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Abstract—The Fibonacci Switched-Capacitor (SC) converter
demonstrates the highest performance by using minimum
number of capacitors. However, as the Fibonacci SC requires a
wide range of voltage rating of the devices, its implementation is
difficult. This paper presents two gate driving techniques for
designing and implementing two-phase Fibonacci SC converter
for both low and high step-up conversion ratios. The proposed
gate driving techniques only require few auxiliary transistors to
provide the required boosted voltages for turning the charge
transfer switches in the converter on and off. As a result, the
proposed gate driving techniques reduce the design complexity
and increase the reliability of the Fibonacci SC converter.
Practical 8X and 5X Fibonacci SC converters are simulated and
constructed based on the proposed techniques. The high
conversion efficiencies achieved prove the effectiveness of the
proposed techniques.

1. INTRODUCTION

A DC-DC SC converter is an inductorless converter that
uses only capacitors and switches without involving amplifiers
or transformers to step up or step down the voltage. This
approach has the advantages of simple control method,
reduced physical volume, less electromagnetic interference
(EMI), low cost and high power density for its design. Among
various types of SCs, 2-phase SC appears as one of the most
promising topologies due to its simpler switching circuitry
when used in mobile devices. Fibonacci topology shows
another advantage, by using the minimum number of
capacitors for the highest conversion ratio compared to
Dickson and voltage doubler topologies. Capacitors consume
considerable silicon area in integrated circuit (IC)
implementations, thus by reducing the number of capacitors, a
smaller size integrated converter can be obtained.

Extensive studies of SCs have been performed, but most of
these treat switches as ideal components [1-3]. Analytical
ideal models of Fibonacci SC converters have been well
characterized to achieve a range of distinct DC conversion
ratios [1, 3]. However, these works are based on pure topology
aspects which exclude the considerations of capacitance
values, charge transfer switches components and gate control
techniques. In [4-6], some gate control methods for Fibonacci
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converters were proposed for low to medium conversion ratios
but with the expense of having more switching phases. Better
understanding of various issues relating to practical
implementation of SC converters is essential in order not to
exceed the technology limits of the components used in the
implementation.

In Section II, the characteristics of transistors as charge
transfer switches are presented. The implementation strategy
of the transistors for the Fibonacci SC topology is discussed in
Section III. The SC converter is optimized based on its
capacitors and switches in Section IV. Finally, the SC
converter is simulated and realized with discrete components
based on the proposed design strategy in Section V and
conclusions are provided in Section VI.

II.  CHARGE TRANSFER SWITCHES COMPONENTS

The Fibonacci topology is based on an N-stage SC
converter with the final voltage ratio limited by (N+1)"
Fibonacci number (Fyy+; ) [1-3, 5]. This conversion ratio is
the highest ratio that can be attained from a 2-phase SC
converter by wusing N-/ capacitors. Theoretically, the
conversion ratio can be ranged from 1, 2, 3, 5, 8, 13, 21, and
so on. However, the implementation of the Fibonacci SC
converter is limited by the transistor technology employed [7].
For SC converter implementation, MOSFETs have to be
designed to operate in linear region to transfer a high current
with a small on-resistance [5, 6]. Both n-channel MOSFET
(nMOS) and p-channel MOSFET (pMOS) transistors have
their difficulties in switching on and off. Completely
switching on and off of MOSFETs is the key in developing an
energy efficiency converter. An nMOS transistor can be easily
switched off by applying a gate voltage of 0V or effective gate
to source voltage (Vs smaller than the Vg [6, 8]
However, to switch on the nMOS without suffering from a
significant voltage drop, the Vg .5 of the nMOS has to be
higher than the boosted voltage at the subsequent higher
stages after deducting the Vyy [6, 9]. The Vyy increases when a
bulk potential (V) is applied [8]. This increases the body
effect of the transistor which leads to deteriorating the
performance of an nMOS transistor as a charge transfer
switch. The body effect is minimized in low conversion ratio
DC-DC converters where the bulk of nMOS is grounded and
Vp is zero potential. However, for a higher conversion ratio, if
Vg is still with zero potential, it may cause the transistor to
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break down when the potential between drain/source/gate
terminal (Vps) and Vp is greater than a technology specific
voltage limit. Thus, for higher conversion ratio designs, the
bulk of an nMOS transistor is connected to the lower terminal
between drain and source [10]. However, increasing drain and
source voltages in subsequent stages will increase the Vj.
Thus, the converter will suffer from the body effect with a
higher Vyy induced by Vp [8, 11]. The transconductance
between source and bulk (g;) as shown in (1) can no longer be
ignored. As the number of convertor stages increases, the
overall Vyy increases as well, and this decreases the voltage
gain per stage. Eventually, this body effect seriously
diminishes the DC-DC converter output voltage.

