also has a sufficiently small change. Let R be the
resistance observed from the rectifier circuit during charging
as expressed in equation (18):

VOH[

R= @l (18)
Rioaa is represented by equation (19):
Ripad = V;ut~ (19)
Equation (20) is derived using equations (17)-(19):
R = DRypgq- (20)

Equation (20) shows that the rectifier operates under the con-
ditions of input power P;,,,; and load resistance DR; during
charging. Using mgp with Pj,,,, of input power and DR, of
load resistance, we obtain equation (21):

<

mn D; tR
out = % = nRFPinputRluad~ (21)

al | Cout :: Rioad \ I

Fig. 9. Rectifier load.
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Equation (22) is derived from equation (21):

2

V.
PDC = o = nRFPinput- (22)
load
Equation (23) follows from the above equations:
Mpc = Mge- (23)

Equation (23) shows that the RF-DC conversion efficiency
with CW having P;,,,./D can be obtained. In addition, equa-
tion (20) states that the optimum load of this condition
becomes 1/D times that under the CW drive conditions.
These equations are obtained with satisfied conditions of
equation (12) and our theory is not related to the matching
network and the value of Ry, Therefore, these equations
are generally obtained when using pulse-modulated input
and equation (12) is satisfied. Therefore, the optimum match-
ing network is same as CW input rectifiers with DRy, 4.

1. BASIC ANALYSIS OF RF-DC
CONVERSION WITH PULSE
MODULATION

The rectifier with CW, which has 10 mW of input power and a
2.45 GHz frequency drive, is designed using the harmonic
balance simulation. The parameters shown in Table 2 are
used for the board parameter setting. Figure 4 presents a sche-
matic of the designed single-shunt rectifier.

A) Estimation of the rectifier operation

The pulse-modulated waves have two basic frequencies: repe-
tition and carrier frequencies. This study exploits the carrier
frequency of 2.45 GHz and the repetition frequency is below
1 MHz. Thus, the pulse-modulated waves possess excessive
frequency components. In this case, the rectifier operation
cannot be analyzed using the harmonic balance method.
Therefore, only the transient simulation is useful for analyzing
the operation of rectifiers with the pulse-modulated input.
However, for the transient analysis, the transient simulation
requires the time step to be sufficiently small compared to
the period of the carrier wave. Hence, analyzing the operation
of the rectifiers by taking into account only one condition is
time consuming. For this reason, the output voltage waveform
is estimated using equations (13) and (14) using fising(t) and
Satiing(t). The exponential function approximates the output
voltage wave. It is estimated that fiing(t) and frung(t) can
be expressed by equations (15) and (16), respectively. Then,
the simulation result should confirm consistency of this
assumption. The output voltage of the rectifiers with a single-

Table 2. Board parameters of microstrip substrate in the simulations.

Description Value
Substrate thickness 0.8 mm
Relative dielectric constant 2.53

Dielectric loss tangent 0.0018

Relative permeability 1
Conductor thickness
Conductor conductivity

18 pm
4.8 x 107 S/m

] \
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Fig. 10. Simulated V,,, using transient analysis.

shot CW input is simulated. The chosen simulation
parameters are the input duration, the average power, and
the frequency being equal to 250 s, 1 mW, and 2.45 GHz,
respectively; Rj g and C,,, are 2 k() and 47 nF, respectively.
The green line in Fig. 10 shows the simulation result of the
transient. Equations (15) and (16) fit the green line using
the Levenberg-Marquardt method [18]. The red and blue
lines in Fig. 10 show the fitting result of equations (15) and
(16), respectively. Figure 10 exhibits a complete match of
the green, red, and blue lines. Therefore, the former estimation
is quite correct. The application of the fitting procedure allows
us to deduce the value of 7, as 3.576 x 10 ° and that of
Tialling 35 9.408 X 10 °. In this case, the rise and fall times
become 78.6 and 206.7 ws, respectively.

B) Estimated and simulation characteristics of
the rectifiers

In this subsection, the output voltage is estimated in a steady
state using the values of 7., and Ty, in subsection A).
Using this estimation, the V,,, values in various conditions
derived using numerical calculations are known as long as
the load components are fixed. Since numerical calculations
are quick, the time for analyzing the operation of rectifiers
under the pulse-modulated input is reduced. If the value of
E is known, the performances of rectifiers can be calculated
by equations (13) and (14) using numerical analysis. E is
equal to the output voltage of the rectifiers with a CW input
black, which has the same power as a career wave (Pgp).
Thus, E is calculated using the harmonic balance or transient
simulations. Table 3 shows the simulated DC voltage in a
steady state with the condition that the values of R, and
Cour are 2 k@) and 47 nF, respectively. Using the data in
Table 3, Npc, Nour and M are calculated at Pj,,,, of 1 mW.
Figures 11, 12, and 13 show 7,,, Mpc, and M, respectively;
they demonstrate a good agreement between the estimation

Table 3. Simulated DC voltage in the steady state.

