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Abstract -- An algebraic model that describes the operation of
binary Switched-Capacitor Converters (SCC) was developed
and generalized to any radix case. The proposed approach
reduces the power loss by increasing the number of target
voltages. In the binary case, the flying capacitors are
automatically kept charged to binary weighted voltages and
consequently, the resolution of the possible target voltages is
binary. The paper presents the underlining theory of the
proposed SCC and two new control methods to regulate the
output voltage. It is shown that the theoretical formulation of
the new number systems can describe many SCC circuits on the
market and can help design new SCC with a larger number of
target voltages. The theoretical results were verified for the
binary case by simulation and experimentally. Excellent
agreement was found between the theory and experimental
results. The down side of the proposed SCC schemes is the
relatively large number of switches which makes the approach
more suitable for low power applications.

Index Terms--Binary arithmetic, binary sequences, DC-DC
power conversion, redundant number systems, resolution,
switched capacitor, switched mode power supplies.

L INTRODUCTION

Switched Capacitor Converters (SCC) apply capacitors as
temporary energy storage elements when transferring energy
from a power source to a load. The energy transfer is
accomplished by charging and discharging the so called
“flying capacitors” via switches or diodes (Fig 1).

Unfortunately, SCC suffer from a fundamental power loss
deficiency which makes their use in some applications
prohibitive.
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Fig. 1. The switched capacitor converter (SCC) concept.
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The power loss is due to the inherent energy dissipation
when a capacitor is charged or discharged by a voltage source
or another capacitor. This physical phenomenon is analogous
to the case of an inductor that is charged or charged by a
current source. In both cases, the relevant state variable
(current or voltage) will increase to infinity in the theoretical
resistance-free case. In the practical case, when resistance is
present in the circuit, the charging and discharging current of
a capacitor will cause power dissipation. This inherent power
loss in the SCC case can be modeled by an equivalent circuit
that includes a voltage source (Vrrg) and an internal
resistance (R.q) as depicted schematically in Fig. 2 [1-9].
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Fig. 2. The SCC equivalent circuit.
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The voltage source (Virg) value is the no-load output
voltage of the SCC and is equal to some multiple n of the
input voltage (topology dependent) while the internal
resistance (R.) represents the losses due to the current passing
through the SCC. In the model representation of Fig. 2, the
losses are conveniently described as a function of the load
current which simplifies the formulation of the input to
output voltage ratio as well as the efficiency:

Lo @n= ()
VTRG RL + Req VTRG
where V, is the voltage of the input power source, n is the
no-load voltage transfer ratio, R, is the internal resistance of
the SCC, V, is the output voltage and R, is the load
resistance.

The no-load voltage transfer ratio n of an SCC is topology
dependent. That is, it is a function of the number of the flying
capacitors and the way they connect to the input and output
terminals and among themselves, when charging and
discharging.

(1); Vigg =10V,
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In general, n will be a positive or negative rational number

[3].
The value of the internal resistance for the SCC was earlier
derived to be [9]:

Req = iReCi (4)
i=1

where each term R is the contribution of i-th flying
capacitor defined as:

_ K (B 5)
ReCi—j; 2Cf {coth(zﬂ

ivs

where B; = ti/1;, t; is the length of the j-th switching duration
of capacitor i, 7; is the time constant during t; m is the
number of switching durations of capacitor i, while the
coefficient k; is the ratio of capacitor C; average current
during switching duration j to output current.

SCC can be operated in open loop or closed loop
configurations. In open loop, n and R, are fixed. In this case,
the output voltage will not be regulated and will depend on
Vi, and the load resistance R,. In this situation it is
advantageous to reduce R, as much as possible to keep the
efficiency high. Regulation can be achieved by either
changing n or R, (or both) [10]. The no load voltage can be
changed by reconfiguring on-the-fly the SCC topology and
hence altering n. R, can be changed by adding resistance to
the circuit e.g. by placing a linearly controlled MOSFET in
the charging/discharging paths. Other possibilities to vary Req
are frequency change, frequency dithering and duty cycle
control [9], [11]-[13]. It is clear though, that the highest
efficiency will be reached if n is manipulated such that Vygg
is made only slightly higher than the desired V,, leaving a
small voltage drop on R, It is further clear that the best
results can be obtained if the resolution by which n is altered
is high and that its values are evenly spaced. Previous
attempts to improve the efficiency of SCC by changing n on-
the-fly, applied SCC configurations with limited number of
target voltages Vrrg. Namely, with a coarse resolution of n.
Consequently, the efficiency drops significantly when the
required n is in between the sparsely spread values of n. For
example, the commercial SCC [12] is regulated to an output
voltage of 1.8V and can be switched to two conversion ratios
n=1/2 and 2/3. When the input voltage is lower than about
3.5V the target voltage ratio is set to n=2/3 and for input
voltage above 3.5V it is switched to n=1/2 transfer ratio.
Consequently, high efficiency is observed (Fig. 3) when the
input voltage is about 2.7V (1.8/(2/3)) and at 3.6V (1.8/(1/2)).
In between and outside the two target voltages, the efficiency
drops as the difference between the target voltage and 1.8V
increases (3).

