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1 | INTRODUCTION

Despite the topic of three-stage amplifiers is not certainly new, ' it has received persistent and growing attention from
the analog designers community. Indeed, continuous technological scaling, specially designed for low-power high-
performance digital circuits, leads to a strong reduction in the intrinsic transistor voltage gain. Thus, more than two
stages are usually required to achieve adequate gains in nanometer technologies, especially under a low-voltage supply
that prevents the use of cascoded topologies, apart from the first stage.

To ensure closed-loop stability of three-stage amplifiers the nested Miller compensation (NMC),'~®! suitable when
the only inverting stage is the output one, or the reversed nested Miller compensation (RNMC),I”-) suitable when the
intermediate gain stage is the only inverting one, have been traditionally exploited. Both techniques adopt two compen-
sation capacitors, which exploit the Miller effect, to split low-frequency poles and to achieve the desired phase margin
and transient response. Starting from these basic approaches, several advanced techniques and design strategies have
been proposed both for NMC-based!'®** and for RNMC-based!"®?*! solutions, to provide a higher gain-bandwidth
product.

As a further advance in three-stage amplifier design, increased interest in single Miller capacitor (SMC)
compensation has also recently emerged,[23_36] especially when large capacitive loads have to be driven.3234
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Indeed, assuming equal static power consumption, these topologies seem to offer improved bandwidth performance
and better large-signal performance with respect to the topologies based on NMC or RNMC.343

In this paper, after a thorough review of the SMC topologies presented in the literature, an analytical comparison
among the most interesting and performing solutions is presented. Starting with a preliminary definition of the design
procedure, which adopts the phase margin as the main design parameter, the comparison is carried out with the aid of
a figure of merit (FOM) which was originally proposed by Pugliese et al.*®! and efficiently adopted to compare NMC
and RNMC in three-stage amplifiers and MC for two-stage amplifiers.****! The proposed approach allows in-depth
analysis to be achieved and provides useful design guidelines for the optimization of the small-signal performance while
ensuring inherently good time-domain performance.

The paper is organized as follows. Section 2 introduces the general notation, the main assumptions, and
parameters definition. The analytical FOM is discussed in Section 3. Then, 10 different single-Miller compensation
topologies of three-stage OTAs are analyzed in Sections 4 and design equations, which allow setting the compen-
sation network for a given value of the phase margin, are highlighted. The analytical FOMs of the chosen topolo-
gies are then discussed in Section 5, along with a theoretical and graphical-based comparison. Section 6
summarizes the simulation results of the transistor-level implementations. Finally, concluding remarks are given
in Section 7.

2 | PRELIMINARY ASSUMPTIONS AND NOTATION
2.1 | General notation

Figure 1 shows a block diagram of a general three-stage amplifier adopting the SMC frequency compensation. V; and
V, denote the voltages at the internal high-impedance nodes and, for all the compensation approaches treated in this
paper, g..;; R,;, and C,; are the transconductance, output resistance, and output (parasitic) capacitance of the ith ampli-
fier gain stage, respectively. Parameters g,,3, Ro3, and Cy are the output stage transconductance, the output resistance,
and the loading capacitance, respectively. The Miller compensation capacitor is denoted as Cc. Hence, being the DC
voltage gain given by

3
Ag= HAi = 8m1Ro18m2R028m3R03 (1)

i=1

where A; is the voltage gain of the ith stage, g,,;R,;. Besides, assuming a dominant-pole behavior, where the dominant
pole angular frequency, p,, is

FIGURE 1 Simplified block diagram of a three-stage amplifier with SMC
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1

P1= R AAsCe

the open-loop amplifier gain-bandwidth product results to be

gml
— 3
WGBW Ce ( )

2.2 | Assumptions

In order to simplify the relationships of the amplifier transfer functions without losing accuracy, three general assump-
tions are adopted in the followings:

1. the DC gain of each amplifier stage is much greater than the unity (i.e., Ay; = €miRoi > > 1);

2. the capacitive load, as well as the compensation capacitors, are much greater than the stage output parasitic capaci-
tances (i.e., Cc, Cr. > > Co);

3. parasitic inter-stage coupling capacitances are negligible.

