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Abstract—In this paper it is proposed the realization of
a charge pump inverter. With the evolution of integrated
circuit fabrication technologies for Fully Depleted Silicon-
On-Insulator (FD-SOI), the circuit under study is intended to
be a means to explore the possibilities of this technology.
Particularly in this work, the circuit was implemented in the
GLOBAL FOUNDRIES 22FDXTM technology. This allows a
dynamic adjustment of VT through Reverse Body Biasing
(RBB) and Forward Body Biasing (FBB), i.e. by adjusting
the substrate voltage of the transistor to 1.8 V or -1.8 V,
respectively if it is n or p type. A charge pump inverter
circuit was thus developed in order to provide a negative
voltage for substrate polarization of circuits implemented in
the same technology. The developed inverter has an operat-
ing frequency of 1Mhz and its capacitors are integrated into
the circuit without the need to add discrete components
externally.

Index Terms—Charge Pump; Inverter; Fully Depleted
Silicon-On-Insulator; Reverse Body Biasing; Forward Body
Biasing;

I. INTRODUCTION

W ITH the advent of Internet of Things (IoT), the number
of connected electronic devices is expected to increase

tremendously, with an estimated 26 billion units by 2020. [1].
This type of devices are mostly composed of microcontrollers,
sensors, wireless communication modules (Wi-Fi, Bluetooth,
RFID) and batteries.Therefore, it is extremely necessary that
the electronic circuits integrated in these modules have high
energy efficiency in order to extend the life of their batteries,
thus avoiding frequent maintenance interventions. It is also
important that these devices are of reduced size as they can
range from simple temperature sensors at a remote location
or to biochips deployed in animals, including humans. One of
the characteristics of IoT devices is their mode of operation
in which they perform tasks with higher energy consumption
in some periods and remain idle the rest of the time or
perform only low energy operations. There is a need for
circuits that can switch between low energy consumption and
high performance situations. This need can be satisfied by the
creation of circuits where it is possible to change the body
voltage (VB) in the transistors in order to modify its threshold
voltage (VT ). Therefore, by increasing VT , it is possible to
reduce leakage currents in periods when a high performance
of the devices is not required or, by lowering VT , decrease the
switching times of the transistors. The possibility of exploring
this type of circuits with dynamic control of (VT ) arises with

Fully Depleted Silicon-On-Insulator (FD-SOI) technology, in
which is possible to create circuits with smaller areas and more
efficient, in opposition to the deceleration in the evolution of
the transistors, which until recently followed the prediction
enunciated by Moore’s Law [2]. This deceleration is due to
difficulties in technologies below 22nm, in which it is quite
complicated to avoid the effects of short channel in technolo-
gies where the doping of the channel is done following the
theory of Dennard [3], thus losing energy efficiency.

In Section II. A. is given an overview of the charge pump
topology used in the developed system and in B. a review of
FD-SOI technology is done, particularly to 22FDXTM tech-
nology from GLOBAL FOUNDRIES. The following Sections
III. and IV. describe the system implemented and the results
obtained, respectively. Finally, in Section V, the paper is ended
with the conclusion and future work.

The developed project should respect the specifications
presented on table I.

TABLE I
SPECIFICATIONS.

Vdd [V] 1,8
Vout [V] -1,8

Frequency [MHz] 1
IQ [µA] <10

CSub [pF/mm2] 721

II. BACKGROUND AND MOTIVATION

A. Charge Pump

The charge pump is a Direct Current to Direct Current (DC-
DC) converter based on a switched capacitor circuit. It enables
the conversion of an input voltage (Vin) on an output voltage
(Vout) that could be lower, inverted or even higher than the
one at the input. This type of converter is suitable to be used
in integrated circuits, since it has, comparatively to inductor
based circuits, the following advantages and disadvantages.

• Advantages:
1) Less complexity;
2) Less silicon area;
3) Less cost;
4) Easier to be totally integrated.

