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Research and design of a novel current mode charge pump*
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Abstract: To meet the demands for a number of LEDs, a novel charge pump circuit with current mode control is
proposed. Regulation is achieved by operating the current mirrors and the output current of the operational transcon-
ductance amplifier. In the steady state, the input current from power voltage retains constant, so reducing the noise
induced on the input voltage source and improving the output voltage ripple. The charge pump small-signal model
is used to describe the device’s dynamic behavior and stability. Analytical predictions were verified by Hspice sim-
ulation and testing. Load driving is up to 800 mA with a power voltage of 3.6 V, and the output voltage ripple is less
than 45 mV. The output response time is less than 8 us, and the load current jumps from 400 to 800 mA.
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1. Introduction

A charge pump DC/DC converter is a switching DC/DC
converter power supply!"?! that uses switches to convert the
input voltage to a regulated output voltage. However, one of
the most common drawbacks of switching power supplies is
the noise induced on the input voltage source due to fluctua-
tions or variations in the current drawn by the converter power
supply. Certain applications such as cellular telephones and
precision instrumentation are sensitive to noise generated on
the input voltage. Therefore, noise on the input voltage caused
by the power supply must be filtered to prevent degraded elec-
trical performance in other circuitry that is powered from the
same input voltage source. However, it is necessary to use a
costly filter with a large volume to filter the low frequency in-
put noise, so application in portable devices is confined®>1.
Therefore, methods of effective control of the power noise
caused by variation of the current absorbed from the power
has aroused the interest of charge pump DC/DC converter de-
signers.

Recently, charge pumps have been used to constitute
some system power supplies!®~®. However, the reported work
usually provides low driving current and cannot meet the de-
mands of driving a number of LEDs!®!. In this paper, a novel
charge pump circuit with current mode control is proposed,
which uses current mirrors and inverters substituted for resis-
tors and switches!'?!. Not only are the transient response and
the system stability improved, but the load ability of the charge
pump is also enhanced. A current mirror amplifier with high
gain and wide output swing is applied to compare the refer-
ence voltage with the output sampling voltage of the charge
pump and generate the charging current of the charge pump.
This charging current controlled by a feedback loop has noth-
ing to do with the power supply, and remains constant in the
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charge pump boost process, so the input noise of the charge
pump is reduced.

2. Structure of the current mode charge pump

As shown in Fig. 1, the current mode linear charge pump
includes current mirrors, an operational transconductance am-
plifier (GM), a reference voltage (Vrgr), an oscillator (OSC),
a feedback resistor (R, R,), a flying capacitor (C;) and two
switches (Sy, Sy). The feedback loop regulating the output cur-
rent Igy of the operational transconductance amplifier makes
the output current match the load current, and maintains the
stability of the output voltage.

In Fig. 1(a), M5-M10 are the switches. M1 and M3, M2
and M4, M11 and M12 form respectively three current mirrors
whose current gains are N. Clock signals CK1 and CK?2 oscil-
late out of phase with a 50% duty cycle. Moreover, there is a
very short time when they can be low simultaneously, called
the dead time.

In Phasel #,—#, (the charging phase 74): CK1 is high and
CK2 is low; switch S; turns on; switch S, turns off; the current
mirror composed of M1 and M3 turns on, and that composed
of M2 and M4 turns off; the current flows from Vi charg-
ing up output capacitor Coyr via C;. The current Iy flowing
through M1 is Igm, and the current I3 flowing through M3 is
NlIgm. The input current /iy is determined by Eq. (1).

I = Ivit + vz = Igm (1 + N). (D

In Phase2 #3—#, (the charging phase 7g): CK1 is low; CK2
is high; switch S, turns on; switch S; turns off; the current mir-
ror composed of M1 and M3 turns off, and that composed of
M2 and M4 turns on; the current is charging the flying capac-
itor Cy. The current Iy, flowing through M2 is Igy, and the
current /4 flowing through M4 is NIgm, /1N is determined by
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Fig. 1. Current mode charge pump: (a) Schematic; (b) Input current /1y without the dotted circuit; (c) Input current /iy with the dotted circuit.

