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Nested Miller Active-Capacitor Frequency Compensation for Low-Power
Three-Stage Amplifiers
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Abstract: A new frequency compensation technique for low-power, area-efficient multistage amplifiers is introduced.
Using nested active capacitors,our scheme achieves better bandwidth-to-power and slew-rate-to-power performances than
previous works. Implemented in standard 0. 35um CMOS technology,our three-stage amplifier achieves 105dB DC gain,
3.3M GBW,68" phase margin,and 2. 56V/us average slew rate under a 150pF capacitive load. All of these are realized
with only 40 W power consumption under a 2V power supply,with very small compensation capacitors.
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1 Introduction e
Em1 Em2 Emr
In recent years, the frequency compensation of

multi-stage amplifiers for driving large capacitive
loads under a low-power condition has been exten-

@

sively investigated” ~* . There exist two categories of
basic compensation structures,namely NMC-""* (nes-
ted-Miller) and RNMC-"' ( reversed-nested-Miller )
for three-stage amplifiers (shown in Fig.1). Among

them, TCFC'™ introduced a transconductance with ca- Bu

pacitances feedback to the traditional NMC structure
such that a left-half-plane zero is generated, resulting
in better phase margin. On the other hand, the low- (b)

power RAFFC proposed in Ref. [9] also used an ac- Fig.1 (a) NMC structure; (b) RNMC structure
tive feedback in the conventional RNMC structure.

This configuration can have the same effect as in the

TCFC structure. Performance improvements with re-

spect to bandwidth-to-power and slew-rate-to-power v Vo,

have been achieved by these modifications. In NMC- V_l Vo
)

and RNMC- based designs, they have achieved their

respective best performances.

. . (a
However, typically the transconductance ( bias

current) of the third stage of a three stage amplifier is

much larger than that of the first and the second sta-

ges, especially for driving large capacitive load. RN- v v VB—I ,

MC shows inherent bandwidth extension over NMC > " o

because the inner compensation capacitor does not V—I

load the output node' . But it requires the third stage

to be non-inverting, which means a two-current- ®

branch implementation (Fig.2 (a)) and higher cur- Fig.2 Transistor level implementation of a non-inverting stage

rent consumption than its NMC counterpart (Fig. 2 (a) and an inverting stage (b)
(b)).
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(a) Current buffer; (b) Proposed active capacitor used

Fig.3
between a non-inverting gain stage

In this paper, we develop a new topology that
consumes nearly half the current in the third stage
while not affecting the performance of the RNMC.
By applying active capacitors to construct the re-
versed nested-Miller structure rather than their pas-
sive counterparts, an inverted third stage takes the
place of a non-inverted one to realize the Miller
effect, thus resulting in a one-branch third-stage in-
stead of a two-branch one. Moreover, our scheme re-
moves the dependence of circuit performance on par-
asitic parameters, as is unavoidable in most active-
feedback based compensation schemes %%
while, the required compensation capacitor size of our

. Mean-

scheme is reduced to a great extent. Comparisons with
the latest NMC- and RNMC-based approaches reveal
the significant performance improvements of our pro-
posal in terms of both bandwidth-to-power and slew-
rate-to-power efficiency.

2 Current buffers in Miller compensated
circuits

Current buffers (Fig. 3 (a)) have long been used
to enhance the performance™ %% of three-stage am-
plifiers and reduce the compensation capacitor size in
Miller compensated circuits such as LDOs'"'. An in-
verting gain stage is required in order to produce the
Miller effect. In fact, the current buffer can be de-
signed to be inverted, allowing a non-inverted gain
stage to generate the Miller effect. The circuit level
implementation of the inverted current buffer is

shown in Fig. 4.

Fig.4 Circuit level implementation of Fig.3(b)

Fig.5 NMAC structure

3 Proposed compensation technique

The proposed nested Miller active-capacitor fre-
quency compensation (NMAC) structure is shown in
Fig. 5. C,,,, represent the parasitic capacitors and C,
is the load capacitor. The two feedback loops are
based on the structures depicted in Figs.3(a) and 3
(b), respectively. A feedforward stage g. is also in-
troduced to improve the large-signal performance
without affecting the small-signal characteristics. By
assuming that the gain of each stage is much greater
than 1 and C,,C,,C,; ;and C,, are much smaller than
C. ,which is always the case, the transfer function is

given by
A(S) — Adc(1+s/w2>(1+3/w;’) (1)
(1 + 5 )(1 + 54 8 )
P—sau w1 w1 w2
where
Ad — gmlgngmL (2)
golgOZgoL
— g01g02goL
p_:SdB kacugngmL (3)
k’lc'd gmL
= - X ==
w1 k.C.C, 4)
wy — % (5)
- &m
ws C. (6)
ka = gmaRa (7)
ky = gm Ry (8)

Unlike some other compensation techniques™ %%, no

parasitic elements appear in our transfer function.and
thus the design is more robust against process varia-
tions.