• Disadvantages:
1) Higher ripple and noise [4];



2) Output current limited by the capacitors.
3) Efficiency could be lower as it depends on output

voltage.
As a switched capacitor based circuit, it relies on the charge

transfer between capacitors. In Figures 1 and 2 are represented
a simple charge pump of one stage, respectively to the first
and second half periods. During the first half of the period the
switch S1 is closed and S2 is opened while VClk=0, therefore
the capacitor C is charged to Vdd. In the following half period
S1 is opened and S2 is closed while VClk=Vdd, at this moment
the charge in C is transferred to CL and IL. The voltage after
the time of establishment is given by Equation 1.

VOut = 2Vdd −
ILT

C
(1)

Fig. 1. Charge Pump operation in the first half period.

Fig. 2. Charge Pump operation in the second half period.

The implemented inverter topology in the designed system
was a variation of the one used previously to explain the
operation. Observing Figure 3 there is a connection between
S2 and C2 to the ground. The negative terminal of C2 is
connected to the output. The operation of the circuit is done by
closing S1/S3 and open S2/S4 in the first half period, therefore
the capacitor C1 is charged to Vin. In the next half period C1 is
inverted when S2/S4 close and S1/S2 open, since the positive
terminal of C1 is connected to ground, its negative terminal
becomes -Vdd transferring charge to C2.

Fig. 3. Inverter Charge Pump.

B. Fully Depleted Silicon-On-Insulator: 22FDXTM

FD-SOI technology is a planar process, as the one in bulk-
CMOS,that enables the fabrication of circuits with smaller ge-
ometries, higher performance and lower power consumption.
Those characteristics are possible due o insulation given by
Buried Oxide (BOX) layer, as depicted in Figure 4. The BOX
layer prevents leakage from source and drain to the body.
Furthermore, the fully depleted channel reduces the issues
related with fluctuations on doping process.

Fig. 4. Structure of an FD-SOI transistor.

It is possible, in this technology, to dynamically control the
voltage threshold (VT ) applying a bias voltage to the transistor
body. This bias could be done in two ways, Reverse Body
Bias (RBB) and Forward Body Bias (FBB). For each one the
transistor structure is slightly different. In the first case the
nMOS has a p-well and the pMOS has a n-well, as depicted
in Figure 5. In the second situation, FBB, the wells are flipped,
in other words, the nMOS has a n-well and the pMOS has a
p-well, Figure 5. On both situations, n-well and p-well are
biased to a positive and negative voltages, respectively.

Applying RBB increases VT , so that leakage decreases with
the cost of lower frequency of operation. On the other hand,
applying FBB decreases VT increasing the frequency at the
cost of higher leakage currents.

Fig. 5. FD-SOI transistor structure with body-biasing terminal.

III. SYSTEM DESIGN

The main topology of the developed system is composed
of five more circuits in addition to the Charge Pump. In the
following subsections are described each one of these blocs,
including the Charge Pump.



Fig. 6. FD-SOI transistor structure with body-biasing terminal and
flipped well.

A. Charge Pump

The Charge Pump circuit design is not much different from
the inverter presented in Section II-A, where Cfly=170pF and
Cout=230pF. In this case the MOS transistors P7/P11 are
closed and N8/N11 are opened in the first half period, therefore
Cfly is charged to aVdd=1,8V. Then, in the following half
period, P7/N11 are opened and N8/N11 are closed, this way
the terminal cpplus of Cfly is connected to ground and its
cpplus terminal becomes aVss=-aVdd.

The MOS devices P11 and N11 require a gate voltage
between agnd and aVss to be operated, therefore is not
possible to switch these transistors initially while the voltage
aVss is not available. Two diodes were connected in parallel
with P11 and N11 in order to the Charge Pump could work
during the start-up operation.

The signals cp, cn, cpzz and cnzz to control P7, N8, P11 and
N11 devices, respectively, are generated in the driver circuits
described in the following section.

Fig. 7. Inverter Charge Pump topology.

B. Drivers

In order to operate the devices of the Charge Pump circuit,
was necessary to design two blocs of driver circuits, one to
generate signals of amplitude between agnd and aVdd, and
other to generate signals of amplitude between aVss and agnd,
respectively DRVPOS and DRVNEG. These signals should be
non-overlapped, as depicted in Figure 8, to guarantee that no
short-circuits happen and to prevent the loss of charge from
Cfly.

