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A constant-g,_ and high-slew-rate operational amplifier for an LCD driver”
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Abstract: To drive the backplane of a liquid crystal display device and achieve different kinds of grey levels, a
high-slew-rate operational amplifier with constant-g;, input stage is presented. A Zener-diode structure is inserted
between the tails of the complementary input pairs to keep the g, of the input stage constant. A novel slew rate
enhancement circuit is implemented to achieve a very high slew rate. The chip has been implemented in a 0.5 yum
CMOS process and the chip area of the operational amplifier circuit is 0.11 mm?. The testing results indicate that in
the 5-8 V input range, the maximum g, fluctuation is only 4.2%. The result exhibits a high slew rate of 111 V/us
and 102 V/us for the rising and falling edges under a 20 pF capacitance load, and the low frequency gain is up to

109 dB with a phase margin of 70 °C.
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1. Introduction

The operational amplifier is an essential block in the
driver of a thin film transistor-liquid crystal display (TFT-
LCD), and can provide source and sink current alternately, so
that output voltage fluctuations can be rejected effectively!!l.
A number of techniques are used to control the dc bias cur-
rent of input differential pairs to keep the total g, of the input
stage constant, including square root circuits™®! and 1 : 3 cur-
rent mirror circuits’’!. Another example is using tunable level
shifters and a single differential pair to obtain a constant gl
These methods need circuitry such as switch and current mir-
rors, making the input stage much more complicated than the
generic input stage.

On the other hand, the requirements for the output buffer
in a high quality flat-panel-display (FPD) are high resolu-
tion, large voltage swing, and driving speed®!. Slew rate en-
hancement is an effective way to obtain a high driving speed.
Many two-stage operational amplifiers with class AB output
stage which have been discussed are characterized by rela-
tively modest effective slew rate improvement factors!® 7!, but
they require complex circuitry, increased supply voltage or
PSRR degradation!®!. Reference [9] enhances slew rate by sig-
nificantly increasing the maximum swing at internal nodes of
the OTA, but the resistors connected between the drain and
gate of the load transistors need to be calculated precisely.

The proposed rail-to-rail operational amplifier with high
driving capability is presented on the basis of the 0.5 um
CMOS process, using a Zener-diode!'!
tween the tails of the complementary input pairs to keep the
gm of the input stage constant. Also, the high slew rate is op-
timized without affecting the electrical characteristics and the
power dissipation of the whole circuit. Measurement results
show that the proposed circuit exhibits good performance. In

structure inserted be-
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the 5-8 V input range, the maximum g, fluctuation is only
4.2%. The slew rate is 111 V/us and 102 V/us for the rising
and falling edges under a 20 pF capacitance load.

2. Architecture of the proposed amplifier

2.1. Principle of the proposed g,,-control design

The well known complementary input stage structure is
shown in Fig. 1, where double differential pairs, M1/M4 and
M2/M3, are utilized. The problem arises that the g, varies
over the input common-mode voltage range. This variation
still blocks a power-efficient frequency compensation of the
operational amplifier. Hence, effort should be focused on the
design of the constant-g,, control. As illustrated in Fig. 1, a
good feature of the input stage with a Zener-diode structure
applied here is to keep the sum of the gate-source voltages
of the input transistors, consisting of M5, M6, constant, and
therefore the total g, of the input stage remains constant.

The principles of the gp,-control can be best understood
by dividing three parts of the common-mode voltage. The
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Fig. 1. Input stage with constant-g,, control using the Zener-diode

structure.
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equivalent g, of the input stage is:
8m(equal) = §mP + &mN =

2K(|Vgsp| — |Vrupl), low-voltage region,
2K(Vgsn + |Vaspl = Vran — [Vrapl), mid-voltage region,
2K(Vgsn — Vrun), high-voltage region,

(1
where gnN and gnp are the g, of NMOS and PMOS input
stage pairs, Vry is the threshold voltage of the MOSFET, and
the factor K is the g, parameter which is given by:

K = %/JnCOX (V—Z)N = %#PCOX (%)p, ()
where u, and i, are the mobility of the electron and hole, and
Cox is the gate oxide capacitance per unit area.

