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Abstract: Inthis paper, across-coupled type AC-DC converter for RFID tagsis proposed. The converter consists of
2 charge-pump type AC-DC converters with opposite polarities. In conventional converters, the threshold voltage
of adiode switch causes the decrease in power efficiency. By using cross-coupled connection of CMOS switches,
the proposed converter can aleviate the influence of the threshold voltage. Hence, it can achieve an AC-DC
conversion with high efficiency. Furthermore, the circuit size of the proposed converter is almost the same as that
of the conventional circuit. Through SPICE simulations, the following characteristics are obtained: 1. the power
efficiency is more than 88 % and 2. the electric power is about 5mW when an output load is 500 2. Concerning
the power efficiency and the ripple voltage, theoretical design formulas are derived. Furthermore, the validity of
the circuit design is confirmed by experiments.

Key—Words: AC-DC Converters, Switched-Capacitor Circuits, Charge-Pump Circuits, Power Converters, RFID
Tags, RF Electromagnetic Induction

1 Introduction classified into an active-type and a passive-type. How-
ever, in the active-type, an external battery is required
in order to operate atag. Therefore, we employ the
passive-type RFID tags, because the size of active-
type RFID tagsislarge and heavy.

RFID (Radio Frequency |Dentification) systems man-
age information with tags which embedded non-
contact radio chips. Recently, RFID tags [1-13] at-

tract much attention as a basic technology of IT In the passive-type RFID tags, the remote power
(Information Technology). Concretely, they are used feeding is achieved by using RF electro-magnetic in-
in the fields of traffic control [6], security systems[9], duction. Therefore, to convert AC voltages provided
etc. [1-13]. In our laboratory, a RFID tag is being de- by power receiving coils, AC-DC converters [10-17]
veloped to measure biomedical signals of transgenic are necessary in the tags. For example, step-up type
mice [10-13]. In order to supply electric power to the AC-DC converters are employed in the RFID tags pro-
RFID tag implanted into the transgenic mice, remote posed in [10-13]. These converters consist of diode

power feeding is used in the system. The RFID tag is switches and capacitors. In the design of the AC-DC
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converters for RFID tags, to suppress adverse effects
caused by heat, the converters which can realize high
power efficiency as well as small chip area are desir-
able. However, inthe conventional converters[11-13],
threshold voltage drop caused by diode-switches de-
creases the power efficiency.

In this paper, a cross-coupled type AC-DC con-
verter for RFID tags is proposed. The converter con-
sists of 2 charge-pump type [18-22] AC-DC convert-
ers with opposite polarities. Instead of the diode-
switches, the proposed converter employs CMOS
switches which are controlled by using cross-coupled
connection. Hence, it can achieve an AC-DC conver-
sion with high efficiency, because the cross-coupled
connection of CMOS switches alleviates the thresh-
old voltage drop. Furthermore, the circuit size of the
proposed converter is amost the same as that of the
conventional circuit.

The circuit design and characteristics of the con-
verter are analyzed through theoretical analyses and
simulations, and the experimental circuit is fabricated
with commercialy available transistors.

2 Circuit Structure

2.1 Conventional Converter

Figure 1 shows a charge-pump type AC-DC converter
proposed in [11-13]. In RFID tag systems, remote
power feeding systems using RF electromagnetic in-
duction are used. In Fig.1, a pair of power receiv-
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ing cails is modeled by a pair of AC voltage sources
with opposite polarities. Figure 2 shows a model the
power receiving coils. The conventional converter of
Fig.1 consists of 2 charge-pump type AC-DC cornvert-
ers with opposite polarities. The converter shown in
Fig.1 can supply a stepped-up DC voltage. After the
AC-DC conversion, the output DC voltage is regu-
lated by a series regulator.

For easy understanding of the circuit operation,
let us consider the converter block-1. When the in-
put voltage Vi, isin State — T2 1 (see in Fig.1),
the diode D is turned on. Then the voltage of C
becomes about V;,, — V};,, where V;,, and V};, denote
the amplitude voltage of AC input and the threshold
voltage of the diode, respectively. Next, when the in-
put voltage Vj,,+ isin State — T'1 (seein Fig.1), the
diode Dy isturned on. Then the output voltage of
the converter becomes about 2(V;,, — V). Hence, the
threshold voltage drop caused by diodes affects the
power efficiency of the conventional converter. In this
paper, we solve this problem by using cross-coupled
connection of CMOS switches.