C. Level Shifters

Due to the necessity of some of the blocs to be controlled
by negative signals, were developed a group of level shifters

Fig. 8. Control signals to the Charge Pump.

to convert the signals from Start-up Control circuit into the
negative ones needed. From Figure 9 we notice that the circuit
on the left side was powered with aVdd and aVss, this means
a total excursion of 3,6V, therefore, to prevent the disruption
of any device, were added extra transistors (P7, P8, N2, N0)
with a cascode configuration to guarantee that each device was
exposed only to a maximum of 1,8V.

The second stage, on the right side of the figure, was
controlled by c and cz from the first stage, this allows to define
precisely the output signals between agnd and aVss.

Fig. 9. Level Shifter.

D. Bulk Switch

Since the main circuit requires an establishment period
before it could supply a load with a negative voltage, this Bulk
Switch circuit, Figure 10, was designed to work as a Vout

selector between agnd and aVss. In the first 17µs the Bulk
Switch selects agnd as output allowing Cout to be charged to
the level needed to operate the devices dependent on aVss.
After that initial time, transistor N1 was closed switching the
output to aVss, although that device was limited in current
and only at 130µs the transistor N2 was closed establishing a
less resistive path to the load.



Fig. 10. Bulk Switch.

E. Start-up Control

The Start-up Control bloc had the purpose of controlling
the main circuit during the initialization period, managing
the needed signals to control the Bulk Switch. This circuit
guarantees the time to Cout charges before Vout switches from
agnd to aVss.

The circuit was developed based on a D flip-flop frequency
divider, as in Figure 11.

Fig. 11. Start-up Control.

IV. LAYOUT IMPLEMENTATION

A. Cfly and Cout

The layout implemented, Figure 12, had a total area of
0,1143mm2 where approximately 68% of it was capacitors.
One of the goals of this project was the capacitors inclusion in
the integrated circuit, thus a large amount of area was expected
to be occupied by Cfly and Cout. To minimize this impact
Cout was implemented as two different kind of capacitors,
the Alternative Polarity Metal-Oxide-Metal (APMOM) and the
PFET in P-Well Capacitor (PCAP), the first consists in stacked
layers of metal separated by oxide and the second in a MOS
based capacitor. The main advantage of using the two types

was the possibility of superposition (see Figure 13), since they
haven’t layers in common, therefore the area is minimized
and the requirements related with densities were automatically
satisfied.

Fig. 12. Final layout.

Fig. 13. Cout unit with superposition of APMOM and PCAP.

B. Well Differentiation
One of the main issues with the layout implementation were

the connections to the correct well. Firstly, all the N-well was
connected to Vdd to guarantee that all the junctions were in
inversion. To accomplish this, the complexity to implement
the layout increases since the transistors were distributed by
three different potential wells, Vdd, Vss and agnd, in the case
of the Level Shifters and Charge Pump circuits.

C. Charge Pump
The Charge Pump was implemented in a Level Shifter like

structure, where the transistors were distributed by the three
different potential wells. Furthermore dummy devices were
used to minimize the discrepancies between devices during
the fabrication process. The metal paths used in this part of
the circuit had always a minimum width of 0,1µm for signal
paths and 0,4µm for power paths.



V. RESULTS

A. Main test
In order to test the main purpose of the circuit a diode was

connected as load. This allow us to simulate the circuit as if
it was charging a real substrate. In this specific test the diode
had 1mm2 with an associated capacity of 721pF. In Figure
14 we can notice the behaviour of aVss decreasing since the
beginning and at 17µs the signal clkonvss makes Bulk Switch
to connect aVss to Vout. Therefore the capacity from the test
diode starts its charging process with Vout decreasing to a
final value of -1,77V and Iout=-75mA.

The operation of the control signals was verified too, as
depicted in Figure 15 we could notice the non-overlapped
signals and the process of charging Cfly (141µs to 141,5µs)
and transfer of charge to Cout and load (140,5µs to 141µs).

Fig. 14. Initialization waveforms.