The objective of this research was to develop the theory
that underlines the behavior of multi target SCC systems.
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Fig. 3. The output characteristics of a commercial SCC [12] set to an output
voltage of 1.8V.

Special attention was paid to SCC topologies of binary
resolution. Namely, SCC systems that can be configured to
have a no-load input to output voltage ratio that is equal to
any binary number for the given number of bits. To this end
we defined a new number system and show how these
numbers can be translated into a SCC hardware that will
follow the algebraic behavior. It this approach, the flying
capacitors are automatically kept charged to binary weighted
voltages and consequently, the resolution of the target
voltages follows a binary number representation and can be
made higher by increasing the number of capacitors (bits).
The ability to increase the number of target voltages, reduces
the spacing between them and consequently increases the
efficiency when the input varies over a large voltage range.

The paper presents the underlining theory of the proposed
binary SCC and its extension to the general radix case. The
theoretical predictions were verified by simulation and
experimental results.

II. THE EXTENDED BINARY REPRESENTATION

The structures of the proposed binary SCC are based on
algebraic expressions that are described by the following
definitions and observations.

Any number M, in the range (0, 1) can be represented in
the form:

M, =A,+>A27 (©)
Jj=1
where A, can be either O or 1, A; takes any of three values
-1, 0, 1, and 7 sets the resolution.
For example, the code {1 0 -1 1} implies:

My=1+02"-122+127°=7/8 (7)

Expression (6) defines the Extended Binary (EXB)
representation that is a modified version of the Binary
Signed-Digit (BSD) representation [14], [15]. Unlike the
conventional binary case, a number of different EXB codes
can represent a single M, value. The different codes can be
generated by the spawning rule given below.
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A rule for spawning the EXB codes: This procedure is
iterative and begins with the conventional binary code of M,

to produce several EXB codes that represent same M, value.
Starting from any A; = 1 in the code and adding (in binary
arithmetic) “1” to this A; will result in “0” in the j-th column
and “1” as a carry. To maintain the original value of M, we
then add “-1” to the resulting A; (which is zero after a “1”
was added to the original “1”), generating thereby a new
EXB code of same value. In short: replace a “1” by “-1” and
add a “1” to the column on the left. The procedure is repeated
for all A; =1 in the original code and for all A; = 1 in each
spawned EXB code.

The following example demonstrates how four alternative
EXB codes are spawned from the binary code of Mj = 3/8.
The EXB codes for other fractions M,, n = 1...3 are
summarized in Table 1. Example: The conventional binary
code of 3/8 is {0 0 1 1}. This will be the starting point. In
the left sequence of (8) the “1” of A; (the LSB) is replaced by
“-1” and the “1” carry is added to A,. The resulting code is
{0 1 0 -1}. This code is later transformed (second sequence
from right in (8)) to a new code {1 -1 0 -13}.

1 l l 1
20212297 Qopig2gd Qpig2gF  guoig29?
L0011 0011 010-1 01-11 ()
0001 "0010 0100 "0100
L0100 0101 _100-1 _10-11
000-1 "00-10 '0-100 '0-100
010-1 01-11 1-10-1 1-1-11

The four alternative EXB codes, thus generated, represent
of course the same fraction M; = 3/8:

{010-1}y>50+12"+02%-127=3/8
{01-1 1}50+12"'-12%-127=3/8 (9)
{1-1 0-1}>51-12"+02%-127=3/8
{1-1-1 1} >1-12"-127%-127=3/8

The above rule for spawning the EXB codes gives rise to
two corollaries:

Corollary 1: For a resolution n, the minimum number of
EXB codes for a given M, is n + 1.