Eq. (2).
I = Ihvio + Ivia = Igm (1 + N). (2)

In Phase3 #,—t3 (the dead time #¢): the nor gate will not
turn on until CK1 and CK2 are both low simultaneously, and
switches S; and S, are open. At the same time, M10 turns on,
and M9 turns off; then the current mirror composed of M11
and M 12 begins to work, but the current mirrors composed of
M1, M3, M2, M4 are unavailable. The current Iy flowing
through M11 is Igy. The current Iy, flowing through M12 is
NlIgm The current iy in the dead time is determined by Eq. (3).

In =i + vz = Igm (1 + N). 3)

In the steady state, the voltage of the flying capacitor re-
mains constant.

|AQc| (phaseA) = |AQc| (phaseB). “)

AQc is the energy variation of capacitor C;. When #4 is
equal to tg, the average charging current of the capacitor C; is
equal to the average discharging current.

Over one period T (T = t5 + tg + Ic), the load capacitor
Cour can be charged only in stage 75 and in the rest phase (the
stage tg and #¢), and Coyr is discharged to the load. In a steady
circuit system, the output voltage Voyr is a steady value, and it
requires the charging energy of the charge pump to be equal to
the energy consumed by the load, so we can get the following
equations.

IioapT = Iata, )
I T I T
Iy = Iy = Nigy = ‘oapT _ froanT ©)
1N 1523

The dead time 7¢ is small, so #, is equal to #5.

Ioap = 2NIgum. (N

From Eq. (7), we can see that if the load current I pap
(the current driving LED in the steady stage) remains constant,
Igm will not change. From Egs. (1) to (3), we know that in
Phasel and Phase2, the input currents /iy are the same. iy is
zero in Phase3 when CK1 and CK2 are both low. So, in the
steady state, Iy will change once between a constant and zero
every half circle, as shown in Fig. 1(b). However, the dotted
portion that is the control circuit with dead time #c is designed
to use the circuit loop to keep Iy constant in Phase3, which
reduces the current input noise greatly, as shown in Fig. 1(c).

If the loss of switches and the power supply is ignored,
Vour is two times as great as Viy when 74 is equal to #5. The
output voltage noise will be reduced with the reduction of the
input current noise.

2.1. Current mirror operational amplifier

The charge pump owns the capacitive load with high
impedance. The operational amplifier with current mirror
mode is applied, as shown in Fig. 2 (the bias circuit is ne-
glected).

The output stage of the operational amplifier uses a fully
differential fold-cascode structure and introduces common-
mode negative feedback!'!l. Its small-signal model can obtain
the open loop gain of the differential input stage.

lAol = gmi {[(gm7 + &mb7) To7 (Fo11//701) |/ 1700}, (8)

where gmy7 = 0Ip7/0Vps7, Ip7 is the drain current flowing M7;
Vgs7 is the substrate-source voltage of M7; g1 and gn7 are
respectively the transconductances of M1 and M7; ros, 77, Foy
and r,; are respectively the output resistors of M5, M7, M9
and M11.
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Fig. 3. Charge bump small-signal model.

The gain Gy, of the current mirror mode amplifier is:
Iga = Ips — Ips
= gms (Vbp — VB) — gme (Vbp — V)
= gms (Va — VB)
= gms [Aol (Vrer — VF), ©)
where gns = gme. These are respectively the transconductances
of M5 and M6; Ips and Ipg, are respectively drain currents
flowing through M5 and M6; V, and Vy are respectively the

voltages of point A and point B in Fig. 2. Vpp is the power
voltage.

Iea

VIN

|Gm| = = 8m5 |A0|

= 8mi18m5 {[(gm7 + gmb7) Yo7 (roll//rOS)] //ro()} . (10

The output impedance of the fold-cascode input stage is
so big that the circuit gain can reach a high level; the structure
of the output stage is simple, and we can get an output swing
Vbp —2Vps. So compared with a common current mirror mode
amplifier, there is a wider output swing.

2.2. Small-signal model

The charge pump small-signal model is shown in Fig. 3.
The model includes the transconductance operational ampli-
fier GM and the current mirror gain A,, the sum of operational
amplifier output impedance and the input impedance of the
next stage 7,1, a parasitic capacitor Cp,,, the output impedance
of the current mirror r,, as well as external components like
the feedback divider R, and R;, Coy and R,y. The voltage
VerLy represents the fly capacitor C;1'%, When the transition
frequency is far less then the system switch frequency, the
capacitor is equivalent to the voltage source Vcpry, and the
model is effective. Vopry is:

Verry = VN — V0LossEs- (11)

Frequency (Hz)
Fig. 4. Bode plot of small-signal model.