2.2 Proposed Converter

Figure 3 shows the proposed AC-DC converter. The
converter is designed to receive power by electromag-
netic induction in the dozens MHz range. In Fig.3,
MOS transistors are used instead of the diodes in
Fig.1. AsFigs.1l and 3 show, the circuit size of the
proposed converter is aimost the same? as that of the

1In Fig.1, D denotes aduty factor.

2The conventional converter of Fig.1 consists of 4 diode-
switches and 3 capacitors. On the other hand, the proposed con-
verter of Fig.3 can be constructed with 4 MOS switches and 3
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conventional circuit. The operation of the converter
block-1 isasfollows.

When theinput voltage V,, 1 isin State—T2 (see
in Fig.3), thetransistor M, isturned on, because the
gate terminal of M, is connected to another input
terminal with opposite polarity, V;,,_. Therefore, the
voltage of ', becomes V},,. At the same time, the
transistor M, isturned off since the gate terminal of
M, is connected to the right terminal of C;_ 3.

Next, when the input voltage V;,,+ isin State —
T1 (seein Fig.3), thetransistor M, isturned off. At
the same time, the transistor A/, is turned on, be-
cause the gate terminal of M, isgrounded via M .
Hence, the output voltage of the converter becomes
about 2V},,. By iterating these operations, the pro-
posed converter supplies a stepped-up DC voltage.

3 Theoretical Analysis

3.1 Equivalent Circuit and Power Efficiency

The equivalent circuit and the power efficiency of the
proposed converter are analyzed theoretically. Tosim-
plify the theoretical analyses, we assume that the time
constant R;,Cy, and Ry Cy  are quite larger than T
and parasitic elements are not effective.

Firstly, the equivalent circuit of the converter
block-1 isanalyzed. The instantaneous equivalent cir-
cuits of the converter block can be expressed by the
circuits shown in Fig.4. In Fig.4, Ry, (k = 1,2) de-
notes aresistor to model a dielectric loss.

In the steady state, the differential values of the
electric chargesin C ;. and Cy. satisfy

Agpy +Agy =0 (k=12), (1
where Agk, and Agk., denote the electric charges
when T'1 and T2, respectively. The intervals of
State — T'1 and State — T2, T1 and T2, satisfy the

following conditions:

T =T1+T2,
T1 = DT,
and T2=(1-D)T, 2

where T isaperiod of theinput voltage and D denotes
aduty factor (seein Fig.3).

Inthe case of State—T'1, the currents which flow
Cr+ and Ry, are given by

Agiy /Ty and (g /Th) tan by,

capacitors.
3In this timing, the node voltage of the right terminal of C;
isabout 2V/,,.
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respectively, where §; denotes a dielectric loss an-
gle. Thusthe differential values of the electric charges
in the input and the output terminals, Agry,y;, and
Aqri,v,.., are given by

Agriy, = Aq%’l(l + tan dy)
AGr1v,.. = Agp (1 + tan ds)
—Aq;lpl(l + tan dy),

and
©)

respectively. On the other hand, in the case of State —
T2, the currents which flow Cy, . and Ry, are given by

Aghy/Ty and  (ghy/T) tan by,

respectively. Thus Agrs v, and Agrav,,,, are given
by
AQTQ,Vin = Aq%wz(l + tan (51)

Aqrav,.. = Agio(1+tandy),  (4)

respectively. Here, the electric charges in the input
and the output, Agy;, and Agqy,,,, are given by

and

Agy,, = Aqriv;, + (=Agqra,v;,,)

Aq‘/out = Aquy‘/out + AqT’Q,‘/out7 (5)

respectively. By substituting Egs.(1), (3), and (4) into
Eq.(5), the following equations are derived:

and

Agy,, = 2Agp(1+ tand)),
Agv,,, = —Agp(1+tand),
Aq‘/zn - _2AQ‘/0ut’
and IZTL —QE, (6)

where I;,, and I,,; denote an averaged input current
and an averaged output current, respectively.
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In Fig.4, the energy consumed by resistors in 1-
period, W, can be expressed by

Wse = Wri+ Wro, @)
where
Wt — (Rin + Ron1) - {Aqh; (1 + tan éy)}?
T1 = T
Rs1 - (Aq%’l tan 51)2 Rso - (Aq%l tan 52)2
T1 T1
and
Wy — (Rin + Ron2) - {Agho(1 + tandy)}?
T2 = To
Rs2 - (Agh, tan §2)?