This is because each A; = 1 in the conventional binary
code with resolution n, generates a new EXB code and a
carry. Furthermore, since the spawning results in the
propagation of a carry, each A; = 0 in the binary code, will
turn into a “1”, which will also be operated on to spawn a
new code.

Corollary 2: For each A; = 1 in the original (binary) and
the spawned EXB codes of a given M, there will be at least
one A; = -1 in another EXB code.

This is because the spawning procedure involves the
substitution of a “1” by “-1”.

III. THE GENERIC FRACTIONAL NUMBER REPRESENTATION

Similar to the binary case given above, we define the
generic sequence N, () of radix r in the range (0, 1) as:

TABLE 1
THE EXB CODESOFM,, n=1...3.

M; =1/8 M, =2/8 M; =3/8 M, =4/8
Ao | A | As|As| Ao | Al | As [As | Ao | Al |As | As| Ao | A1 | As | As
1| -1|-1|-1] 1]-1] -1 1) -1f-1f 1| 1]-1
Of 1{-1[-1] O] 1|-1{ Of O] 1|-1| 1| Of 1
o Of 1[-1] 0] O 1 1] -1 0f -1
0o 0f Of 1 o] 1| of -1
o] of 1 1
TABLE 1: CONT’D
5/8 M, =6/8 M; =7/8
Ag| A | A | A3 | Ao | AT | A | As | Ao | AT | As | As
11 Of-1(-1[ 1 11 0f 1 O O] -1
1) -1 1f-1f 1] O] -1] Of 1| Of-1] 1
o] 1| 1f-1f O 1) of 1f-1] 1] 1
11-1| 0f 1 o] 1 1| 1
o] 1 of 1
N,()=A,+Y A (10)
Jj=1
where Ay is 0 or 1, A; takes any of the values 1-r,..., -1, 0,
1,..., r—1, and n is the resolution. For example, the code
{1 -2 23} for radix 3 implies:
N>(3)=1-23"+232=5/9 (11)

Expression (10) defines Generic Fractional Numbers
(GFN) representation, which is akin to the Generalized
Signed-Digit (GSD) representation [16]. The private case of
the GFN N,(r) where all the coefficients A; are non-negative
is identical to the representation of N, () in the conventional
number system with the radix r (e.g. decimal). This code is
called hereinafter the original code.

A rule for spawning the GFN codes: This procedure is
iterative and starts from any A; > 0 in the original code of
N, (). Adding “r — 17 to this A, results in A; < (» — 1) and “1”
as a carry. To maintain the value of N,(r) we add “~(r — 1)” to
the resulting A; spawning thereby a new GFN code. The
procedure is repeated for all A; > 0 in the original code and
for all A;> 0 in each spawned GFN code.

In example (12) three alternative GFN codes are spawned
from the original code of N,(3) = 4/9. The GFN codes for
other fractions N,(3), n = 1, 2 are summarized in Table 2.

—
«—

30 3137
11 +02-2
20 020
01 11-2
-20
-21

(12)

T0-20
1-1-2

3’33
1
0
2
0-
2-

The three alternative GFN codes thus generated represent
of course the same fraction N,(3) = 4/9:
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{022} >0+23"'-232=4/9
121} —>1-23"+132% =49
(1-12} >1-13"-232 = 4/9

(13)

The spawning rule of the GFN codes brings about again
the two following Corollaries:

Corollary 1: For a resolution n, the minimum number of
GFN codes for a given N,(r) is (n + 1).

This is because each of the A;> 0 in the original code with
resolution n generates a new GFN code and a carry.
Furthermore, since the spawning results in the propagation of
a carry, each A; = 0 in the original code will turn into a “1”,
which will also be operated-on to spawn a new GFN code.

Corollary 2: For each A; > 0 in either the original or the
GFN code for a given N,(7) there will be at least one A; <0
in another GFN code of this N (7).

This is because the spawning procedure involves the
subtraction of “7 — 1” from A; > 0 and since A; is always
smaller than (» — 1) the result will always be A; <0.

TABLE 2
THE GFN CODES OF N,(3),n=1,2

N>(3)=1/9 | No(3)=2/9 | Ni(3)=3/9 | No(3)=4/9
Ao | A [ A [ Ao | Al | Az | Ao | A1 [ Ax | Ao | Al | Az
22| 1]-2(-1| 1|-2] Of 1]|-1]|-2
O 1|-2| Of 1|-1|] 0] 1| O O] 2|-2
0 0| 1] of Oof 2 -2 1

of 1| 1

TABLE 2: CONT’D.