Viossks 18 the loss of switches and current mirrors in the
discharging stage. In the model, there is an assumption that
the impedance of the fly capacitor C; is far less then the out-
put impedance of the current mirrors, so the system output
impedance does not include the impedance of the fly capac-
itor.

Based on the small-signal model, the main pole of the
open loop fqyp, is:

B 1
~ 27Cou(ro/ /Row)”

In order to drive a large current, the gate of the current
mirror A, will generate a big parasitic capacitor Cg. The gate
parasitic capacitor Cg and resistor Rg will generate a parasitic

pole fparpi:

fdp (12)

1
= 1
fparpl 27TCGRG’ ( 3)
1
Rg = —//ro1/[re3. (14)
&ml

The output stage of the transconductance operational am-
plifier generates the second parasitic pole fparp2:

1
=— 15
Joar2 2nCparlol (15
The dc gain of the error amplifier is:
Ay = gmiTol. (16)
The open loop dc gain A of the whole system is:
Ry
A =A1Ax(ro//R . 17
Ao/ IR = (17)
The zero point is:
fz = 1 (18)
27 2nCoutResy

Figure 4 is a Bode and phase graph of the open loop gain
when the load is 800 and 400 mA.

From Table 1, we can see that the main pole varies with
variation of the load.

3. Simulation and test results

Based on the Hynix 0.6 um CMOS process, the circuit
was simulated using Hspice. Figure 5 shows the simulated
transient response when the load current jumps from 400 to
800 mA. The output response time is less than 8 us.

Figure 6 is a layout photo of the current mode charge
pump with the constant current driving LEDs. The white part

105012-3



J. Semicond. 30(10)

Li Xianrui et al.

Table 1. Results from Bode plot.

Load current

Parameter

400 mA 800 mA
Gain (dB) 74.5 67.1
Main pole fq, (Hz) 665 2460
First parasitic pole fyup1 (MHz) 1.23 1.23
Second parasitic pole fpap, (MHz) 10 10
Zero point (MHz) 27.1 27.1
Bandwidth (MHz) 1.75 2.42
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5.00
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Voltages (V)

200 250 300
Time (us)

Fig. 5. Load transient response.

Fig. 6. Layout of current mode charge pump with constant current

driving circuit.

is the current mode charge pump circuit layout of Fig. 1, and
the remaining part is the layout of the constant current driving
LED circuit.

Figure 7 shows that the output ripple voltage is 43.3 mV
with a frequency of 900 kHz when the load current is 800 mA
and the double output voltage is 5.01 V. The rise and fall times
of the output voltage are equal to each other since the pump-
ing operation is performed on every clock cycle and the clock
duty cycle is 50%.

The regulated charge pump performances are summa-
rized and compared to other recently reported designs in Table
2. According to Table 2, the proposed circuit may meet the
demands of driving a number of LEDs.

4. Conclusion

A new regulated charge pump with low output ripple
voltage and high load current drive capability with enhanced
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Fig. 7. Measurement results of output voltage.

Table 2. Performance summary and comparison.

Parameter Ref. [6] Ref. [9] This work
Power supply (V) 33 10-15 3244
Pumping frequency (kHz) 400-600 1800 900
Output voltage (V) 4.5-5 16-36 5.01
Ripple voltage (mV) 33.8 56 433

Load capacitor (uF) 2 4.7 4.7
Driving current (mA) 30 300 800

tolerance of output voltage variation is proposed. This pro-
posed charge pump uses a current mirror, which replaces the
conventional method of regulating the output voltage by con-
trolling the turn-on resistor in the saturation region of the MOS
transistor. In the steady stage, the input current is equal in ev-
ery phase, so the power input noise is reduced. The load driv-
ing is up to 800 mA. System stability analysis is completed by
small-signal analysis, which proves that a charge pump with
an excellent load transient response is available without an ex-
tra compensation circuit.
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