T2

In Fig.4 (a) and (b), the following equations can be
obtained by Kirchhoff’s law:

Vin-T1 = Rg, Ag2, tan by — Rs, Agt, tan
— (Rm + Ronl)(l + tan 51)Aq%1
and
~Vin -T2 = Rs Aghytand;

+  (Rin + Ron2)(1 + tand;) Agr.
(8)

By substituting Eq.(2) into (8), the following eguation
can be derived:

Ag%, tan dy =
D 1 1
Agry - R—(sz{(R(Sl tandi)(5 + 1)
Rin + Ronl Rm + Ron2
1 .
+(1 + tan o1)( D =D )}
9)

When the proposed circuit satisfies the following con-
ditions:

D=1/2,
Ron = Ronl = Ron?a
Rs = Rs1 = Ry,

and tand = tand; = tando, (20

Eq.(9) can be rewritten as

2
R5(1 + tand)

ARin + Rop + (Rin + Ron + Rs) tand}.
(11)

AQ%“I tand = _Aquut '
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Fig.5 Equivalent circuit of step-up SC converter.

Under the conditions of Eq.(10), we derive the foll ow-
ing equations by substituting Egs.(1), (6) and (11) into
Eq.(7):

A . 2
WTI = 2(Rin + Ron)%
ta'n5 2 (Aquut)2
2R T
Rs(1 + tand)
. (AQ‘/out)2
T
and
A 2
Wre = 2(Rin + Ron)%
Rs(1 + tand)
(AqV t)2
el (12)

Here, it is known that a genera equivalent circuit of
SC power converters can be expressed by the circuit of
Fig.5 [23-25], where V;,, denotes an averaged voltage
of |Vin+| (Or |Vin—|) and V,,; isan averaged voltage of
Vout- The consumed energy W in Fig.5 is defined
by

Wsco Wi + Wrpe

AQV t\2
= ___—rout . . T
( T )* - Rsc

From Egs.(12) and (13), the resistance Rg¢ in Fig.5
is expressed by

(13)

tand |,

1+ tané)

in + Ron + (Rzn + Ron + R(S) tan d
R;s(1 + tan )

RSC = 4(Rin + Ron) + 2R6(

R
+16Rs] ¥

(14

Here, the dielectric loss tangent tan § is given by
_ L
2rfCRs’
Hence, Eq.(14) can be rewritten as
2R5
(14 27 fCRy)?
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Fig.6 Equivaent circuit of proposed converter.

2nfCRs(Rin + Ron) + (Rin + Ron + Rs)
1+ 27 fCR;s

16 2
+E§ 1.

(16)

{

The equivaent circuit of Fig.5 can be expressed by
the determinant using Kettenmatrix. Therefore, by
using Egs.(6) and (16), the equivalent circuit of the
converter block can be given by the following deter-

minant:

Vin | _

. | =
Hence, from Eq.(17), the equivalent circuit of the pro-
posed converter can be expressed by the circuit shown
in Fig.6. From Fig.6, the power efficiency n can be

given by

1/2 0
0 2

1 Rsc
0 1

‘/out
—1, out

] .(17)

- (Iowt)*RL
(Iout/2)2RSC + (Iout/2)2RSC + (Iout)2RL
Ry,
= -~ 18
Rgc/z + Ry, ( )

Especialy, when the input voltage is a rectangular
wave (i.e. Ry = o0), the efficiency n can be expressed

by
Ry,

2(Rin + Ron) + RL’

because the resistance Rgc can be expressed from
Eq.(14) as

n= (19)

Rsc = 4(Rin + Ron)- (20)

The comparison of the power efficiency between
the proposed converter and the conventional converter
will be discussed in Appendix.

3.2 RippleVoltage

In this subsection, the ripple voltage of the converter
block-1 is analyzed by assuming that Ry; = Rso =
oo. In State — T2, we define that the electric charge
2A (@) consumed by the output load Ry, is charged in
C'1+. Then, 2A@Q can be expressed by
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where I;, denotes an averaged charge current of Ci ..
In the steady state, the instantaneous equivalent cir-
cuit of Fig.4 (a) can be rewritten as the circuit shown
in Fig.7, where V,,, and V,,,,; denote a positive maxi-
mum value of the input voltage and an averaged out-
put voltage, respectively. From Fig.7, by assuming the
steady state, the following equation can be obtained
by Kirchhoff’s voltage law:

2Vm - (Rm + Ron2)E
= Vout + (Rm + Ronl)(IL + 2AQ/l)T)

+AQ/Coy + (AQ +I.DT/2)/C1+
and
Vout = ILRL. (22)

