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An area-saving and high power efficiency charge pump built in a TFT-LCD
driver IC*
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Abstract: An area-saving and high power efficiency charge pump is proposed, and methods for optimizing the
operation frequency and improving the power efficiency are discussed. Through sharing coupling capacitors the
proposed charge pump realizes two DC-DC functions in one circuit, which can generate both positive and negative
high voltages. Due to sharing of the coupling capacitors, as compared with a previous charge pump designed by us
for a TFT-LCD driver IC, the die area and the amounts of necessary external capacitors are reduced by 40% and
33%, respectively. Furthermore, the charge pump’s power efficiency is improved by 8% as a result of employing the
new topology. The designed circuit has been successfully applied in a one-chip TFT-LCD driver IC implemented in

a 0.18 um low/mid/high mixed-voltage CMOS process.
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1. Introduction

Built-in charge pump circuits are widely used in all kinds
of VLSIs and SoCs to generate the desired voltages for inter-
nal circuit blocks. The output voltages of charge pumps are
step-up or step-down or inverse voltages of the input power
supply, which are obtained by transferring the charges of the
input power supply to a capacitive load via the coupling ca-
pacitors, involving no amplifier or voltage regulator!!l.

The one-chip TFT-LCD driver IC is a typical mixed-
signal VLSI fabricated by a low/mid/high mixed-voltage
CMOS process, in which a built-in charge pump is required
to generate positive and negative high voltages to drive the
TFT-LCD panel™®3!. A previous built-in charge pump!?3! for
a TFT-LCD driver IC generated positive and negative high
voltages through two separate circuits, which consumes ex-
cessive silicon area and requires more external coupling ca-
pacitors, so it is not suitable for area-saving layouts and more
compact LCD modules (LCMs). Besides, power dissipation is
increased as a result.

The charge pump circuit proposed in this paper can gen-
erate both positive and negative high voltages by combining
the step-up and inversing functions through sharing coupling
capacitors. Thus, the die area, the coupling capacitors and the
power dissipation are all reduced.

In this paper, after introducing the topology of the pre-
vious built-in charge pump for a TFT-LCD driver IC, the pro-
posed charge pump with novel topology is described. Then,
the methods for optimizing operation frequency and improv-
ing power efficiency are discussed for the proposed circuit.
Finally, the chip test results and the display image of the LCM
using this chip are given, which illustrate the successful appli-
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cation of the proposed charge pump in a one-chip TFT-LCD
driver IC.

2. Topology of the previous built-in charge pump

To drive the TFT-LCD panel, two positive and negative
high voltages are needed, typical values of which are 16.50 V
(Vgn) and —13.75 V (ViL), respectively, but the input voltage
(Vin) of the charge pump circuit is as low as 5.5 V. Thus, the
charge pump needs to generate three times the input voltage
(Vo =3Vin = 16.50 V) and 2.5 times the input voltage (VgL
=-25ViNn=-13.75 V).

The previous built-in charge pump circuit in a TFT-LCD
driver IC is shown in Fig. 1. The circuits in Figs. 1(a) and 1(b)
are used for generating the positive and negative high voltages,
respectively. The switches are realized by high-voltage or mid-
voltage analog CMOS switches according to the voltages they
conducted (M represents mid-voltage analog CMOS switches,
while H represents high-voltage ones), and —Vpy is the inverse
voltage of Viy which is generated by other circuits.

Two phase non-overlap clocks for controlling the
switches on and off are shown in Fig. 2.

When @; is high, switches a, b, ¢, d and h, i, j, k are on,
and the coupling capacitors C; (i = 1 —4) are charged by input
voltage Viy; this phase is called the charging period.

When @; is high, switches e, f, g and 1, m, n are on, Viy
drives charges from C; and C; to Coy, and —Vin/2 drives neg-
ative charges from C3 and Cy4 to Cg. Thus the output voltage
increases. This phase is called the step-up/inverse period.

After a number of charging and step-up/inverse periods,
if the charge pumps enter their stable operating state, the the-
oretical output voltages for Figs. 1(a) and 1(b) are Vg = 3Vin
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Fig. 1. Topology of previous built-in charge pump: (a) Step-up charge pump; (b) Inverse charge pump.
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Fig. 3. Topology of the built-in charge pump proposed in this paper.

and Vg = -2.5V|, respectively.