Fig. 15. Charge Pump control signals waveforms.

B. No load and power down tests
Were performed two tests, the first without a load connected

to Vout and the second in power down mode. These two

situations were different, in the first case the circuit was fully
operational with all of its drivers switching as if it was a load
at the output and, in the second case, most of the system was
disabled only consuming current related with leakages. See
Table II.

TABLE II
CURRENTS IQ AND IPD

No Load Power Down
aVdd 1,8 V 1,8
Vout -1,77 V 20,4 nV
Iss IQ=8,91 µA IPD=1,16 µA
Iout – –

C. Efficiency test
Figure 16 represents the efficiency for different values of

output current. The maximum efficiency was 71,6% for an
output current of approximately 40µA.

Fig. 16. Efficiency vs. Iout.

TABLE III
MAXIMUM, MINIMUM AND TYPICAL VALUES TO THE MAXIMUM

EFFICIENCY.

Min. Typ. Max.
Vdd [V] 1,8 1,8 1,8
Vout [V] -1,54 -1,54 -1,53

Frequency [MHz] 1 1 1
Vout Ripple [mV] 145,5 145,6 149,5

IV dd [µA] 45,41 45,79 47,70
Iout [µA] -38,12 -38,37 -38,45
Po [µW ] 58,70 59,09 58,83
Pi [µW ] 81,74 82,42 85,86
η [%] 71,8 71,6 68,56

D. Start-up test
The start-up test was done to prove the necessity of the

Bulk Switch circuit. Firstly, using 8 different process corners,
the circuit was tested for the same configuration of the test in
Section V-A and is presented in Figure 17. The second test was
done in a configuration where the load was connected to aVss



since the beginning of the initialization. As we could notice in
Figure 18, for three of the process corners the system was not
able to reach a steady state with Vout=-1,77V as expected.

Fig. 17. Vout waveforms for eight process corners.

Fig. 18. Vout waveforms in eight process corners for the test with aVss

connected to Vout during initialization.

E. PEX test
Finally was done a test with parasitics extraction (PEX).

This type of test is done by extracting parasitic capacities from
the layout. From the data presented in Table IV we could

VI. CONCLUSION

In this work were done the design and layout implemen-
tation. The main goal of design a system capable to supply
a bias voltage with integrated capacitors was accomplished.

notice a voltage decay from the initial test to the one with PEX
of 120mV. An extra test was done with PEX and an external
capacity of 260pF added to the existing Cfly, thus the charge
pump was able to increase the output voltage, although the
ripple was higher than in the previous tests.
Firstly, was done a review of the Charge Pump circuit and
FD-SOI technology. On FD-SOI, RBB and FBB were covered
as they were the main motivation to develop this project.
The developed Charge Pump had an operation frequency of
1MHz and an output voltage of -1,65V validated with PEX
simulation for a capacitive load. The capacitors were integrated
where Cfly=170pF and Cout=230pF. Lastly the maximum
efficiency was obtained for a current of 40µA. To conclude, the
Charge Pump performance improves when the output voltage
is established. Although the impossibility of starting up the CP
with a load connected, after the establishment of the output
voltage the CP can be connected to the load without affecting
its performance.

VII. FUTURE WORK

In the future the CP could be tested in laboratory and be
adapted to specific circuits with the need of body biasing.
Moreover, improvements to the static consumption could be
done recurring to clock gating by creating a hysteresis window
on output voltage so the CP only be active when a specified
limit is exceeded. This way, the activity of the CP is reduced
and then the power consumption is reduced too.
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TABLE IV
COMPARISON BETWEEN THE TESTS DONE.

Resistor Diode PEX
Min. Typ. Max. Typ. Typ.

Vdd [V] 1,8 1,8 1,8 1,8 1,8
Vout [V] -1,54 -1,54 -1,53 -1,77 -1,65

Frequency [MHz] 1 1 1 1 1
Vout Ripple [mV] 145,5 145,6 149,5 4,03 13,1

IV dd [µA] 45,41 45,79 47,70 9,46 53,1
Iout -38,12µA -38,37µA -38,45µA -75nA -321nA


