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Abstract—Floating-gate transistors have found many appli-
cations in both analog and digital systems due to their abil-
ity to serve as long-term non-volatile memory. When used in
programmable analog applications, the charge on the floating
gates must be set very precisely, thereby necessitating precise and
steady high voltages to generate programming conditions. In this
work, we present a regulated charge pump with extremely low
output ripple (<1mV) that can be used for accurate programming
of floating-gate transistors with channel hot-electron injection.
To reduce the ripple to less than 1mV, we present a method
to include a low drop-out regulator inside the charge-pump
regulation loop. This 0.1196mm2 charge pump was fabricated
in a 0.35μm standard CMOS process. While operating from a
2.5V supply, this charge pump generates regulated voltages up
to 10V.

I. INTRODUCTION

Floating-gate (FG) transistors are one of the most common
forms of solid-state non-volatile memory cells. These CMOS-
compatible devices are the basis of Flash memories [1] and
can also be used to design compact, low-power, programmable
analog parameters [2]. Floating-gate transistors store informa-
tion in the form of trapped charge on an electrically floating
polysilicon gate. Under nominal operating voltages, this charge
will remain fixed on the gate. Fowler-Nordheim tunneling and
channel hot-electron injection are used to program specific
amounts of charge onto the gate using high voltages by
enabling electrons to pass through the gate oxide.

In [3], we presented a charge pump capable of generating
the voltages required for programming, and we focused on
tunneling which is the larger voltage that must be generated.
We were able to show that the charge pump was able to
produce high voltages with relatively low ripple in the output
voltage. Tunneling is reserved for global erasure in many
analog FG applications [4], and so a moderate amount of ripple
on the tunneling voltage is acceptable. However, injection is
often used for precise programming, and thus the output ripple
should be very small (on the order of 1mV or less).

In this paper, we extend our previous results in [3] to
achieve extremely low ripple in the output voltage to provide
voltages for injection. We present a method to reduce output
ripple in high-voltage charge pumps by adding a high power-
supply-rejection-ratio (PSRR) low drop-out regulator (LDO) in
the regulation loop of the charge pump. This 260μm×460μm
charge pump was fabricated in a standard 0.35μm CMOS
process. While operating from a 2.5V supply, the charge pump
generates regulated voltages from 3V to 10V. The maximum
efficiency of the charge pump is 23% for 25μA of load current.

This material is based upon work supported by the National Science
Foundation under Award No. 1148815.
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Fig. 1. (Top) Scaling of critical programming voltages: the core supply
voltage (Vdd) and the write (i.e. injection) voltage (Vsd,inj ), (Bottom) Ratio
of the write (Vsd,inj ) voltage to the core supply voltage.

The output ripple is less than 1mV for a wide range of load
currents and output voltages. We describe the development of
this regulated charge pump in the remainder of this paper.

II. CONSIDERATIONS REGARDING INJECTION VOLTAGES

AND SCALING

Channel hot-electron injection is used to precisely set
a specific charge on an FG in many programmable analog
systems [5]-[6]. The injection currents are functions of both
the process parameters and the voltages applied to the FG
transistor, as given by [7]:

Iinj = γId
Vgd + VTP

0.22t
1/3
ox x

1/2
j

exp

(
−δ0.22t

1/3
ox x

1/2
j

Vgd + VTP

)
(1)

where γ = 3 and δ = 4.9×108 are fits that we have extracted
across multiple processes and device sizes. Figure 1 shows
how the voltages needed for injection (Vsd,inj) scale with
technology nodes. Despite the stagnant oxide thickness, Vsd,inj

continues to scale because of Xj becomes smaller for smaller
technologies.

Charge pump circuits are used to multiply the chip sup-
ply voltage by a constant and generate the voltage required
for programming. A charge pump used for programming is
enabled for a short period of time to minimize the energy
consumption. The input to the charge pump is the chip supply
voltage. The step-up ratio of the charge pump that is required
for injection is a technology-dependent parameter and is shown
in Fig. 1 (bottom). The step-up ratio is lowest for the 250nm
through 600nm nodes because below the 250nm node, higher-
voltage I/O devices are used to make low-leakage floating
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Fig. 2. (a) Block diagram of tunneling charge pump we presented in [3]. (b) Block diagram of the proposed injection charge pump. (c) Circuit diagram of
the charge transfer switch (CTS). (d) Non-overlapping clock signals necessary for the CTS. (e) Charge pump specifications. (f) Transistor-level details of the
resistor cell to implement the resistive divider.

gates. However, the rated Vdd of a technology node causes too
much hot-electron injection in standard thin-oxide transistors
for stable floating-gate operation. Consequently, the 250nm
through 600nm nodes must use lower supply voltages in
practice, so the ratios for these nodes are essentially one
integer value higher than shown in the figure. Since the
programming infrastructure [8] requires an additional overhead
of several hundred millivolts beyond the necessary Vsd for
injection, a charge pump for injection must be able to provide
(2 ∼ 3)× Vdd. In addition, in order to have a suitable charge
pump for the injection process, we must have a circuit that has
low output ripple. Some other aspects of a good charge pump
are fast start-up time and small die area.