72/un/,;C()Xn/,;Wn,;iVGs?eff (l)
2g,L

where Vruouy is the threshold voltage with zero Vs of nMOS or pMOS, g is
the transconductance between source and bulk, Vs oy =Ves crk- & NVironp,
Vs cik is switching clock’s amplitude, ¢ is the coefficient proportional to
the number of charge pump’s stages with the values between 0< ¢ </ and N
is the number of stages of charge pump

=206 |+

Vi =Vino
nlp

As for pMOS based SC converters, pMOS transistors can
be easily switched on by setting Vgs o < 0V. However, it is
difficult to completely switching off the pMOS switches. To
avoid leakage currents from drain/source to substrate, the bulk
of pMOS transistors should be connected to the highest
terminal [6, 9, 11, 12]. In the next section, an effective gate
driving technique will be introduced in order to minimize the
effects of the transistors. Auxiliary transistors will be used to
generate boosted pump clock schemes to ensure the transistors
are always fully switched on and off.

III. TRANSISTOR GATE DRIVING TECHNIQUE

Effectively driving the gate of the transistors is essential to
ensure that the transistors work in linear or cut-off region
while being switched on and off, respectively. As shown in
Fig. 1, when clock 1 (CLKI) is HIGH, a boosted signal is
obtained at output port P2 which follows CLKI, but has a
higher magnitude. Similarly, P/ follows CLK2 which is non-
overlapped version of CLK/. These boosted signals (P/ and
P2) are used to trigger the transistors to switch on or off, to
form the alternating charges flow across the capacitors for
phase 1 and phase 2, as shown in Fig. 1. By connecting the
source and bulk of the pMOS transistors to the highest
terminal of each stage, this can effectively reduce the leakage
current to substrate. Since pMOS transistors provide high
efficiency in charge transferring, in our design most of the
switches are pMOS based. nMOS transistors are used for the
switches located near the ground terminal, as shown in Fig. 1.
When the bulk terminals of the nMOS transistors are
connected to the ground terminal, the body effect of the
nMOS transistors can be eliminated which can lead to
increasing the overall voltage gain per stage.

For a low input voltage supply (Vpp), e.g. IV to 2V, the
output voltage (V,,) of the Fibonacci topology is fed to the
level shifter for boosting the magnitude of the switching
voltage. A diode is placed between Vpp and the level shifter to
provide an initial voltage for starting up the level shifter.
When the output voltage is higher than Vpp, the diode will be
turned off. By swinging P/ and P2 voltages between 0} and

Foiy*Vpp, a sufficient voltage level can be obtained for
switching off the pMOS transistors. To switch on the nMOS
transistors, a voltage of Vpp is enough when the source and
bulk terminals of nMOS transistors are connected to the
ground. Both pMOS and nMOS transistors can be easily
switched on and off by using 0V respectively. This low
voltage gate control technique is quite straightforward, since
these transistors will not face the risk of exceeding their
technology maximum gate source voltage (Vs y4x) and drain
source voltage (Vps yux) limits. High voltage thick oxide
transistors can be used with this topology to avoid transistor
gate oxide breakdown, if a higher output voltage is required.

For the Fibonacci converter supplied with a high Vpp, e.g.
3V to 5V, a different approach has to be used. By using a
similar method to the one shown Fig. 1, the transistors might
suffer from gate oxide breakdown due to exceeding their
transistors technology limit. For high conversion, auxiliary
transistors have to be used to boost the voltage at each stage or
cell based on the reference voltage on other nodes. As shown
in Fig. 2, each cell of the converter consists of three main
charge transfer switches. Each switch has to able to be turned
on and off at the designated clock phases to allow the charge
to be pushed to the next stage, and block the charge from
leaking to previous stage or ground. This approach is different
from the linear topology such as the Dickson converter. In the
linear topology, CLK1 and CLK?2 are able to access each cell
node, thus an initial voltage can be pumped through the
capacitors in parallel. A backward control which uses the
already established high voltage to control the transistors of
the previous stage is applied in the linear topology [11]. This
approach is not suitable for the Fibonacci converter, where
clock phases are not directly attached to the capacitors. In the
Fibonacci converter, all capacitors are flying capacitors, which
mean both end terminals of the capacitors are connected with
switches rather than fixed at supply/ground terminal, as shown
in Fig. 2. In this paper, we propose a forward control
technique for the Fibonacci converter. By using the previous
cell node voltage, e.g. V(C2) as the source voltage and the
current cell voltage, V(C4) as the drain voltage for auxiliary
inverters, the charge transfer switch, MP/ 4, can be turned on
by V(C2) and turned off by V(C4), as shown in Fig. 2. For the
gate drive of transistor MP1 4, it is not appropriate to control
the gate voltage of transistors by switching them between 0V
and F,.,)*Vpp, as presented in [6] for the Fibonacci converter
with a high power supply. The gate of the transistor will suffer
from breakdown with the high voltage level stresses at V.
For instance, a Vg voltage of — 29.6) needs to be held by the
transistor in an 8X Fibonacci converter with a 3.7V of Vpp. For
the middle transistor, MP2, a gate drive circuit is also needed
to generate a boosted voltage for switching MP2 on and off at
the designated clock phases. Therefore, the drain of MP2 is
connected to the drain of MN/ while the source port of MNI is
grounded. For the high power supply Fibonacci converter, the
voltage at the drain of MN/in the higher stages will sustain
some voltage levels rather than being grounded, due to an
increasing volume of charge trapped in the capacitors.
Therefore, for long cascaded stages of the Fibonacci
converter, there will be a voltage present at V(C4_0), as shown
in Fig. 2. It is easier to switch on and off MN2 by using an
inverter. MN2 can be turned on by V(C4) and turned off by
V(C4_0). By using the reference voltage for switching the
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Figure 2.  Effective gate driving technique for long c:

transistors, it will not exceed the technological limits of
Vbs max and Vs max of the transistors. For the bottom nMOS
transistor, MN1, with its ground reference terminal, a voltage
level of 0V and Vpp is enough to turn the transistor off and
on.