As the value of common-mode voltage is very high or
low, the voltage between the tails of the PMOS and NMOS
transistor pair is comparably low. As a consequence, the
Zener-diode structure is inactive. In the mid-voltage region,
the voltage between the tails of the PMOS and NMOS transis-
tor pair increases and the Zener-diode structure starts to oper-
ate. In this case, the voltage between the tails of the PMOS and
NMOS transistor pair increases and the Zener-diode structure
starts to operate. Therefore the voltage between of the sources
of the input stage is obtained as:

Vsmi — Vsmz = [Vasmil + Vosmz = Vasms + Vasms,  (3)

where Vsy; and Vg are the source voltages of M1 and M2.
Note that, in order to keep total g, constant over the input
common-mode voltage range, it is necessary to make sure that
the sum of the gate—source voltages of M1 and M2 is con-
stant. With M7, M8, Irgr; and Irgp, if the current through M5
and M6 increases, M7 turns on and the gate voltage of the M8
declines. Consequently, M8 is in parallel with M5 and M6,
and removes part of the tail current. As a result, the current
through M5 and M6 remains invariable. In the realization, the
size of M6 and M8 must be the same as that of M1 and M4,
while the size of M5 and M7 has to be equal to that of M2 and
M3. In conclusion, the principal advantage of this gy,-control
technique over the existing methods is that it results in a very
compact structure which takes up a smaller area of the whole
chip. Furthermore, this structure does not introduce additional
quiescent current.

2.2. Frequency compensation

For stability, two frequency compensation stages are used
as shown in Fig. 2, where g, and g, are the g, of the in-
put and output stage respectively. One is Miller compensation
and the other is zero compensation with a resistor added be-
tween two push-pull output stages for stable driving under dif-
ferent capacitance loads. Assuming Coi, Cop < Cc < Ci;
Rc, Ri. < Roi, Roz; gmeRL < 1; and Ag is the dc gain of the
open-loop, the open-loop transfer function can be obtained as:

(I + s/wz1) (1 + s/wz2)
(1 + s/wp) (1 + s/wp)’

Ao(s) = Age “)

C
T T

Fig. 2. Miller compensation for system stability.

where
1

C RG]

B 1

~ (Re = 1/gm)Cc’

N 1

~ Ro1(gm2R02)Cc + RooCL’

CL + gmRo1Cc
Ro1CcCL,

Based on the Miller effect, the dominant pole wp, is re-
lated to the compensation capacitor Cc. Therefore, the value
of C¢ determines the system’s stability. Here, resistor Rc is in-
troduced to cancel the RHP zero and to achieve a better high-
frequency dynamic range. Furthermore, a proper resistor load

wz1

wz2

(&)

wp]

wpy =

at the output node can also reduce the output impedance for
better stability.

2.3. Slew rate enhancement

The setting time of an operational amplifier is a compos-
ite parameter, which is affected by the slew rate and the fre-
quency response!!!l. The slew rate is defined by the maximum
available current to charge up all the capacitance (including
parasitic and compensation capacitance):

Iviax
. (6)

Ctol
The slew rate enhancement is illustrated in Fig. 3. Take
the high-voltage region as an example where only NMOS tran-

SR =

sistors operate: if there is no slew rate enhancement circuit, the
voltage Vx will decrease and M 12 will be off during the posi-
tive slewing. As a result, M3 and its tail current source will be
in the linear region. Apparently, it takes a long time for Vx to
return to its normal operating point after M2 turns on.