Input power (mW) DC voltage (V)

1.11 0.976
1.43 1.150
2.00 1.407
3.33 1.913
10.00 3.094
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Fig. 12. Simulated and estimated 1pc depending on f, and D.

and simulation results. But with D = o.1, Figs 11 and 12 show
differences and Fig. 13 shows a complete match. These results
indicate that our proposed method is not good for estimating
Nour and Mpc under a condition in which the output voltage
has little fluctuation and D is also little. When D is very
small, the error of the rising waveform will affect the calcula-
tion results. Figures 11 and 12 show an error of 20%. This
large error can occur from only a few percent errors in the
rising waveform. In addition, the transient simulation can
easily generate a numerical error with small D. Therefore,
the simulation and our proposed estimation method are not
good for analyzing the steady state with too small D. Hence,
when D is not so small and f, is less than or equal to
100 kHz, the estimation method mentioned in subsection A)
is consistent with the simulation of rectifiers under a pulse-
modulated wave input.

C) Experimental characteristics of rectifiers

Figure 14 presents a rectifier fabricated using the parameters
in Fig. 4. Figure 15 shows the change of mpc with CW

depending on P;,,,,¢ and Rjoqq. In the experiments and simula-
tions, C;, and C,,; are set as 100 pF and 47 nF, respectively.
The results of the experiments and simulations show similar
tendencies. The rectifier experiments used the conditions
shown in Table 4. Figures 16, 17, and 18 exemplify the experi-
mental and estimation results indicating a good agreement.
But, with D = 0.1, Figs 16 and 17 show around 10% errors.
Also the experimented and simulated values (Figs. 11 and
12) have around 10% errors. These errors occur by the
reasons mentioned in the previous section. Figure 16 reveals
that m,,, increases with the decrease of f, at low D. When f,
is high, equation (12) is satisfied. In this case, the observed
load resistance of rectifiers becomes 1/D times R;,,; because
of equation (20). Letting the apparent resistance R.; = R/D,
the rectifiers operate with Prp of input power and R, of
load resistance. Figure 15 shows that a 20 k() load resistance
is much higher than the optimum resistance, and the
RF-DC conversion efficiency is very low under such condi-
tions. In contrast, if equation (12) is not satisfied, and the
output voltage wave becomes a pulse wave with a low f,, the
rectifier operates with P;,,,,/D and 2 k() of input power and
load resistance, respectively. A 2k load impedance is
around the optimum value with from 1 to 10 mW input.
Therefore, the lower D is, the more 1,4, become.

Figure 17 shows the increase in the experimental npc and
the simulated npc depending on f,. npc is proportional to D
with a low f,, when equation (12) is not satisfied, and the
output voltage becomes a pulse wave. Equation (24) in this
case provides the relation between 1pc and 1,

Mpc = Dnuut' (24)

Thus, npc is proportional to D, consistent with the results in
Fig. 17. On the other hand, Fig. 17 shows the peak around D =
0.4 with £, is 10 or 100 kHz. In these cases, f, is sufficiently high
and the output voltage has little fluctuation. The apparent
power and impedance are Pj,,/D and DRy, respectively.
Figure 15 shows the optimum impedance of our experimented
rectifier was more than ~1 k() when the input power was
lower than or equal to 10 mW. In this paper, D is larger
than or equal to o.1. Therefore, as D becomes smaller, the
apparent input power further closer to the optimum power
and the apparent resistance becomes further away from the
optimum impedance. For this trade-off relationship between
the apparent power and impedance, our experimented recti-
fier had the optimum value of D around o0.4.

Figure 18 shows the monotonic decrease of M depending
on the increase of f, and D. Vpc increases depending on D

-=-Simulation : 1 kHz

— Estimation : 1 kHz

Ripple content
O = NOW ROy~

\ Simulation : 10 kHz
N Estimation : 10 kHz
"‘_\--‘H‘\
[ -=-Simulation : 100 kHz
0 02 04 06 08 1 — Estimation : 100 kHz
Duty ratio

Fig. 13. Simulated and estimated M depending on f, and D.
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Fig. 14. An experimented rectifier.