Usually, the charge pump circuit consumes considerable
silicon area because of its large analog switches. It is known
that, for a one-chip TFT-LCD driver IC, smaller die size means
lower chip cost and higher market competitiveness. Besides,
the LCM is more and more compact in portable applica-
tions, which requires reducing the chip external components
on PCB. The built-in charge pump described above generates
Veu and Vi independently through the separate circuits. It is
found that, in Fig. 1 the whole charge pump employs 14 ana-
log switches and 6 external capacitors, which need large sili-
con area and more external components. Moreover, the power
dissipation is increased due to using more components.

3. Topology of the proposed charge pump

An improved topology of the built-in charge pump is
shown in Fig. 3. The two coupling capacitors Cs; and Cs; are
shared in order to generate positive and negative voltages si-
multaneously.

The timing of three phase non-overlap clocks (®@,—®;3)
that execute the switching of the circuit is shown in Fig. 4. &,
and @; are generated based on the reference clock @;.

When @, is high, switches c, d, f and g are on, and the
other switches are off, two coupling capacitors Cs; and Cs;

are charged by V. This is called the charging period.

When @&, is high, switches b, e and h are on, and the oth-
ers are off, Viy drives positive charges moving from coupling
capacitors Cs; and Cs; to load capacitor Cogy, thus the Vg
increases. This is called the step-up period.

When s is high, switches a, e and i are on, and the oth-
ers are off, —V|n drives negative charges moving from Cs; and
Cs; to load capacitor Cor, thus the V. increases in negative
polarity. This is called the inverse period

As shown in Fig. 4, the timing of the step-up and inverse
charge pump is as follows: charging period — step-up period
— charging period — inverse period — charging period —.
This is one cycle of the whole charge pump timing.

After a number of charging, step-up and inverse periods,
if the charge pumps enter their stable state, their theoretical
output voltages are Vgy = 3Viy and VgL = —2.5VN, respec-
tively.

Therefore, through sharing the coupling capacitors Cs;
and Cs;, the proposed charge pump in Fig. 3 can generate
positive and negative high voltages simultaneously, combin-
ing the two function blocks of Figs. 1(a) and 1(b). The whole
circuit employs only 9 analog switches and 4 external capaci-
tors. Compared with the topology shown in Fig. 1, the layout
area is reduced by almost 40% and the number of external ca-
pacitors is reduced by 33%. Moreover, by reducing the number
of the circuit components the power dissipation is decreased.

4. Optimizing the operation frequency

The operation frequency of a charge pump is a very im-
portant factor because it is related to many features of the
charge pump, such as DC-DC conversion efficiency, output
voltage ripple, settling time and so on. In this section, the op-
timizing operation frequency for the proposed charge-pump is
discussed through analysis of the charging and step-up/inverse
periods.

Before the analysis, several issues must be addressed: (1)
Ron, mid and R high refers to the on-resistances of mid-voltage
and high-voltage analog CMOS switches, respectively; (2) the
parasitic capacitances and resistances are neglected; (3) the
non-overlap period of the clocks is too short to be considered;
(4) the charge balance time is neglected; (5) T refers to @;’s
period.

The equivalent circuits of the charge pump in different
periods™ are shown in Fig. 5. The output voltages are Vgy =
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1 4.2, Step-up/inverse period
+ -
* Cs12 ? Only the step-up period is analyzed in this section; the
V'N. F! inverse period can be analyzed in the same way.
Assuming that there is a constant load current I;, con-
nected to the output of the charge pump, we can find the fol-
(a) lowing relation for the kth step-up period by the charge bal-
Ron,mid Ron,high Ron,high Vv ance principle:
| " M " - N GH p p
V + CS1 CSZ l 2Ves(T/2)Cs + Vgu(k — 1)Con — 2T,
IN
. Con I = Vau(K)Con + (Von(k) - Vix)Cs, @)
where Vg (k — 1) and Vg (k) are the output voltages in the (k
(b) — 1)th and kth period, respectively.
Ron,mid Ron m Ronhigh Va According to Eq. (4), we can get the output voltage
+ Ven (k):
VINIZ 2 VGH(k) =
W [Vin + 2Ves(T/2)1Cs/Con + Vou(k = 1) = 2T1 /Con

I

Fig. 5. Equivalent circuits of the charge pump in different periods: (a)
Charging period; (b) Step-up period; (c) Inverse period.