For the long cascaded stages of the Fibonacci converter, a
level shifter can be used to provide the required voltage levels
for the transistors at the first, second and third cells, as shown
in Fig. 2. For the fourth and higher stages of cells, the forward
control technique can be used, for effectively driving the
transistors. The voltage supply (V.s) of the level shifter has to
be connected to the internal cell node rather than the output
voltage of the converter in order to avoid the breakdown of
the transistors. By doing this, the number of auxiliary
transistors can be reduced and the transistors remain
operating within the specification margins.

IV. OPTIMIZATION OF THE FIBONACCI TOPOLOGY

The Fibonacci topology can be optimized based on capacitors
or charge transfer switches. By optimizing these two
elements, slow and fast switching limits of a converter can be
determined. Capacitors in the Fibonacci converter do not
carry the same DC voltages. Capacitor voltages in a given
Fibonacci converter follow the Fibonacci sequence [3]. By
using the charge balance model (2), the size of the charge
storage capacitor (Cg,y.) should be arranged in reverse order
of the Fibonnaci sequence, as shown in Fig. 3. The largest
capacitor should be placed next to Vpp and the smallest next
to C;. For the implementation of the Fibonacci topology,
ceramic capacitors, which have a low equivalent series
resistance (ESR), are the candidate of choice either for
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ascaded high voltage supply Fibonacci converter

converters in IC form or implemented through discrete
components.
cC=0/V ?)
The optimization can also target the sizes of charge
transfer switches. Using too large switches will increase the
parasitic loss; conversely, smaller sized switches are not able
to accommodate sufficient amount of charge, which results to
a lower output voltage for a particular frequency. Sizes of the
charge transfer switches should follow the multiplier (q), as
shown in Fig. 3.
Voo 3q S1vct) 2q_S2vc2) q Siwc3) a_2v(ca) a V(o)
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Figure 3. Charge flow and optimization in Fibonacci topology
V.

To demonstrate the effectiveness of the proposed gate
driving techniques for the Fibonacci SC converter, a
cascaded high supply voltage SC converter, as shown in Fig.
3, is designed and simulated using the AMS 0.35 um

technology. A Vpp of 3.7V was supplied to the converter.
The widths and lengths of the transistor were set to /000 um

and 7 um respectively. Cg,,. was set to the market available

size, 33nF. Non-overlapping clock signals, CLK] and CLK2,
were generated for switching the converter to avoid charge
leakage from short circuit path. A high voltage transistor
device model Vg pux and Vps pax of 20V was chosen for the
simulation of this converter.

SIMULATION RESULTS



The results obtained demonstrate the effectiveness of the
proposed gate driving techniques for the Fibonacci SC
converter, providing a conversion efficiency, 77, of up to 88%.

The switches can be turned on and off at the designated clock
phases and without exceeding their transistor technology
limits, as shown in Fig. 4. The magnitudes of CLK/ and CLK?2
swing from 0V to 3.7V, while the magnitudes of P/ and P2
swing from 0V to 10.3V. Both switching signals remain within
the Vgs max of the transistors. Similarly, Vpg pay of the
transistors is kept within the transistor technology limits. For
example, Vps of MPI 2 is determined by the voltage
difference between V(C!) and V(C2) which is less than 20V.
Slow and fast switching limits of the converter are also
demonstrated. A faster rise-up time can be obtained by
multiplying the capacitors with the reverse of the Fibonacci
sequence. Whereas, using same size capacitors will lead to an
output with a longer rise-up time, as shown in Fig. 5.
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Figure 4. The internal node voltages for the §X Fibonacci SC Converter
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Figure 5. The output voltages for the 8X Fibonacci SC Converter

Although the design is intended for an integrated circuit
implementation, it can also be realized by using discrete
components, as shown in Fig. 6. A function generator was
used to generate the input non-overlapped clock signals CLK/
& CLK2. Fig. 6 and Fig. 7 show the 5X Fibonacci SC
converter assembled by using discrete components which
provides a conversion efficiency M of 72%. The slightly lower
efficiency is due to the higher V7 and on-resistance when
discrete components are used.

Figure 6. A 5X Fibonacci SC converter assembled by discrete
components
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Figure 7. The measurement result of the fabricated converter

VI.  CONCLUSIONS
A novel design strategy for the two-phase Fibonacci SC

converter has been presented. Two gate driving techniques
have been proposed for effectively turning on and off the
switches. In addition, the proposed Fibonacci SC converter
topology has been optimized for its switches and capacitors.
Simulation results obtained showed the effectiveness of the
proposed design strategy.
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