2.3 | Parameter definitions

Usually, in general-purpose feedback amplifiers, the output stage most significantly affects the performance of the
whole amplifier in terms of power dissipation, linearity, and closed-loop bandwidth.[*°! Hence, following the method
proposed and exploited in other studies,!****! we consider the normalized stage transconductances, Gy, With respect
to the last stage transconductance, g,,,3

m3

where x is 1 or 2 for the first and second stage, respectively. Additionally, x could also refer to auxiliary trans-
conductances such as that of current or voltage followers, or to feed-forward stages adopted in the compensation
branches.

Finally, it is also useful to introduce the parameters

C.
CNoi :C—l: (5)

which represent the normalized-to-Cy, ith output parasitic capacitance.

3 | FIGURES OF MERIT
3.1 | Traditional numerical FOMs

Traditionally, to compare small- and large-signal performance of three-stage amplifiers, two couple of numerical FOMs
were introduced and adopted.!®'®)

FOMs=-2%8Y ¢, (6)

~ Voplpp
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SR

FOM; = C 7
" VopIpp ¢ @
IFOM; =2 ¢, (8)
Ipp
SR
IFOM; =-—-C; 9)
Ipp

where SR is the average amplifier slew rate, Vpp is the supply voltage and Ipp is the overall amplifier biasing current.
FOMs 6-9 allow to assess the performance with respect to power consumption and current consumption for a defined
load condition.

While useful and frequently adopted, these FOMs depend upon the amplifier topology and fabrication technology,
and thus, they do not allow to carry out an effective coherent comparison among the several compensation networks
available.

3.2 | Analytical FOM

To perform a more general comparison irrespective of the adopted technology and specific design constraints, the

authors introduced a FOM which can be evaluated from the amplifier open-loop transfer function, which is given
by[40—42]

W G C
FOM — GBW C = Nm1 Cr (6)
8m1 T 8m2 + 8m3z T 8mcom 1+ Gnm1 + GNmz + GNmcom Ce

where g,,con and Gypmconm represent the sum of any extra compensation network transconductance and its normalized
value, respectively. Several advantages are obtained considering this FOM [40-421,

a. the total amplifier transconductance is a key design parameter that is heavily related to significant design specifica-
tions such as power consumption and silicon area occupation (in CMOS amplifiers with MOSFETs in saturation the
small-signal transconductance represents the trade-off between transistor area and biasing current);

b. for a CMOS transistor operating in saturation region (i.e., strong inversion) g,, is given by 2Igas/Vpssar» and hence,
assuming a certain constant Vpgy,, the transconductance represents an assessment of power dissipation. This prop-
erty also holds for a CMOS transistor operating in its subthreshold region (i.e., in weak inversion), since g,, is equal
to 2Ipras/Vy, where V, is the thermal voltage kT/q;

c. the FOM can be analytically evaluated regardless of the amplifier topology, fabrication technology, and other design
choices, thus allowing accurate and coherent performance comparisons among different compensation topologies;

d. for each compensation network, the FOM function provides information on the compensation topology efficiency
versus the transconductance values distribution among the amplifier stages;

e. the FOM gives the ratio between the gain-bandwidth product of the compensated three-stage amplifier with respect
to a single-stage amplifier under both the same load conditions and total small-signal transconductance;

f. the FOM is also strongly related to the large-signal amplifier behavior.

With reference to point (e), let us define wgpy, as the gain-bandwidth product of a single-stage amplifier having load
C; and total small-signal transconductance g,,7or both equal to those of a three-stage amplifier. Remembering that
weew1 = Cr/g€mror, We get from 6 that FOM = wgpw/©cpw-

Regarding point (f), despite the FOM in Grasso et al.!*”) was introduced only to account for the small-signal behav-
ior, a more in-depth analysis shows that it provides information also on the large-signal performance.!*! Indeed, in
multistage amplifiers the overall slew rate is limited by the slowest stage, which, assuming a Class AB output stage, is
typically due to the Class A input stage driving the largest compensation capacitor, Cc; hence, the slew rate, SR, can be
assumed to be expressed by
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SR=—
Cc

(7)

where I; is the first stage bias current. Let us consider now a pure single-stage amplifier with bias current and load
capacitance equal to those of a three-stage amplifier, I7or and C;. Under the approximation that the saturation voltage,
Vpssar» 18 €qual for all transistors (working in saturation region), the ratio between the overall slew rate of the three-
stage amplifier in 7 and the slew rate of the considered single-stage amplifiers expressed by

SR _ L C_ &m Co (8)

which is exactly the FOM given in 6.