To overcome this weakness, a slew rate enhancement cir-
cuit is introduced. Positive slewing can be understood as two
parts: (1) In the high-voltage input region where only NMOS
transistors operate, the tail current Isgy totally passes through
M3. In this case, M17 will be on as the voltage Vx declines.
Consequently the current mirror (M21, M22, M27 and M28) is
operational, which increases the current of discharging the out-
put node capacitance of the input stage. (2) In the low-voltage
region where only PMOS input transistors are active, the cur-
rent through M1 is equal to the tail current Issp. At this time,
the voltage Vp increases and M19 is active so that M 14 cannot
be off, avoiding a much higher swing of Vp after M4 turns on.
A similar discussion can show that the current to charge the
output node capacitance of the input stage increases when the
negative slewing occurs. Obviously, the output node slew rate
of the input stage can be expressed as:
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Fig. 3. Realization of the compact operational amplifier.

(Issp + Irer2 — Iv19) / Cots

low-voltage region,

SR™ = ((Ussp + Irer2 — Im19) + Ki (Issn — Irgr1)) /Cior,  mid-voltage region, @)
K (Issn — Irgr1) /Cior,  high-voltage region,
K> (Issp — Irgr2) /Cro,  low-voltage region,
SR™ = {((sspn + Irer1 — Imi1s) + K2 (Issp — Irer2)) /Cior,  mid-voltage region, (8)
(Isspn + Irer1 — Inmi18) /Ciots highfvoltage I'CgiOl’l,
where
K = (W/L)ma2(W/ L)MZS’
(W/L)ma1(W/ L)m27
- (W/ L)maa(W/ L)ma3 9
(W/L)v2s(W/Lnmos”

Ciot ® (gma0 + &ma1)(Fo40 ll7o41)

where C| and C; are the Miller capacitors, and Cgsamaoy and
Casman) are the parasitic capacitors between the gate and the
source of M40 and M41. As mentioned above, the proposed
slew rate enhancement is not active in small-signal operation.
Consequently, the electrical characteristics and the power dis-
sipation of the whole circuit cannot be affected.

2.4. Circuit design

As shown in Fig. 3, a rail-to-rail operational amplifier,
which contains bias circuits (M5-M8, Irgri—Irgrs), comple-
mentary differential input stage (M1-M4), current summa-
tion (M9-M16), frequency compensation stage (R, R,, Cy,
C»), and class AB output stage (M29-M38), is proposed. The
folded-cascode current summation is used as the active load
of the rail-to-rail differential pair to obtain a large gain and a
low value of systematic offset voltage. For high driving speeds,
two push-pull output stages (M40 and M41) are also intro-

(C1 + C2) + (Cosmaoy + Casmaty)

duced. Hence, the total dc gain of the circuit in Fig. 3 can be
expressed as:

Age = Age1Ader,
Adel = gm(equahRouTi,
Routi = (gm127o12(Fo10 17N ) I(gm137013(Fo15 lI7op ) »

Adex = (gm0 + gma1)Rour2,

(10)

Routz = 7040 7041 »

where Aq.; and Aqcp are the dc gain of the input and the out-
put stage, gmequat) 1S the equivalent g, of the input stage, gm12,
gmi3> gmao and g4 are the g, of M 12, M13, M40 and M41. In
addition, Royr; and RouTs are the output resistors of the input
and the output stage, and 7,10, 7012, ¥ol13> Y015, Todo and 141 are
the output resistors of M10, M12, M13, M15, M40 and M41.
rop and roN are the output resistors of the PMOS and NMOS
input pairs.
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Fig. 5. Simulated g,, of input stage with a Zener-diode structure.

3. Simulation and experimental results

3.1. Layout design and entire circuit simulation results

The operational amplifier circuit is fabricated in the 0.5
pum CMOS process. The layout of the circuit is shown in Fig. 4.
The circuit area is 400 x 275 um?>.