From Egs.(21) and (22), the averaged output voltage
Vout Can be given by

9DR. Vi,
out = T 23
Vout Dm (23)

where

Dm = {(D+]—)Rin+DRL+Ron1+DRon2}

Dru-D 1
Coy  Cit”

5 (

When the converter block satisfies the conditions of
Eq.(10), Eq.(23) can be rewritten as

SCRLVp,
4C{3(Rin + Ron) + R} + 3T

‘/out

(24)

Here, from Fig.7 and Egs.(21) and (22), the ripple
voltage of the converter block-1, V;;,—1, can be ex-
pressed by

A
Vrip—l = FQ
I,(1-D)T (e
_ — Vo (25
2C 4CR; Vour.  (29)
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Table 1 Size of transistors used in ssimulations.

| Transistor | Size \
M., M,_ | L=1.48 um, W=17.76 um
My, My | L=1.48 um, W=8.88 um
100 T

9\1 80 | AT e
2 i Conventiona .. .
T 60 R
5
[T ]
2
2 2ot 1
O 1
100 1000 10000
Output Load (Q)
Fig.8 Simulated power efficiency.

4 Simulation

To confirm the effectiveness of the proposed con-
verter, SPICE simulations were performed concerning
the circuit shown in Figs.1 and 3. To be compatible
with process limitations on the maximum allowable
voltage on a chip, we adopted a 2-metal 2-poly 1.2
um CMOS process. The size of transistors used in
SPICE simulations is shown in Table 1.

Figure 8 shows the simulated power efficiency.
The SPICE simulations of Fig.8 were performed un-
der the conditionsthat V;,, . = —V;,, =1V @40MHz,
C1+ =C_. = C2+ =(Cy = 500pF, and R;, = 0.1
Q. As Fig.8 shows, the proposed converter can im-
prove the power efficiency # . When the output load is
500 €2, the power efficiency of the proposed converter
is more than 88 % and the electric power is about 5
mwv.

Figure 9 shows the simulated ripple voltage. As
Fig.9 shows, the ripple voltage of the proposed con-
verter and the conventional converter is amost the
same. When the output load is 500 €2, the ripple volt-
ageisabout 0.03 V.

5 Experiment

To confirm the validity of circuit design, the experi-
ment was performed regarding to the proposed circuit
shown in Fig.3. The experimenta circuit was built

“The comparison of the power efficiency between the pro-
posed converter and the conventional converter will be discussed
in Appendix.
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with a FCZ1.9-type coil and commercially available
transistors 2SK 214 and 2SJ77 on a bread board.

Figure 10 shows the result of AC-DC conversion
obtained by the experimenta circuit. In Fig.10, the
experiment was performed under the conditions that
the AC input voltage V,,_, = 1V a 2 MHz and the
capacitors C. = C1. = Coy = (o =100k As
Fig.10 shows, the proposed converter can achieve AC-
DC conversion ® .

6 Conclusion

In this paper, a cross-coupled type AC-DC converter
for RFID tags has been proposed. By using cross-
coupled connection of CMOS switches, the proposed
converter can achieve an AC-DC conversion at high
efficiency.

The SPICE simulations showed that 1. the power
efficiency of the proposed converter is more than 88

%In the experiment, the circuit properties such as power effi-
ciency, ripple noise, etc. were not examined, because the exper-
imental circuit was built with commercially available transistors
on the bread board. Only the circuit design was verified through
this experiment. The |C implementation and experiments are left
to the future study.
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%, 2. the electric power is about 5 mW when the out-
put load is500 €2, and 3. the ripple voltage and the cir-
cuit size of the proposed converter are amost the same
asthat of the conventiona converter. Furthermore, the
formulas obtained by the theoretical analyses will be
useful for designing the proposed converter.

Due to the limitation of the speed of MOSFET's,
the proposed converter will be applied for low and
high frequency (134 KHz & 13.56MHz) tags such
as package delivery, access control, and payment de-
vices. ThelCimplementation and experiments are | eft
to the future study.
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7 Appendix

To save space, only the power efficiency of the con-
ventional converter of Fig.1 is analyzed, because the
ripple voltage of the proposed converter and the con-
ventional converter is amost the same as shown in
Fig.9.