Table 4. Parameters in the experiments in Section III subsection C).

Fixed parameters Value

Pinput 1 mW

Cout 47 nF

Rload 2 kQ)

Variable parameters Value

I From 100 Hz to 100 kHz

D From o.1 to 0.9

= 80 - -=Experiment : 1 mW

2 70 Z N —Simulation : 1 mW

E < 60 Y m e \Y ~ Experiment: 2 mW

z E' 50 7 NN Simulation : 2 mW

S g 40 . -=Experiment : 5 mW

s 0 A 1

8 & 30 g N | —Simulation : 5 mW

w v 20 f -+Experiment : 10 mW
10 | —Simulation : 10 mW
0

100 1000
Load impedance (Q)

10000

Fig. 15. The change of npc with CW input depending on P, and Rjpaa.
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Fig. 16. Experimental and estimated 7,,, depending on f, and D.
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Fig. 17. Experimental and estimated 1pc depending on f, and D.
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Fig. 18. Experimental and estimated M depending on f, and D.

and max (V,,;) — min (V,,,) decreases depending on f,, which
explains the decrease of M in Fig. 18.

v IMPROVEMENT OF RF-DC
CONVERSION WITH PULSE
MODULATION

Although simulations of the rectifiers under the pulse-
modulated input are time-consuming, particularly if C,,, is
very large, V,,, can be quickly obtained in the experiments.
In this section, the operation of the rectifiers is experimentally
analyzed in detail, and the results are compared in light of the
theoretical discussion that was presented in Section II.

A) Influences of C,,; on the rectifier operation

In this subsection, the validity of the condition expressed in
equation (12) is examined. The parameter settings and condi-
tions from Table 5 are used in the experiments with the
outcome presented in Figs. 19, 20, and 21. In this case, C,,,
> (1 — D) x 10 Sis necessary for satisfying equation (12).
Large changes occur at around C,,, when it is equal to (1 —

Table 5. Parameters setting in Section IV subsection A).

Fixed parameters Value

Pinput 1 mW

Rlaud 1 kQ

I 1 kHz

Variable parameters Value

Cout from 10 nF to 100 pF
D 0.1 Or 0.5
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Fig. 20. Changes in 1pc depending on C,,, and D.

D) x 10 ®as shown in Figs. 19, 20, and 21. This indicates that
the condition in equation (12) is consistent with the actual
operation of the rectifiers under the pulse-modulated input.
When C,,, is sufficiently small, the output voltage becomes
a pulse wave and the rectifier operates with the Prr of input
power and Ry,  of load resistance. Also, mpc is expressed by
equation (24) and 7,,, is same as that of CW input. From
Fig. 15, My, with D= 0.1 and D = o.5 should be ~70 and
60% respectively, and npc with D = 0.1 and D = o.5 should
be ~7 and 30%, respectively. This assumption is consistent

12 T 1 T TR I ]
—e— Duty ratio 0.1

10 =g +- Duty ratio 0.5 7]

Ripple content
[=)]

~etind.. N

0 et
10-8 1077 10-6

Output capacitance (F)

1075

Fig. 21. Changes in M depending on C,,; and D.

Table 6. Parameters setting in Section IV subsection B).

Fixed parameters Value

Pinpur 1 mW

Cout 100 WF

f 1 kHz

Variable parameters Value

Ripad From 100 () to 50 k()
D 0.1, 0.3, Or 0.5

with Figs 19 and 20. Next, we consider the condition that
Cou: 1s sufficiently large. m,,, and mpc should be the same
value and equal to the npc with Pgg of input power and R,
of load resistance. This assumption is also consistent with
Figs 19 and 20. These results indicate that the rectifier oper-
ation is changed by the value of C,,,. This is the reason for
the crossing in Fig. 19. If the application can use the pulse
wave, the condition, where equation (12) is not satisfied, is
better than satisfying equation (12). Therefore, we should
change the conditions depending on applications for improv-
ing the RF-DC conversion efficiency. Figures 19 and 20 show
that the C,,,; value is useful and important for managing con-
ditions. Even if f, is not so high, large C,,, satisfies the condi-
tions of equation (12). Therefore, pulse modulation is useful
for all applications by managing the C,,, value.