3VIN and VGL = _2'5VIN-
4.1. Charging period

In Fig. 5 (a), assuming that there is no charge on
Cs(Cs) = Csp = Cs) at t =0, then the voltage Vs(?) across Cs

can be expressed asP!
Ves() = Vin(L = ¢, 1>0, M

where 7 = 2Rqn, miaCs. When ¢ >
0.99 times Vin, namely

57, Ves(f) reaches nearly

Ves(57) 2 0.99Vy. 2)

In this time we consider Cg to be fully charged; here, t > 5t
indicates (7/2) > 57, namely

1

< . 3
f 2()R()n,midCS ( )

1+ Cs/Con
Q)
Let Vgu(k) = Vgu(k — 1); the charge pump obtains its stable
output voltage Vsaplel s

Vistablel = Vin + 2Ves(T/2) = 2T1/Cs. (6)

If Equation (3) is satisfied, for I, = 0, Vaple1 approaches 3Vin.
So, it can be considered that, since the load current derives
charges from the capacitors, the output voltage of the charge
pump is less than 3Vy if the load is added.

Another factor that influences the stable output voltage is
the voltage drop on the switches, so we can write the actual
output voltage Vipie as'®

Vstable = VIN +2Ves(T'/2) = 2T 1L /Cs = IL(Ron, mid + 2Ron, high)-
N
4.2.1. DC-DC conversion efficiency 7
Only when Equation (3) is satisfied, the DC-DC conver-
sion efficiency 1 can be calculated as

_ 25 /Cs  IL(Ron,mid + 2Ron. nigh)

- . 8
3fVIN 3 VIN ( )

— Vstable —
3ViN
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It must be noted that if Equation (3) is not satisfied, there will
be an additional voltage loss in Vb shown in Eq. (7), as well
as an additional decrease in 7 shown in Eq. (8).

4.2.2. Output voltage rise time #,se

Given that Vgu(0) = 0, Vg (k) can be expressed as

3VinCs — 2T 1, 3 1
(1+Cs/Con) |

Vau(k) = ©)

Con
It is known that the output voltage rise time t. is defined as
the time consumed before the charge pump’s output voltage
reaches Vsp (specified output voltage level that is lower than
Vstable)’ SO

Lise = krise X ZT’ (10)
where ki is a integer and should satisfy
Veu(kiise) = Vsp.
SO Ifiise =
Vsp
~In = S Cs I Con = QIILIC
NCs/Con — L/Con
2/1)
ln(l + CS/COH)
INTEGER
(11)

4.2.3. Output voltage ripple AV

The charge pump is designed to execute a step-up op-
eration every two periods (referring to @;’s period 7). In
the charging and inverse periods, the load current /i, derives
charges from Coy and causes a ripple upon the output voltage
Veu- The amplitude of the output voltage ripple AV can be
calculated as!”!

CRGT 3L
Con 2fCon’

AV (12)
If Cs and Coy have a certain value, from Egs. (8), (11) and
(12), we could draw the simple conclusion that a higher op-
eration frequency f leads to a higher DC-DC conversion effi-
ciency, a shorter rising time and a smaller output voltage rip-
ple. Obviously, higher f benefits the charge pump’s perfor-
mance, but according to Eq.(3), if f > 1/(20Ron, miaCs), the
coupling capacitor Cg cannot be fully charged, which will lead
to a worse DC-DC conversion efficiency. So we choose f as

1

—_ 13
2OROn, midCS ( )

f=
In practice, Cs is usually set to be 1 uF, and Ry, mig 1S calcu-
lated to be 3.6 Q according to the analog switch size and the
process model. Based on Eq. (13), the appropriate f is chosen
to be fopr = 15 kHz. To verify the above calculation results,
a simulation for DC-DC conversion efficiency is implemented
at the frequency range of 3.3 to 50 kHz, which is shown in
Fig. 6. It is clear that the DC-DC conversion efficiency is op-
timum at

87.0

86.5
86.0
8551
85.01
845}
84.0

DC-DC efficiency (%)

83.5

33 625 10 12 15 18 21 25 50
Frequency (kHz)

Fig. 6. DC-DC conversion efficiency for different frequencies (Vgy).
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Fig. 7. Output voltage waves of Vgy for different operation frequen-

cies.

f =15 kHz. The output voltage waves of Vgy at different fre-
quencies are simulated as shown in Fig. 7. It can be seen that
for higher frequency the output voltage ripple is smaller. It is
found that the DC-DC efficiency decreases slowly when the
operation frequency is higher than 15 kHz. Therefore, a fre-
quency higher than 15 kHz is sometimes acceptable for ob-
taining a more stable output voltage at the cost of a small re-
duction of DC-DC efficiency. It should be pointed out that all
the simulations in this paper are implemented under the 0.18
pm low/mid/high voltage CMOS process, and with a total cur-
rent load of 2 mA for Vg and 1 mA for Vg, unless otherwise
specified.

5. Improvement of power efficiency

In this section, the method for improving power effi-
ciency is discussed. The corresponding simulation and calcu-
lation are implemented at the optimized operation frequency
of f=15kHz.