III. PROPOSED HIGH VOLTAGE CHARGE PUMP

Figure 2(a) shows the block diagram of the charge pump
we presented in [3]. A voltage divider shifts the output voltage
to a voltage between ground and Vdd. The difference between
this feedback voltage (Vfb) and the target voltage (Vtarg) is
converted into a current. This current modulates the frequency
of the current-controlled ring oscillator. The open-loop charge
pump used in this work includes 6 stages which generate a
high-voltage that is related to the oscillation frequency of the
oscillator. The circuit schematic of the charge transfer stage
(CTS) is shown in Fig. 2(c) [3]. Figure 2(b) shows the circuit
diagram of the proposed high-voltage charge pump. The charge
pump presented in [3] has a small ripple (around 20mV) which
is adjustable with the load capacitor. In this work, we used an
LDO inside the loop of [3] to make the ripple smaller. We did
not place the LDO outside the charge pump loop because that
resulted in larger ripple and longer settling time.

The operation of the closed-loop system of Fig. 2(b) is
as follows. Starting from Vout: Vout is divided by r = 5,
then it is converted to a current with transconductance Gm, a
current mirror scales this current by a factor of 8, the current-
controlled oscillator then converts this current to a frequency

with a gain of KRO = 2kHz/nA, and finally, the charge pump
converts this frequency to the output voltage of the charge
pump (VCP ). The design specifications of the charge transfer
switches used in this work are provided in Fig. 2(e). VCP has
big ripple which makes it unsuitable for precise programming;
however it is used as the supply voltage of the low drop-out
regulator (LDO). The sizes of the resistors in the LDO voltage
divider are set to: R1 = R2/3 = R3. Since the voltage at the
negative input of the operational transconductance amplifier
(OTA) inside the LDO loop is at Vtarg, the LDO will regulate
the output voltage to be 5Vtarg .

The pass transistor used in this charge pump is a series con-
nection of two pMOS transistors. This structure is similar to
the high-PSRR LDO presented by [9]. This cascode structure
improves the output impedance of the pass transistor, which
leads to an improved supply rejection. As mentioned in [9],
this structure will reduce the gate capacitance associated with
the pass transistor and will make compensation of the LDO
easier. Thick-oxide devices are used for Mpass and Mcasc,
since the voltage across these transistors can be large and may
damage the devices. Using the saturation region condition for
pMOS transistors and knowing that the voltage at the gate
of the Mcasc is at Vcasc = 4Vout/5, the maximum voltage
allowed at the output to keep Mcasc in saturation region is:

5|VTh,thick| > Vout (2)

where VTh,thick refers to the threshold voltage of the thick-
oxide transistors. Since the body of Mcasc is connected to
VCP , the voltage difference between the body and source
of this transistor (Vbs) will increase the threshold voltage
of Mcasc. Hence, the upper limit (5VTh,thick) on the output
voltage increases, too. The range of voltages used for the
injection process in 0.35μm CMOS is between 5V and 6.5V;
this upper limit (5VTh,thick) is high enough to cover the
injection voltage range. The saturation region condition for
the pass transistor (Mpass) can be expressed by:
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Fig. 3. (a) Measured DC dependence of the charge-pump output on Vtarg for a purely capacitive load. (b) Measured load regulation of the closed-loop charge
pump for various output voltages (c) Measured transient response of the closed-loop charge pump for a 20μA load current.

VCP >
4Vout

5
+ VTh,casc +

√
2Iload
Kpass

+

√
2Iload
Kcasc

(3)

where Ki = μCox(W/L)i is the aspect ratio of Mi, VTh,casc

is the threshold voltage of the cascode transistor, and Iload is
the load current.

According to (3), for a specific output voltage (Vout) and
load current (Iload), Mpass can be biased in the saturation
region by correct selection of Kpass, Kcasc, and the open-
loop charge-pump parameters to set VCP . The output voltage
of the open-loop charge pump can be set by the following
equation [10]:

VCP = (N + 1)Vdd −N
Iload
CP f

(4)

To make VCP satisfy (3), the number of charge transfer stages
(N) and the size of the pumping capacitors (Cp) must be
adjusted correctly. The operational frequency of the charge
pump (f ) is a function of Iload and Vout and will be adjusted
by the regulating operation of the charge pump.