Based on the 0.5 um CMOS process, the circuit is simu-
lated using H-Spice. Powered by an 8 V supply, adjusting the
supply voltage from 0 to 8 V, the simulated g, of the input
stage is plotted in Fig. 5, when the temperature is at —40, 25
and 85 °C. The curve is flat over a wide range of input volt-
ages from 0 to 8 V with a drift of about 24.5 yA/V. A dramatic
change happens when supply voltage is below 2 V or exceeds
6 V. This is due to the variation of the current through the weak
inversion transistors and the finite output resistance. It can be
seen that the maximum g, fluctuation is 4.2% over the input
common mode range, which is beneficial to the power-efficient
frequency compensation of the operational amplifier.

Figure 6 demonstrates the transient response to an 8 V
step input when the temperature is at —40, 25 and 85 °C. Here,
a supply voltage of 8 V is applied and a 10 kQ load resis-
tor is in series with a 20 pF load capacitor. The slew rate is
up to 101 V/us and 102 V/us for the rising and falling edges,
which verifies that the slew rate enhancement circuit makes
the operational amplifier have a good transient response to a
large-signal input.

Output (V)

Fig. 6. Simulated step response of the compact operational amplifier.
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Fig. 7. Measured result of the large signal response.

3.2. Testing results

To test and verify the function of the slew rate enhance-
ment of the chip, the large-signal response is tested, in which a
10 kQ load resistor is in series with a 20 pF load capacitor. The
testing conditions are Vpp = 8 V and the operation amplifier
is in a buffer configuration. In Fig. 7, the input signal is an 8
V step input, whose rising and falling time is 50 ns. The result
shows that the slew rate of the circuit has been improved with
the slew rate enhancement, and the slew rate is 111 and 102
V/us for the rising and falling edges. Moreover, the circuit has
a setting time of 72 and 78 ns for the rising and falling edges.
In addition, the circuit is in a buffer configuration, powered
by an 8 V supply, and the rail-to-rail input/output character-
istic is shown in Fig. 8, which demonstrates the good perfor-
mance of the dynamic input/output range. Table 1 summarizes
the operational amplifier specifications obtained from simu-
lation and measurement, and makes a comparison with pub-
lished ones. All of the results listed in the table are chip test
results and show that the structure in this work shows a bet-
ter performance than those previously reported with respect to
high dc gain, large unity gain bandwidth, large output swing,
and significantly high slew rate.

4. Conclusion

Based on an analysis of the operational amplifier, a
constant-gy, rail-to-rail operational amplifier with a high slew
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Table 1. Comparison of electrical characteristics of the proposed operational amplifier with reference ones.

Parameter Ref. [4] Ref. [6] Ref. [7] Ref. [10] This work
Simulated Measured

Power supply (V) 1.5 33 1.8 2.7-6 5-8 5-8

Quiescent current (mA) 0.34 1.63 1.97 0.215 1.2 1.05

Agum(max)(%) +0.35 — 4 8 4.9 4.2

Input offset (mV) — 4 — 3 0.088 0.074

Output swing (V) — — Vss — Vbp Vss + 0.1to Vpp — 0.1  Vsg+0.077 to Vg + 0.065 to
Vpp — 0.071 Vpp — 0.068

Low frequency gain (dB) 89 80 100 85 101 109

Phase margin (°) 54 73 47 80 71 70

Unity gain bandwidth (MHz) 1.2 2 100 1.9 18 18.6

(SR*/SR™) ( V/us) 5/-5 35/-35 22.5/-46 8/ -8 106/ — 101 111/-102

Setting time (rise/fall) (ns) — 60/60 114.5/114.5  300/300 74/76 72/78

CMRR (dB) 80 — 147 80 92 96

Ry (kQY) 1 — — 0.01 10 10

CL (pF) — 20 15 10 20 20

—

TUPUT SIGNAL

OUTPUT SIGNAL

M 200ns A Ch2 S 5,96V

&M z.o0v

Fig. 8. Measured result of rail-to-rail input/output characteristic.

Ch2 200V

rate is designed. The principle of operation has been presented.
The performance improvement is proven and verified by the
simulation and experimental results. The design and outcomes
introduced in this paper can be applied in other LCD-TFT
driver ICs.
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