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Abstract

This paper presents a rail-to-rail constant-gm operational amplifier input stage. The proposed circuit changes the tail current of the
input differential pairs dynamically for a constant-gm by using dummy input differential pairs. The problem which causes total gm var-
iation is input pairs and dummy input pairs can not take effect at the same time with the common-mode input voltage changes, because
the tail current transistor of the input pairs are in triode region when the input pairs are turned off, the dummy input pairs will enter
subthreshold region from cut-off region before the input pairs when common-mode voltage changes. The effect of this problem is more
obviously in low supply voltage design. To solve this problem, compensate current sources is added to the tail current transistors of each
dummy input differential pairs for lower gm variation. The gm of this Op Amp’s input stage varies around ±2%.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

With the development of mixed/mode VLSI systems,
there has been significant interest in analog integrated cir-
cuits operating with low supply voltage. The input com-
mon-mode voltage (Vicm) of an Op Amp should be kept
as wide as possible in many applications, especially in
mixed/mode IC area [1–4].

The input stage is the key part of a rail-to-rail Op Amp.
In order to obtain a reasonable signal-to-noise ratio in low
voltage design, the input stage should be able to deal with
common-mode input voltages from rail-to-rail [1–4]. This
can be achieved by placing an N-channel and a P-channel
differential input pair in parallel [5], as shown in Fig. 1.
When the common-mode input voltage is near the ground
rail, only P-channel operate; when the common-mode
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input voltage is near the VDD rail, only N-channel operate;
and in the middle range of the common-mode input volt-
age, all differential pairs operate. However, when both dif-
ferential pairs are in full operation the transconductance of
this input stage is twice of that when only one pair is active.
The circuit operates in three regions as following:

Region I: V onn P V icm P Gnd (N-channel turn-off,
P-channel operation)

gmðeffÞ � gmP ð1Þ
Region II: V onp P V icm P V onn (N-channel operation,
P-channel operation)

gmðeffÞ ¼ gmN þ gmP ð2Þ
Region III: V DD > V icm > V onp (N-channel operation,
P-channel turn-off)

gmðeffÞ � gmN ð3Þ
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Fig. 2. Rail-to-rail input stage with gm-control dummy input differential
pairs.Fig. 1. Common-mode input range of the rail-to-rail input stage.
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The large variation of the input stage transconductance
prevents optimal frequency compensation, and introduces
large variation in unity-gain signal distortion [6,7].

The gm of input transistors is given by:

gm ¼ KðV GS � V TH ¼
ffiffiffiffiffiffiffiffiffiffi
KI tail

p
ð4Þ

With K ¼ lP COX

W
L

� �
P

¼ lN COX

W
L

� �
N

ð5Þ

where lN and lP are the mobility of the charge carriers,
COX is the normalized oxide capacitance; W and L are
the width and the length of a transistor, respectively. From
Eq. (5) we can find out that for a constant-gm the W over L

ratios of the P-channel and the N-channel input pairs have
to obey the following relation:

lN
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L

� �
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W
L

� �
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ð6Þ

If the ratio lN over lP differs from its nominal value be-
cause of process variations, especially the temperature var-
iation, the gm will have an additional variation.

A number of schemes have been proposed to obtain a
rail-to-rail constant-gm. A general approach is through
controlling the DC tail currents of the differential input
pairs by 1:3 current mirror circuit [4,8]. Our proposed cir-
cuit changes the tail current of the input differential pairs
dynamically for a constant-gm by using dummy input dif-
ferential pairs, which have compensate current sources at
the tail current transistors of each dummy input differential
pairs.

2. Constant-gm input stage

The basic structure of the proposed constant gm input
stage is illustrated in Fig. 2. The N-channel dummy input
differential pair connects to the tail current transistor
(M6) of P-channel input differential pair, and The P-chan-
nel dummy input differential pair connects to the tail cur-
rent transistor (M5) of N-channel input differential pair.
When there is only one active input pair, the dummy input
differential pairs do not have any effect. When both differ-
ential pairs are in full operation, the dummy input differen-
tial pairs take away 3Iref of the 4Iref tail current. Now, the
gm of the three regions is:

Region I and Region III:

gmðeffÞ ¼ gmN ¼ gmP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2K2I ref

p
¼ 2

ffiffiffiffiffiffiffiffiffiffi
KI ref

p
ð7Þ

Region II:

gmðeffÞ ¼ gmN þ gmP ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2KI ref

2

r
þ

ffiffiffiffiffiffiffiffiffiffiffiffi
2KI ref

2

r
¼ 2

ffiffiffiffiffiffiffiffiffiffi
KI ref

p
ð8Þ

Compensate current IC is implanted to the tail current tran-
sistors of each dummy input differential pairs in this struc-
ture. IC is used for keeping M11 and M12 in triode region
when dummy input differential pairs are turned off. This
optimization can decrease the gm variation, because M5
and M6 are in triode region when the input differential
pairs are turned off. For example: when there is no IC is im-
planted, and M7 and M8 are turned off, the drain-source
voltage of M11 will be zero. Because no IC is implanted,
M7 and M8 will enter subthreshold region as soon as com-
mon-mode voltage is around the threshold voltage of
NMOS transistor (VTHN); Comparing to input differential
pairs (M1 and M2), they will enter subthreshold region as
long as the common-mode voltage is higher than
VTHN + VDS5 as a result of drain-source voltage of M5
(VDS5) which is operating in triode region; The dummy dif-
ferential pairs will take effect before the same type input
differential pairs, it is the main cause of gm variation of this
structure.