In order to achieve a significant bandwidth ex-
tension, k, C, is set to be much larger than k,C, as in-
dicated in Eq. (4). As explained later, g, and g, can
be implemented inherently into the circuit. For matc-
=Kkbs8ma = 8mbsSO w3 1S
much smaller than «, and will be neglected in the
analysis.

hing considerations,we set k,

The transformation function can thus be
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Fig.6 Circuit level implementation of NMAC structure

approximately expressed as

Als) ~ Lt s/w 9
NP
w UG w1 w1 w2

where wus = gm/k.C. is the unity-gain bandwidth.
Equation (9) indicates that except for the dominant
pole, there still exist an LHP zero w, and a pair of
conjugate complex left-half-plane (LHP) poles:
- W2 w1

— 4= -1

2 w32

Pos = % +j (10)

The phase margin can be expressed as

PM = 180° - arctan<&>—

P -3dB

2
arctan{2§ |wUG |/[1 - ( ‘ZUG ‘ ) M+ arctan(wyc/w;)
2,3 2,3
an
By choosing
wy — ZwUG (12)

to avoid additional poles in the passband of the ampli-
fier and for a phase margin of 60°,we have:

w: = 1. 72w, (13
Based on Eqgs. (12) and (13) and other specifications
such as GBW and load capacitor, the design parame-
ters can be calculated:

gma = kigml (14)
kuca EmL 8 mi

X = = 1.
K. C. L C, 1.72 k. C. (15)

gm2 does not appear in the above equations,so its val-
ue is mainly determined by slewing constraints. Thus,
the current distributed at this stage can be ultra small.

4 Circuit implementation and perform-

ance comparisons

The transistor level implementation of the
NMAC circuit is shown in Fig. 6. The two feedback
transconductance stages are realized by MB1, MB2
and M1A,M1B, respectively,with C, and C, connect-

ed to the dio-connected MB1, MBZ, which also serve
as the bias for M1A, M1B. The aspect ratio between
M1 and MB is set to 2 (k, and k, equal 2).In the sec-
ond stage,the gate of MP3B is connected to the gate
of MP2. This implementation simplifies the bias for
the amplifier and also enhances the slewing perform-
ance of the second stage. As shown in Fig. 4,the feed-
forward stage g is realized by MP4.

The proposed amplifier is laid out in CHAR-
TERED 0.35ym mixed-signal CMOS
(Fig. 7). Common-centroid layout is practiced in or-
der to achieve better matching for the two Miller ca-
pacitors since the ratio between them is used to
achieve the bandwidth extension, as shown in Eq.
(4).Special attention has also been paid to the matc-
hing between M1 and MB. The post-layout simulation
results of the open-loop frequency response and the
step response (200mVpp input) under the unity-gain
feedback configuration are shown in Fig. 8. A 150pF
capacitive load is used for both configurations.

technology

The performances of the amplifier under two
load conditions are summarized in Table 1. In order to
perform a fair comparison with the published com-
pensation schemes, two widely accepted figure-of-
merits (FOMs) are used™® .

IFOMs = (GBW X C)/I+or (16)

IFOM,. = SR X C/Ior an

Equation (16) shows the bandwidth-to-power per-
formance and Equation (17) represents the slew-rate-

Fig.7 Layout of the proposed amplifier
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Fig.8 Post-layout simulation results loaded with a 150pF ca-
pacitor (a) Open-loop frequency response; (b) Step response

under unity gain configuration with a 200mVpp input

to-power performance of the amplifier under a given
capacitive load condition. The low-power RAFFCM-
and the TCFC structure™ represent the latest RNMC
and NMC based compensation schemes, respectively.
The comparisons in Table 1 demonstrate that both the
IFOMs and IFOML increase by 2 or 3 times,showing
the superior performance of the proposed compensa-

Table 1 Performance summary and comparisons
) Average Comp.
Cr]_, ITOT GBW
Year slew rate| | cap. |IFOMs|IFOMy
/PE| /mA |7 T /MHz |
/(V/ps) /pF
Low-power; 11
2007 {5000.035 1.1 1.1 15714 | 18429
RAFFC! 0.35
. 0.96
This work 500(0.020| 1.84 1.8 0.02 45000 | 46000
. 1.1
TCFC®) | 2005 {150(0.030| 1.035 2.85 0.92 14250 | 5175
. 0.7
This work 150]0.020| 2.56 3.3 0.02 24750 | 15360

tion scheme. Furthermore, the compensation capacitor
sizes are also reduced, which means a significant re-
duction in die area.

5 Conclusion

A new frequency compensation technique for
low-power operational amplifiers, namely NMAC, is
proposed and analyzed. By using active Miller capaci-
tors to compensate the three-stage amplifier in a nes-
ted way, the power consumption and the compensa-
tion capacitor sizes are significantly reduced while
better performances are obtained. The post-layout
simulation results verified its effectiveness. Compari-
sons with up-to-date compensation schemes are also
given.
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