4 | SINGLE MILLER TOPOLOGIES

This section gives a short but in-depth analysis of the most significant SMC techniques.!?**®! The first SMC topology
named damping-factor-control frequency compensation (DFCFC) was presented in Leung et al.**! It exploits an active
damping-factor-control (DFC) block, which controls the damping factor caused by the non-dominant complex poles
and a feed-forward stage.

After 5 years, two novel topologies were presented,?* the first is SMC with only a feed-forward branch from the sec-
ond stage input to the output, and the second, named SMFFC, with two feed-forward stages (the latter was also adopted
in Zhang et al.*!). Since then, several SMC topologies were progressively introduced.!?->"! In particular, although not
experimentally tested, SMC with nulling resistance to compensate the right half plane (RHP) zero was presented,[zs]
followed by a topology with a current buffer in series with the Miller capacitor,®®! and almost the same topology was
again treated (unless for a feed-forward branch which does not give significant impact).!**! A topology which adds left
half plane (LHP) zeros in the inner nodes thanks to a passive resistance-capacitance series was developed in Peng
et al.l?”! The topology was further extended in Di Cataldo et al.,*”) by including a resistance in series to the Miller
capacitance. Finally, the other solutions are again with a current buffer or an active element in series with the Miller
capacitance, 28303211361

In the following, we will consider the block schemes of the topologies as reported in the original papers. However,
as it will be shown, some feed-forward paths do not significantly affect the transfer function and hence can be neglected
from the small-signal point of view.

41 | SMC and SMFFC topologies

A high-level block scheme of both SMC and SMFFC topologies is shown in Figure 2.12
The open-loop transfer function of the amplifier adopting the pure SMC in Figure 2 (obtained for g,,s = 0) is

8mf2A2C02—8m2Cc ConCe 2 8mf2A2C02—8m Cc Co2Cc 2
1 ( §——2=Cg 1 §—2=Cg
A(S) _ AO . + 8ma8mzA2 8m28m3 AO . + 8ma8mzA2 8m28m3 (9)
CL_y8mCo)gy Cali (145 1+ ;g Sl
148 1 L 02CL 145
( + by + 8mA2 + 8&m28m3 S+ Em28m3 § + Py Bmaha 8m28m3

According to the results summarized in Appendix A and adopting the normalization introduced in the previous section,
the phase margin, ¢, can be evaluated using the equation

AZ (GNmZ C%' - sz\jml COZCL)
Gnm1Gnm2CcCr

tan(¢ — ¢) = (10)

where fg is the contribution of zeros on phase margin. Setting Gnme = &mp2/8m3 yields
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FIGURE 2 Simplified block diagram of: SMC topology (gmf; = 0) and SMFFC topology

GNm1(GNmeA2Co02 — GNm2Cc)
Az (GnmaCc + G Con)

~ tan_l (Gle GchC()Z)
Gnm2Cc

-1

¢p=tan

(1)

It is worth noting that the above results are more accurate than the original ones in,1>*! where the zero is neglected.
From 10, we can derive the Miller capacitance, Cc, whose relationship is in Table 1, and substituting it into 11, we can
find the value of ¢ in Table 2.