N2(3)=5/9 | Ni(3)=6/9 | N2(3)=7/9 | N1(3)=8/9

Ao | A [ A [ Ao | A1l | Az | Ao | A1 [ Ax | Ao | Al | Az
1 -1 1|-1] O 1| Of-2] 1| 0] -1
201-11 O 2 O 1|-1| 1| 1]-1
202 of 2| 1] 0| 2| 2
1

S|—=|O|

IV. TRANSLATING THE EXB CODES INTO SCC TOPOLOGIES

This section shows how EXB codes of a given M,, can be
translated into sequences of SCC topologies that produce the
fractional output to input ratio M,,.

Consider a step-down SCC including a voltage source Vy,,
a set of n flying capacitors C; and output capacitor C,, which
is paralleled to load R,. The connection of V;, is defined by
the coefficient A, in each of the EXB codes for a given M,,.
Irrespective of the connection of Vi, the flying capacitors C;
are always connected serially according to the coefficients A;
in the EXB codes. The topological interconnection of Vj,, C;
and C, are carried out according to the following rules:

1) If Ag = 1 then V, is connected in a polarity that charges
the output.

2) If Ag = 0 then V, is not connected.

3) If A; = -1 then C; is connected in series to the output in
same polarity and to the input if A, = 1.

4) If A; = 0 then C; is not connected.

5) If A; = 1 then C; is connected in series with the output in
opposite polarity and to the input if Ay = 1.

These rules are illustrated by considering the EXB codes
of My = 3/8 (Table 1). Since n=3 we use three flying
capacitors C;, C,, C;. We assume in this example that C; is
charged to Vi,/2, C, to V/4, C; to Vi/8 and C, to M, Vj,.
Following the above rules, each EXB code for M;=3/8 leads
to a specific connection as depicted in Figure 4 that maintains

V,=3/8-Vj,.
c1 Cc2 c3 v +C2 03+ v
+ + + o 0
e
CoT=R, L( Cot—R,
{1-1-11}y — {01-11}y =
C1 Cc3 C3 C3
+ + Vo + Vo + Vo
Vin H }7 c Hﬁ c2 ‘
CotR, :F CotR, :( CE-R,
{1-10-1} — {010-1} — {0011} =

Fig. 4. Capacitors connections that follow the EXB codes of M3 =3/8.

Since each of the 5 configuration of Fig. 4 is a one-to-one
translation of the EXB code corresponding to 3/8, and
assuming that the capacitors are charged to the binary
fractions of the input voltage (V¢i=Vi/2, Vco=Vi/4, Vs
=V;»/8 and V.= 3/8-V;,) the output will be kept at 3/8-V,,, if
the system cycles in perpetuity through these configurations.
An intuitive explanation for this is that while the SCC
switches from one topology to another each capacitor goes
through a sequence of charge and discharge. This is assured
by Corollary 2 which states that for each “1” in the EXB
code there is at least on “-1” in the same position. This means
that the theory predicts that in the EXB based SCC all
capacitors are going through the sequence of charge and
discharge. Moreover, as shown next, the capacitors will
always reach the nominal voltages (binary fractions of the
input) even from cold start when the voltages across all the
capacitors are zero.

One way to prove that the capacitors will always reach the
nominal voltages is to consider the fact that each
configuration of the SCC for a given EXB code (e.g. Fig. 4)
can be considered as an equation (Kirchhoff’s Voltage Law
(KVL)). By running through all the codes for the given M,,
the SCC is in fact subjecting the capacitors (including the
output capacitor) to this set of equations. The SCC realization
of EXB codes of a given M, ratio requires n+1 capacitors (n
flying capacitors plus the output capacitor). Consequently the
set of equation has n+1 unknowns (the capacitors’ voltages)
and one would need at least n+tl SCC configurations
(equations) to assure solvability. Since Corollary 1 states
exactly that (the number of codes for a given M, is at least
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n+1), the EXB based SCC will indeed reach the expected
steady state as confirmed by simulation and experimentally.
This is illustrated by the following example: the KVL
equations for the SCC of Fig. 4 are:

Vio = Ver =V + Ve = Vg,
0+ Ve =V + Ve =V,
Vio = Ve +0-V, =V,

0+V,+0-V, =V,
0+0+V,, + V=V,

(14)

System (14) comprises five equations, while the number of
unknowns is equal to 4, so the system has one degree of
freedom. It can be solved by eliminating one of the equations
yielding, as expected:

Ve =1/2-Vip: Vg =1/4+ Vi
Vs =1/8-Vin Voo =3/8- Vi

Since (15) is unique (the rigorous proof of this is omitted
here for the sake of brevity), the capacitors' voltages are self-
adjusting, so that there is no need for any control scheme [17]
to assure that the capacitors reach the nominal value and
hence the output will always self stabilize to the expected
voltage.