Firstly, the diode-switch is modeled by the circuit
shown in Fig.11. In Fig.11, V},, is a voltage source to
model the threshold voltage, 77, (k = 1,2) denotes
an on-resistance of the diode-switch, and D; denotes
an ideal diode whose on-resistance is zero. Here, itis
known that the diode current can be expressed by

I = I {eV/kBTa) _ 1}

(26)
ISSN: 1109-2734

599

Kei Eguchi, Takahiro Inoue, Ichirou Oota,
Hongbing Zhu, Fumio Ueno

Di  Vth rik
—Pp——w—
Fig.11 Model of diode-switch.
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Fig.12 Instantaneous equivaent circuits of the con-
ventional converter block. (a) State — T1. (b)
State — T2.

where I, T,, and kp denote a saturation current, an
absolute temperature, and the Boltzmann's constant,
respectively. From Eq.(26), 77 can be derived as fol-
lows:

Tfe = (W) - ququ/(kBTa)’
kgT,
~ . 27
o (27)

From Figs.1 and 11, the instantaneous equivalent cir-
cuits of the converter block are expressed by the cir-
cuits shown in Fig.12.

For easy understanding of the circuit operation,
let us consider the converter block-1. In the case
of State — T'1, the differential values of the elec-
tric charges in the input and the output terminals,
Agr,y;, and Agryy,,,, are given by

AQTI,Vin = Aq%ﬂl(l + tan (51)
AGr1 vy, = Mgy (1 + tan dy)
—Aq%l(l + tan dy),

and

(28)

respectively. On the other hand, in the case of State —
12, AQTZ,VZ‘TL and AqTQ,Vout7 are glven by

AqTQ,Vin = qulwz(l + tan (51)
AqT,QJ/Out = AQ%Z(]‘ + tan 62)7 (29)
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respectively. Since the electric charges in the input
and the output, Agy;, and Agy,,,, can be expressed
by Eq.(5), the following equations are derived by sub-
gtituting Eqgs.(28) and (29) into Eq.(5):

Aqy, = 2Agr (1 + tand),
Aqvout = _AQ%I(I—i_tandl)a
and Ln = —2Iu. (30)

In Fig.12, the energy consumed by resistorsin 1-
period, W, can be expressed by

Wse = Wri+ Wro, (31)
where
(Rt rp) - {Agh (1 + tan )}
1 = Tl
Rs1 - (Aq%’l tan 51)2 Rso - (Aq%l tan 52)2
T1 T1
and
(Rin +7r2) - {Aghy(1 + tandy)}?
Wro =
T2
Rso - (Aq%2 tan d)?

T2

In Fig.12 (a) and (b), the following equations can be
obtained by Kirchhoff’s law:

(Vin = Vin1)T1 = Rs,Ag%, tan by
—  Rj, Agyp tand,

— (Rin +rp1)(1 +tan 61)Aq%1
and

—(Vin = Vin2)T2 = Rs, Aqps tan 6;
+ (Rin + 7rp2)(1 + tan 61)Agfy.  (32)

Here, we define that Vi, = Vi1 = Vipeo. By substitut-
ing Egs.(2) and (10) into (32), the following equation
is obtained:

2AQVLut

Rs(1 + tand)

ARin + 15+ (Rin + Rs + rf) tan d}, (33)

Agay tand =

where

_ Tptrp
’f’f = T

Therefore, we can derive the following equations by
substituting Eq.(33) into Eq.(31):

) (Aqvout )2

W T
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"1 + tand T
2{Rin + 7 + (Rin + Ry +15) tan 6} ,
2
2R Rs(1 + tan o) ]
‘(Aquut)z
T
and
A . 2
WT2 = 2(Rm +7"f2)%
2{Rin + 7 + (Rin + Ry + 1f) tan 6} ,
2R
2Rl Rs(1 + tan o) ]
(Agy,,,)?
e (3

Since the consumed energy Ws¢ in Fig.6 is defined
by Eq.(13), the resistance Rgc of the conventional
converter block is obtained by Egs.(13) and (34) as
follows:

tan o
Rsc = 4(Riy + 1) + 2Rs( 5)2

1+ tan
in + 7+ (Rin + Rs +7y) tan5}2
Rs(1 4+ tand) ’

(35

R
+16Rs{

Hence, from EQgs.(30) and (35), the equivalent circuit
of the proposed converter can also be expressed by
the circuit shown in Fig.7. The difference between
the proposed converter and the conventional converter
isRsc.

From Egs.(14), (18), and (35), the power effi-
ciency of the conventional converter and the proposed
converter isthe sameif R, = ry. ASEQ.(27) shows,
however, r; isin inverse proportion to the diode cur-
rent . In other word, r; becomes large when the out-
put load Ry, is large, because I decreases in propor-
tion to R;,. Therefore, in the conventional converter,
the power efficiency n decreases greatly at high Ry..
This result agrees well with the simulation result of
Fig.9.
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