Power dissipation Py of the charge pump is caused
by two factors!'l. Firstly, the analog switches exhibit on-
resistance when conducting current, which causes power dis-
sipation P,. Secondly, because the transistors used in analog
switches are usually with large sizes, so as to conduct load
current, the large parasitic capacitances of transistors are pe-
riodically charged and discharged, then the power dissipation
P. caused by parasitic capacitances occurs. So the total power
dissipation P4 can be expressed as

Py =P+ P.. (14)
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Fig. 8. Power efficiencies for different sized switches.
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Fig. 10. (a) Measured and (b) simulated results for Vgy and V.

If the total input power is Py, power efficiency Ep can be writ-
ten as

Ep =1- Py/Pyq. 5)

The optimization of power efficiency is implemented on the
size W of the analog switch transistors. A larger W leads to
a smaller on-resistance and therefore P, decreases, namely
OP./0W < 0. However, larger W means larger parasitic ca-
pacitances, and thus P, increases, namely dP./0W > 0. So, an
appropriate W (W = Wopr) exists to give

P4
oW

0P,
W=Wopr ow

N 0P,
ow

=0.
W=Wopr

(16)

W=Wopr

If Equation (16) is satisfied, Py will reach its smallest value,
and the power efficiency Ep of the charge-pump is optimized.

The power efficiencies of the proposed and previous
charge pump circuits are shown in Fig. 8 for different sizes
of W. It is obvious that at W = Wppr the power efficiencies
are largest for both circuits; moreover the proposed charge

pump circuit has a better power efficiency than the former one.
The largest power efficiency of the proposed circuit is 83.59%
while that of the former circuit is 77.31%; the power efficiency
is improved by 8%.

6. Simulation and test results

The proposed charge-pump circuit is designed and simu-
lated under a 0.18 ym low/mid/high CMOS process. The sim-
ulation results for the start-up of output voltages Vgy and Vg
are shown in Fig. 9, where Vi = 5.5 V, load current I, = 1 mA,
operation frequency f = 15 kHz. It can be seen that it takes no
more than 20 ms for the circuit to reach its stable output volt-
ages, and the DC-DC conversion efficiencies are 86.7% and
85.1% for Vgy and Vg, respectively.

The designed charge-pump circuit is built in a one-chip
TFT-LCD driver IC developed by us; the chip measurement re-
sults for Vg and Vg, are shown in Fig. 10(a). In order to com-
pare with the chip measurement results, the designed charge-
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Fig. 12. Photo of the LCD module using the proposed charge pump

circuit.

pump circuit is also simulated following the chip start-up se-
quence; the simulated results are shown in Fig. 10(b), where
Vin = 4.5 V, load current I = 1 mA, operation frequency f
= 15 kHz. For the built-in charge-pump circuit, since Viy is
generated by a voltage-doubler, it is not equal to 5.5 V, but is
nearly 4.5V, so Vx = 4.5 V is used in the above simulation.
For the proposed charge-pump built in a one-chip TFT-
LCD driver IC, due to its input voltage ViN being generated by
other charge-pump, when the power is on Viy is not at a stable
value. In order to lighten the load of Vi when the power is
on, the external power supply Vpp (2.5-3 V) is applied to the
proposed charge-pump instead of Vi, until Vpy is stable.
In Fig. 10(a), #; and #, are the power-on time points for
Veu and Vg, from #; (#,) to t3, the proposed charge-pump is
driven by the external power supply Vpp, and at point #3 the
input voltage of the proposed charge-pump is switched to V.
For the measured voltages Vg and Vi shown in Fig.
10(a), the stable values are less than the simulated values.
These voltage differences are mainly ascribed to the differ-
ences in load current i, for both situations, because the real
load current in the chip test cannot be estimated accurately.
The layout of the proposed charge-pump circuit is shown
in Fig. 11. It consumes a die area of 1468 x 470 um?, which
is only 60% of the former charge pump circuit.

The proposed charge pump circuit has been successfully
applied in a one-chip TFT-LCD driver IC implemented in a
0.18 um low/mid/high mixed-voltage CMOS process. Figure
12 is a photo of the LCD module using this one-chip TFT-LCD
driver IC.

7. Conclusion

An area/cost-saving and high-power efficiency charge
pump is proposed. Through sharing coupling capacitors, the
charge pump combines step-up and inversing functions in one
circuit. Due to this new topology, the layout area, the number
of external capacitors and the power dissipation are all reduced
compared with the traditional circuit. Methods for optimizing
operation frequency and improving power efficiency are given.
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