Considering the fact that the set of equations (14) is
solvable it should also be solvable if V;, and V¢, are switched
as shown in (16). This means switching the input and output
functions and in fact converting the step down SCC to a step
up SCC.

(15)

Veo=Vor = Vo + Ve =V,
0+Ve, =V + Ve =V,

(16)
Voo = Ve #0-Ve; =V,
0+V,+0-V,=V,
0+0+ Ve, +V, =V,
The solution of (16) is:
Ve =4/3-V,;Ve, =2/3-V,, (17)

Vs =1/3:V3Ve, =8/3-V,

n >’

It is evident that the conversion ratios of the step-up EXB
based SCC with the resolution n are reciprocal to their step-
down counterparts and are defined by a set of fractions with
numerator 2" and denominators 1, ..., 2" — 1. Note that the
highest conversion ratio in this embodiment is equal to 2".
Although a number of step-up SCC with the conversion ratio
2" have been proposed earlier [18], [19], [20], there is no
published report of SCC with intermediate binary conversion
ratios.

V. TRANSLATING THE GFN CODES INTO SCC TOPOLOGIES

The private case of the EXB based SCC, can be extended
to the general GFN fraction N,(r) case by following the
concepts detailed above. However, unlike the case of the
EXB, each coefficient A; of the N, () will be associated with
more than one capacitor. The number of capacitors associated
with each coefficient will depend on the maximum number in
column ; of the GFN codes for a given N,(r). In the general
case when the SCC is expected to be configured for all the
values of N,(r), each column ;j will be associated with r — 1
capacitors. For example, for the N,(3) case each column will
require (for the general case) 2 capacitors (r — 1 =3 — 1) and
a total of 4 capacitors (2x2). The translation of the GFN
representation to the SCC topologies can be accomplished by
the following rules.

1) If Ap = 1 then Vy, is connected in a polarity that charges
the output.

2) If Ay = 0 then V;; is not connected.

3) If A; = 0 then all » — 1 capacitors C;, of the group j are
disconnected.

4) If A; < -1 then |Aj] capacitors C, of group j are
connected in series with the output in the charge polarity,
while the remaining j capacitors are connected in parallel to
any of the C;, capacitors in same polarity.

5) If A; = -1 then all capacitors C; of the group j are
connected in parallel and the group is connected in series
with the output in the charge polarity.

6) If A; = 1 then all capacitors C;, of the group j are
connected in parallel and the group is connected in series
with the output in the discharge polarity.

7) If A; > 1 then A; capacitors C;, of the group j are
connected in series in same polarity and the group is
connected in series with the output in the discharge polarity,
while the remaining j capacitors are connected in parallel to
any of C;, capacitors in same polarity.

As an example to the relationship between GFN codes and
SCC topologies we consider the case of N;(3) = 1/3 and
Ni(3) = 2/3 (one bit, r = 3), given in Fig. 5 and Fig. 6
respectively. The GFN codes for the 1/3 case are {0 1} and
{1 -23} which translate into the two configurations of Fig. 5.

Cit Ci2

+ [ + VO VO
WY
C E:R p +:: Co
T 77 Cut Cia

|[*

—Ro

Fig. 5. Capacitors connections that follow the GFN codes of N;(3) = 1/3.

Because the capacitors C;; and C;, are connected in
parallel, their voltages are identical and are denoted as V. It
is assumed that in steady state C;; and C,, keep the same
voltage V¢ in the series connection. The KVL equations for
this case are:
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1.V, -2V =V, (18)
0-V, +1-V. =V,

and the solution of (18) is:
Vozvczévm (19)

Similarly, the case of N;(3) = 2/3 translates into the
configurations of Fig. 6.

C1.1 +

Vo

o— Ro

Fig. 6. Capacitors connections that follow the GFN codes of N;(3) = 2/3.