B) Improvement in npc with a sufficiently
large smoothing capacitor

In this subsection, the 1p¢ is discussed depending on the Rp,4,
which satisfies the condition of equation (12). The parameters
shown in Table 6 are used in the experiments. A 100 WF C,,; is
sufficiently large for satisfying the condition of equation (12),
wherein V,,,, is regarded as a constant. Figure 22 reveals the
change of mpc depending on Rj,,; and D and the increasing
maximum 7pc at the vanishing D, in accordance with equa-
tion (23). Figure 23 shows the comparison between the 7pc
with the pulse-modulated-input (a duty ratio of 0.5 and an
input power of 1 mW) and that with CW input power of
2 mW. The green line indicates the relation of the RF-DC con-
version efficiency with the CW, which is 2 mW versus 1/D
times Rjy,4. Figure 24 shows the comparison between the
Npc under the pulse-modulated input (a duty ratio of o.1
and an input power of 1 mW) and that with CW input of
10 mW input power. The green line indicates the relation of
the RF-DC conversion efficiency with the CW, which is
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s 70 e --CW 1mw
? ¥ 60 Y W Duty ratio 0.5
23 50 ANy SN '
& E SN N ‘. |- Dutyratio 0.3
5 © P Il a D i0 0.1
8 £ 30 et - uty ratio 0.
] / P ¥ w
& 20 w T

-
10 f e e
§ o
100 1000 10000 100000
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Fig. 22. The change in the mpc depends on the Ry, with sufficiently large
Cout-
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Fig. 23. The comparison between the npc with pulse-modulated input, which
has the duty ratio of 0.5 and the input power of 1 mW, and that with CW input,
which has the input power of 2 mW.
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Fig. 24. The comparison between the npc with pulse-modulated input, which
has the duty ratio of 0.1 and the input power of 1 mW, and that with CW input,
which has the input power of 10 mW.

10 mW versus 1/D times Rj,,4. The red and green lines match
as shown in Figs 23 and 24, respectively. This is consistent
with equations (20) and (23) and proves that by using pulse
modulation, the RF-DC conversion efficiency with CW,
which has Pj,,,/D and the optimum resistance shift 1/D
times Rj,,4 can be obtained. This indicates that the RF-DC
conversion efficiency of the rectifiers having a lower input
can be improved using pulse modulation.

V. CONCLUSIONS

In this study, the operation of the rectifiers under the pulse-
modulated input has been discussed. The fluctuation of the
output voltage wave has to be considered when using the
pulse-modulated waves. This paper shows the estimation,
simulation, and experimentation of rectifiers under the pulse-
modulated input, and all of the results are in good agreement.

A smoothing capacitance C,,, is quite important for the
improvement of RF-DC conversion efficiency that can be
attained by using a pulse modulation. When the capacitance
is sufficiently small, the output voltage wave is almost a
pulse wave and its npc is not so high. Conversely, with a suf-
ficiently large capacitance, npc is improved from mgr with
Piypur to mgp with Ppp. The necessary condition for the
smoothing capacitance value was discussed in Section II sub-
section B) and is expressed by equation (12). The optimum
impedance with equation (12) satisfied was also discussed in
Section II subsection C) and that is increased to an inverse
of the duty ratio times ngg with Pgr input.

We proposed the estimation method of a rectifier operation
under a pulse-modulated wave input and the consistency with
simulation results was discussed in Section III subsections A)
and B). In addition, we compared the estimation and experi-
mental results in Section III subsection C). When D = o.1, the
estimation and simulation results are not matched and the
reason seems to be the calculation error. However, at least
when D is larger than or equal to 0.3, our proposed method
shows good consistency with both simulation and experimen-
tal results. In addition, our proposed method takes less time
than the transient simulation. Therefore, this method was
effective for estimating the rectifier operations with not so
high f,.

The experiments regarding the influence of the smoothing
capacitor and the effectiveness of a pulse modulation are dis-
cussed in Section IV. The condition of equation (12) was con-
sistent with the experimental result. The maximum RF-DC
conversion efficiency was improved by using pulse modula-
tion. The characteristics were also consistent with the discus-
sion in Section II. C,,; value is important and useful for
managing the conditions and it decides whether equation
(12) is satisfied or not. Therefore, even if f, is not too high,
pulse modulation is useful with using a proper smoothing
capacitance.

Consequently, we showed the effectiveness of a pulse
modulation and succeeded in performing the operational ana-
lysis of the rectifiers with a pulse-modulated input.
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