The value of compensate current is calculated by the fol-
lowing equation:

IC

3I ref þ IC

¼ 3I ref

4I ref

ð9Þ

Thus; IC ¼ 9I ref ð10Þ
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IC is estimate through the proportion of triode region
current and saturation current of tail current transistors.
The effect of the compensate current is obvious and is
shown in the simulation part of this paper.
3. Summing circuit and the entire input stage circuit

As shown in Fig. 3a, the current mirror, M20 and M21,
together with the folded cascodes, M22-M25 which is con-
nected with the input differential pairs, form a summing
circuit. This summing circuit not only adds the signals
coming from the complementary rail-to-rail input stage,
but also increases the gain of the stage due to the high volt-
age gain of the folded cascodes. The summing circuit can
be improved by using gain boosting technology as shown
in Fig. 3b, when higher gain is needed [9]. A class AB out-
Fig. 3. (a) Folded cascodes summing circuit and (b) gain boosting
technology implements in (a) for higher gain.

Fig. 4. Overall design of constant-gm
put stage is preferred when driving low resistor. The entire
input stage which is shown in Fig. 4 can be seen as a single
stage amplifier, and be used to drive capacitors in VLSI
system. M28 and M29 form compensate current sources
connect to the dummy input pairs.
4. Simulation and analysis

Based on the proposed constant-gm input stage, a rail-
to-rail CMOS Op Amp input stage has been designed in
rail-to-rail Op Amp input stage.

Fig. 5. Compare the gm variation vs. Vicm of the circuit between with and
without compensate current.

Table 1
Comparisons of the rail-to-rail amplifiers

[1] [2] [9] This work

Stages 2 1 2 1
Process 0.35 lm 0.35 lm 0.18 lm 0.18 lm
Supply voltage 1.5 V 3 V 1.8 V 1.8 V
gm variation 3.4% 0.2% 4% 2%
Power <319 lW – 3.55 mW <498 lW
DC gain 97 dB >50 dB 100 dB >61 db
Bandwidth 15.7 MHz 77.7 MHz 100 MHz 25 MHz
Phase margin >55.5� 80� 47� 78�



Fig. 6. Simulated gm vs. Vicm of the input stage under different supply
voltages.

Fig. 7. Simulated gm vs. Vicm of the input stage under different
temperatures.
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a standard 0.18 lm CMOS technology in which
VTHN � 0.48 V,VTHP � 0.46 V. And Fig. 5 shows the sim-
ulated results of the total input stage transconductance
Fig. 8. AC response of the
versus Vicm for Itail = 40 lA and VDD = 1.8 V. The gm var-
iation is ±2% as simulated, the performance is evidently
better than the circuit without compensate current. The
largest gm variation occurs at 0.5–0.6 V and 1.2–1.3 V of
the common-mode voltage due to the reason mentioned
above. The gm variation not only caused by electric rea-
sons, but also occurs with process mismatches. Obviously,
the mismatch between (W/L)N and (W/L)P of the input dif-
ferential pairs can cause the Dgm between gmN and gmP.
The dimension mismatches of M5, 11, 29 and M5, 12, 28
will make the input pairs tail current differ from designed
ratio, which also cause gm variation. According to Eq.
(4), the mismatches of transistor dimension which cause
DK has the same impact to gm as the mismatch of I2

tail,
which means the mismatch of input pairs has more signif-
icant effect on total gm variation than the mismatch of tail
current mirrors. Designers should pay more attentions to
these transistors’ layout. The dummy pairs mismatch will
not affect the circuit for its current is decided by the tail
current mirrors. Some state-of-the-art techniques are com-
pared as shown in Table 1.

Fig. 6 shows the variation of gm under different supply
voltages. The circuit works well when supply voltage
changes within 10%. Fig. 7 shows the variation of gm under
different temperatures. As we can see, temperature has
impact on the gm variation in different Vicm values. This
is caused by the complementary structure of the input
stage, the mobility of electrons and holes response differ-
ently to temperature due to their different scatter mecha-
nism [10]. The N-channel MOSFET is more sensitive to
temperature, so its gm drops more quickly when tempera-
ture goes up. Fig. 8 shows the AC response of the circuit,
DC gain of this single stage amplifier is over 61 dB with
25 MHz bandwidth and 78� phase margin. The power of
the circuit is less than 498 lW.
single stage amplifier.
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There is one unanticipated phenomenon that the first
order gm calculation expression cannot explain: according
to Eq. (4), gm should increase with the increase of Itail.
As it is shown in the figures, gm does not increase at the
two edges of common-mode input range where the Itail is
larger than the intermediate range. On the contrary, it
decrease slightly. This can be explain by the more specific
gm expression

Gm ¼ KðV GS � V THÞð1þ kV DSÞ ð11Þ

With k is the channel length modulation parameter. For
N-channel differential pair M1 and M2, their VDS decrease
when Vicm increases at the higher edge of the common-
mode input range; For P-channel differential pair M3 and
M4, their |VDS| decrease as soon as Vicm decreases at the
lower edge of the common-mode input range. This phe-
nomenon will be significant when the channel length
decreases.
5. Conclusion

An improved constant-gm and rail-to-rail operational
amplifier input stage with 1.8 V supply in 0.18 lm standard
CMOS technology has been presented. The circuit achieves
nearly constant-gm (within ±2%) behavior over the full
input common-mode voltage range. The operation of the
input stage under different supply voltages and temperature
are simulated and analyzed. Mismatch issues on input tran-
sistors and current mirrors have been discussed. For better
performance, second-order effects have been taken in con-
sideration in this paper.
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