Given m capacitors in the circuit, they can be rearranged
by the SCC switches to follow an EXB or a GFN codes or
both. For example, using one of the capacitors (or the two in
parallel) of the SCC shown in Fig. 6, one can realize the EXB
codes of M=1/2 ({0 13}, {1 -1%}; radix 2). By this, the
number of target voltages can be increased (1/2, 2/3) as
implemented in the commercial SCC [12]. Moreover, using
the same two capacitors, the transfer ratio 1/3 can also be
added (Fig. 5) to farther increase the number of target
voltages (1/3, 1/2, 2/3). Of course, this will possibly require
more switches, increasing the complexity of the circuit as
well as the losses [9].

VI. OUTPUT VOLTAGE REGULATION

As discussed in the Introduction, output voltage regulation
of SCC is normally achieved by changing the equivalent
resistance R,y (Fig. 2). We propose here two alternative
approaches that are compatible with the structure of the EXB
or GFN based SCC. In these SCC it would be desirable to
keep the voltages across the capacitors at their nominal
values and not change them by partial charge or discharge.
One approach to accomplish this is to use dithering that is,
switching from one transfer ratio to another. In the regular
one ratio mode, the converter will scan over all the codes that
correspond to the desired transfer ratio. Fig. 7 depicts as an
example the perpetual sequence for M5 = 3/8.

For transfer ratio values which are in between the discrete
M, values one can dither between two neighboring ratios as
depicted in Fig. 8.

In the case depicted in Fig. 8 the dither duration is 5
sequences, 4 of 3/8 an one of 4/8. Consequently the average
ratio will be 0.4.

M; = 3/8 M3 =3/8 M; = 3/8

00 11
1-1 0-1

1-10-1
0 1 0-1

1-1-11

0 1-11

00 11
1-1 0-1
0 1 0-1

1-1-11

0 1-11

00 11
1-1 0-1

0 1 0-1

1-1-11

0 1-11

0 1 0-1

time

Fig. 7. SCC sequencing for M = 3/8.
Dither period

M; = 3/8 M, =3/8 M; =3/8 M, = 4/8
Fig. 8: Dithering between 3/8 and 4/8.

M; = 3/8

time

Another method proposed here for output voltage control
is to introduce a linear, low dropout (LDO) voltage regulator
at the output (Fig. 9). In this case, the LDO will provide the
regulation for the LSB while the SCC maintains a low
voltage across the LDO. It should be noted that from a
theoretical point of view the efficiency is still according to (3)
with or without the LDO.

Binary 3-bit SCC v
°
LDO

HINTT

oo |

Fig. 9. Block diagram of output voltage regulation by LDO at the output.

Vo(reg)

T %

VIL

The experimental setup followed the topology of Fig. 10
and was built around CMOS bidirectional switches
MAX4678 with an ‘on’ resistance of 1.2Q and a
microcontroller PIC18F452, while C; = C, = C; = 4.7uF. For
the step-down case C, = 470uF, nominal R, = 3.6kQ and f; =
100kHz; for the step-up case C, = 10uF, nominal R, = 3kQ
and f, = 12.2kHz.

Fig. 11 depicts the experimental output voltage during
startup from zero voltage across all the capacitors for M; =
3/8. The response to a step in the load is presented in Fig. 12.
The output ripple for normal operation and when output
voltage regulation was carried out by dithering is presented in
Fig. 13(a) and Fig. 13(b) respectively. The SCC efficiency
versus the load is given in Fig. 14 for M; = 3/8. The converter
was operated also in the step-up mode with M; = 8/3. The
SCC efficiency for this case is given in Fig. 15.

The concept of regulation with a LDO at the output (Fig.
9) was also tested using a LT1121-3.3 (Linear Technology)
as the low dropout linear regulator with a fixed 3.3V output
voltage. As shown in Fig. 9, the output and input voltages
were sampled and the control was programmed to select the
minimal conversion ratio which provides an output voltage
greater than 3.6V. The LT1121 has a minimum dropout
voltage of 0.3V, so at least 3.6V are required at the input.

EXPERIMENTAL
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This implies that the upper limit of the efficiency is limited to
3.3/3.6=0.92 and that is without taking into account the losses
of the SCC. In this preliminary - proof of concept - closed
loop experiment, the SCC was configured to operate both as a
step-up and step-down converter. This was accomplished by
introducing extra switches that could flip the input and output
terminals. The measured efficiency for the input voltage
range of 1.8V to 10V is depicted in Fig. 16.