Figure 2(e) shows a single resistive cell used in the voltage
divider branch of the LDO. Each cell includes a resistor (98kΩ)
in series with a pFET, all in a single well, to reduce the overall
size of the resistor divider circuitry. R1 and R3 are each a
single resistive element, and R2 is a series of three of the
resistive elements as shown in Fig. 2(f). The resistance seen
between the top and bottom terminals of this resistive cell can
be expressed as:

Ro =
(gm + gmb)R+ R

ro
+ 1

gm + 1
ro

(5)

IV. PSRR OF LDO

In this Section, we establish a frequency-domain equation
for the PSRR of the proposed LDO based on [11]. When
analyzing only the LDO of Fig. 2(a), a small-signal input
voltage, Vi, will induce an output voltage, Vo. The ratio

between Vo and Vi simply represents the LDO PSRR. The
PSRR of the proposed LDO can be expressed as (7) at the
bottom of this page, where ZL can be expressed as the parallel
combination of load capacitance (CL) and the total resistance
of the resistor divider (5Ro):

ZL =
5Ro

1 + 5RoCLs
(6)

Assuming that (gm1, gm2, gmb) � (gds1, gds2) and that
the resistance seen by the resistor divider (5Ro) is high, the
PSRR at DC can be approximated as:

Vo

Vi
|DC =

1
gm1Aota

5gds1
+ 1

(8)

Hence, by having a high-gain OTA (AOTA) and keeping Mpass

in saturation, the denominator of (8) will have a large value,
thus significantly improving the PSRR.

V. MEASUREMENT RESULTS

This charge pump was fabricated in a standard n-well
0.35μm CMOS process, and the die area of the charge pump
is 260μm × 460μm. A conventional 5 transistor differential
amplifier was employed for both error amplifiers. The OTA
used inside the charge-pump loop has a pFET input structure,
and the OTA used inside the LDO loop has an nFET input
structure. The bias currents of the OTAs inside the charge-
pump loop and the LDO loop are 270nA and 4μA, respectively.
The measured transfer curve from Vtarg to Vout is shown
in Fig. 3(a). Deviation at the high voltages is caused by the
maximum limit that is provided by (2) and (3). Deviation at the
low voltages in Fig. 3(a) is caused by the error-amplification
OTA’s input transistors in the LDO being pushed out of the
saturation region. The closed-loop load regulation of the charge
pump is shown in Fig. 3(b). The injection process requires
that the output impedance be designed such that the output
of the charge pump stays constant in a wide range of load
currents. Hot-electron injection requires voltages higher than
Vdd to make electrons pass through the gate oxide. For our

Vo

Vi
=

5(gm2gds1 + gm2gm1 + gmbgm1 + gds2gds1 + gm1gds1)(1 +RaCas)

(gm2 + gmb + gds2)gm1Aota +
5(gm2+gmb+gds2)(1+RaCas)

zL
+ (4gm2gds1 + 5gds2gds1)(1 +RaCas)

(7)
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Fig. 4. (a) Measured efficiency of the charge pump versus load current when
Vout = 6.5V (b) Measured efficiency of the charge pump versus Vout/Vdd

for 20μA of load current.

application, we will mostly use 6.5V as the elevated supply
voltage in the injection process.

Figure 3(c) shows the measurement results of the charge
pump generating a 6.5V injection pulse with 20μA of load
current for a load capacitance of 0.47μF. This plot shows that
the output voltage ramps up to the target voltage in less than
0.2ms.

The efficiency of a charge pump can be expressed by:

γ =
VoutIload
VddIvdd

(9)

which is the power delivered to the load divided by the total
power going into the charge-pump circuit. Figure 4(a) shows
the efficiency measurement of this charge pump for 6.5V
output. The maximum efficiency is around 23%, and it starts to
drop for load currents greater than 25μA because the loop gain
is not high enough to hold the output voltage at 6.5V. Figure
4(b) shows the efficiency measurement of this charge pump for
different step-up ratios (Vout/Vdd) for 20μA of load current.
This plot shows that this charge pump is able to provide higher
voltages with better efficiency.

The accuracy of the injection process is a function of the
accuracy of the elevated injection voltage (e.g. 6.5V in our
application). The required accuracy for programming will set
a maximum limit on the ripple voltage (on the order of 1mV
or less). Because the ripple was very small and within the
limits of our measurement equipments, we used RC extracted
simulations to report the ripple amplitude. Figure 5 shows the
RC-extracted simulation results when the charge pump was set
to 6.5V output. The load current was set to 0μA and 20μA
in these simulations, and the simulated peak-to-peak output
ripple is approximately 0.4mV and 0.6mV, respectively.
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Fig. 5. Simulated ripple for an output voltage of 6.5V with (a) 0μA load
current and (b) 20μA load current.

VI. CONCLUSION

In this paper, the design of a regulated charge pump
for injection of FG transistors is presented. A high PSRR
LDO is used inside the charge-pump loop to improve the
output impedance of the charge-pump and the ripple voltage
to less than 1mV. This charge pump has a compact size and
consumes low power which makes it suitable for battery-
powered applications.
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