Fig. 12. Response to load (R,) change from 3.6kQ to 128 Q. V;, = 8V,

The calculated values of Req according to (4: 5)' [9] for the M; = 3/8. Vertical scale: 40mV/div; Horizontal scale: 12.4ms/div.
3/8 and 8/3 cases were 9.052Q and 63.3Q respectively while Ch.1: output voltage, Ch.2: load step control signal. Peak to peak output
the experimentally evaluated values were 7.35 Q and 64.9Q. voltage change is 155.5 mV.
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Fig. 13. Output ripple. V;;=8V and R, =437 Q. (a) M; = 3/8. (b) Dithering
yu ol between M3 = 3/8 and M = 1/2 (in 4:1 ratio). Vertical scale: 10mV/div;
ST +|| S6 Horizontal scale: 100pS/div.
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s12 Fig. 14. Efficiency of step-down EXB based SCC, M3 = 3/8.
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Fig. 10. Interconnection of switches and capacitors of the proposed binary 20% |
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0% : :

0 600 1200 1800 2400 3000
Ro, Ohm

‘ Fig. 15. Efficiency of step-up EXB based SCC, M; = 8/3.
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Fig. 11. Output voltage from start up. Vi, = 8V, M3 = 3/8, Load resistor R, = Input voltage, Vin (V)
3.6kQ. Vertical scale: 1V/div; Horizontal scale: 10ms/div. Fig. 16. Efficiency of EXB based SCC operating with an LDO at the output

in both step-down and step-up modes. V, set to 3.3V
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VIIIL

An EXB representation is proposed and extended to the
general radix case defined as GFN. In the case of the EXB,
the radix is 2, while the general GFN can be defined for any
radix r. Hence, the case of a GFN of radix 2 { N,(2) } is in
fact the EXB case. Based on the new number systems, a
novel procedure is proposed for the design of high resolution
multi-target SCC that emulate the EXB and GFN codes. The
new theoretically supported concepts were verified by
simulation and experiments for static and dynamic responses.
The experiments were conducted on a step-down and a step-
up SCC with binary resolution. Several control schemes were
tested including linear and dithering approaches to provide
continuous regulation of the output voltage. Both of the
proposed control approaches were found to function properly
but the dithering scheme gave rise to a higher output ripple.
This could be explained by the fact that in this control
method the SCC has to be reconfigured dynamically between
two M, values.

The number systems defined in this study establish the
foundation of the class of SCC circuit in which the flying
capacitors are self charged to some nominal value. It is
shown that these SCC circuits can be considered as hardware
computational systems that solve a set of equations defined
by the EXB, or in general case, by the GFN representations.
It is further shown that for a given number of capacitors, one
can generate many target voltages by configuring the flying
capacitors interconnections according to different EXB or
GFN codes.

The main feature of the proposed SCC scheme is the
ability to design SCC with many target voltages of high
resolution. This would lead to a higher efficiency in case that
the output voltage needs to be regulated while the input
voltage varies over a wide range. The downside is the
relatively large number of bidirectional switches required for
realization.

CONCLUSIONS AND DISCUSSION

ACKNOWLEDGMENT

This research was supported by THE ISRAEL SCIENCE
FOUNDATION (grant No. 476/08) and by Waves Ltd. Israel.
We thank Mr. Meir Shashoua for his comments and support.

REFERENCES

[1] G. van Steenwijk, K. Hoen, and H. Wallinga, “Analysis and
design of a charge pump circuit for high output current
applications”, in Proc. 19th European Solid-State Circuits
Conference (ESSCIRC) 1993, pp. 118-121.

[2] P. Favrat, Ph. Deval, and M. J. Declercq, “A high-efficiency
CMOS voltage doubler,” IEEE Journal of Solid-State Circuits,
Vol. 33, Issue 3, 1998, pp. 410-416.

[3] J. Liu, Z. Chen, and Z. Du, “A New Design of Power Supplies
for Pocket Computer Systems,” /IEEE Transactions on Industrial
Electronics, Vol. 45, Issue 2, 1998, pp. 228-235.

[4] 1. Oota, N. Hara, and F. Ueno, “A general method for deriving
output resistances of serial fixed type switched-capacitor power
supplies,” IEEE International Symposium on Circuits and
Systems (ISCAS) 2000, Vol. 3, pp. 503-506.

[5] Analog Integrations Corporation, Application Note AN023, “An
Useful Model for Charge Pump Converter,” AIC1845: micro-
power charge pump.

[6] J. W. Kimball, Ph. T. Krein, and K. R. Cahill, “Modeling of
Capacitor Impedance in Switching Converters,” /[EEE Power
Electronics Letters, Vol. 3, Issue 4, 2005, pp.136-140

[7] K. Itoh, M. Horiguchi, and H. Tanaka, Ultra-Low Voltage Nano-
Scale Memories. Series on Integrated Circuits and Systems,
Springer, 2007, 400 p.

[8] M. D. Seeman and S. R. Sanders, “Analysis and Optimization of
Switched Capacitor DC-DC Converters,” I[EEE Transactions on
Power Electronics, Vol. 23, Ne2, 2008, pp. 841-851.

[9] S. Ben-Yaakov and M. Evzelman, “Generic and Unified Model
of Switched Capacitor Converters,” Proceedings of the IEEE
Energy Conversion Congress and Exposition (ECCE), San Jose,
California, USA, September 20-24, 2009.

[10] A. Ioinovici, “Switched-Capacitor Power Electronics Circuits,”
IEEE Circuits and Systems Magazine, Vol. 1, Ne3, 2001, pp. 37-
42.

[11] A. Rao, W. Mclntyre, Un-Ku Moon, and G. C. Temes, “Noise-
Shaping Techniques Applied to Switched-Capacitor Voltage
Regulators,” IEEE Journal of Solid-State Circuits, Vol. 40, Ne2,
2005, pp. 422-429.

[12] Linear Technology Datasheet, LTC1911: Low Noise High
Efficiency Inductorless Step-Down DC/DC Converter.

[13] Mingliang Liu, Demystifying Switched Capacitor Circuits.
Newnes, 2006, 317p.

[14] A. Avizienis, “Signed-Digit Number Representations for Fast
Parallel  Arithmetic,” [RE Transactions on Electronic
Computers, Ne10, 1961, pp. 389-400.

[15] N. Ebeid and M. A. Hasan, “On binary signed digit
representations of integers,” Designs, Codes and Cryptography,
Vol. 42, Nel, pp. 43-65, 2007.

[16] B. Parhami, “Generalized Signed-Digit Number Systems: A
Unifying Framework for Redundant Number Representations,”
IEEE Transactions on Computers, Vol. 39, Nel, 1990, pp. 89-
98.

[17] M. Shashoua, “High-Efficiency Power Supply,” International
Publication WO 02/15372, Patent Cooperation Treaty, Feb. 21,
2002.

[18] F. Ueno, T. Inoue, and I. Oota, “Realization of a new switched-
capacitor transformer with a step-up transformer ratio 2" ' using
n capacitors,” IEEE International Symposium on Circuits and
Systems (ISCAS) 1986, pp.805-808.

[19] J. A. Starzyk, Y. W. Jan, and F. Qiu, “A DC-DC Charge Pump
Design Based on Voltage Doublers,” IEEE Transactions on
Circuits and Systems, Part I, Vol. 48, Ne3, 2001, pp. 350-359.

[20] F. L. Luo and H. Ye, “Positive Output Multiple-Lift Push-Pull
Switched-Capacitor Luo Converters,” [EEE Transactions on
Industrial Electronics, Vol. 51, Ne3, 2004, pp. 594-602.

1589




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /CMB10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /CMBX12
    /CMBX5
    /CMBX6
    /CMBX7
    /CMBX8
    /CMBX9
    /CMBXSL10
    /CMBXTI10
    /CMCSC10
    /CMCSC8
    /CMCSC9
    /CMDUNH10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /CMFI10
    /CMFIB8
    /CMINCH
    /CMITT10
    /CMMI10
    /CMMI12
    /CMMI5
    /CMMI6
    /CMMI7
    /CMMI8
    /CMMI9
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /CMR12
    /CMR17
    /CMR5
    /CMR6
    /CMR7
    /CMR8
    /CMR9
    /CMSL10
    /CMSL12
    /CMSL8
    /CMSL9
    /CMSLTT10
    /CMSS10
    /CMSS12
    /CMSS17
    /CMSS8
    /CMSS9
    /CMSSBX10
    /CMSSDC10
    /CMSSI10
    /CMSSI12
    /CMSSI17
    /CMSSI8
    /CMSSI9
    /CMSSQ8
    /CMSSQI8
    /CMSY10
    /CMSY5
    /CMSY6
    /CMSY7
    /CMSY8
    /CMSY9
    /CMTCSC10
    /CMTEX10
    /CMTEX8
    /CMTEX9
    /CMTI10
    /CMTI12
    /CMTI7
    /CMTI8
    /CMTI9
    /CMTT10
    /CMTT12
    /CMTT8
    /CMTT9
    /CMU10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