In the SMFFC topology, a feed-forward stage provides a LHP zero which compensates for the first non-dominant
pole*** and also makes negligible the effect of the other feed-forward stage. The transfer function of the SMFFC in
Figure 2 is given by

8mf2A2C02—8mCc | 8mp1Ce CpaCc 2
1 §—=2-Cg
AO + 8m18m28m3A2 Em18m2

A(s)= :

o s C 8mf2Co2
(1 +P1) 1+ (gm3A2 + Em28m3 )S + 8m28m3

8mp1Cc Co2Cc 2
14+ —s —2=Cyg
Sm8ms AO + 8m18m2 8m28m3 (12)

~ ’ C Co2CL 2
CaCr g2 <1+pil) 14+ —Los 2L

8m3A2 8m28m3

Then, from Appendix A and normalizing the stage transconductances, we get

Ay (GNmzczc — Gy Coch)

t —
an(¢ = ¢s) Gnm1 GNm2CcCr

(13)

where the value of ¢ is reported in Table 2. Evaluating Cc from 13, we get again the same relationship found for the
SMC and SMFFC (Table 2).

The solution!® is very similar to the two above treated topologies; it is adopted in an amplifier topology named
current-reuse single Miller feed-forward compensation (CRSMFC). Compared to the SMFFC, it presents an additional
voltage gain, K, along with the first feed-forward path; thus, it can be simply analyzed using the same relationship of
the SMFFC but substituting the transconductance g, with g1 = Kgup1.



WILEY_L_’

GNm1 Gi’mc tan?(¢p—pp)cnoz

4A,¢,
s WN(M))

GRASSO ET AL.
TABLE 1 Normalized miller compensation capacitance
SMC
topology Cc/Cr
SMC, SMFFC Gymi tan(p—gg) 4A2
e 2A; =1+ \/1 + GNmztan2z¢*¢B)CN02
L L (A2+Gnim2Kra) Gy tan(p—g) AK, 2 4
2 'Nm2 8 Ra JUNm1 ! a m
2A;KraGnmz st \/1 + <A2+éN:2KRa> tan? (01;’*2‘/’5) CNoz
DACFC Case 1, phase margin given by the third non-dominant pole %ﬂﬂ(%ﬁ*%)
‘Nmc
Case 2, neglecting the highest pole and zero Gt | [} O it
2GNm2CNo1
CFCC Case 1, phase margin given by the third non-dominant pole Gnm1 KrozCnoatan(¢p — ¢p)
Case 2, neglecting the highest pole and zero GNM‘K“(Z’*"’B) i,@—; (1 +
CBMCPC, ( o o ))
1+ tan (¢p— CNo2
CLIA Gnm1 GIZ:mZGNmr K:ﬂ substitute c,, with c,; for the CLIA
CBMPPC G tan(¢—¢p)cnoi o2
Gnm2KRaCNa
ASMIHF Case 1, phase margin given by the fourth pole and third zero w
'Nm2
Case 2, neglecting the highest pole and zeros \/GM(GNm1+GNmtan(d>—¢B))cNm
GNme1 Az
TABLE 2 Analytical expression of parameter &,
Topology Dy
SMC Gumpatang [/ 2
tan™! { Nmzfztz‘m‘/ ( 1+ GN;?;nz 4CNo2 — 1)}
SMFFC -1 GwmnCc 41 GNmit
tan Gnm2Cc+G Coz tan Gyma
IAC 0
IIAC tan~!(GnpiKg.) with Kg. = gm3Rc
DACFC, CFCC Case 1, phase margin given by the third non-dominant pole 0

CBMCPC, CBMPPC

CLIA

ASMIHF

4.2 |

Case 2, neglecting the highest pole and zero

—1 ( Gnm
tan (Gch>

—1( Gym
tan (ZGch)

Case 1, Phase margin given by the fourth pole and third zero

Case 2, Neglecting the highest pole and zeros

IAC and IIAC topologies

—1( Gnm
tan <2GNW)

—1 [ No1GNmp2GNme /2 A,
tan ( GNmf1 3 GNm1CNoL

—1( Gnm
i (Gchl)

A topology referred to as impedance adapting compensation (IAC), with a resistance-capacitance series at an inner
node was presented in Peng et al.l?”) It creates a LHP zero to compensate the effect of high-frequency poles. Then, a
more general topology, named ITAC (improved IAC), with an additional resistance in series with the Miller capacitance
was also presented and analyzed in Di Cataldo et al.137!

The block scheme of the two topologies is shown in Figure 3. The IAC transfer function is expressed by
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FIGURE 3 Simplified block diagram of IIAC topology. The IAC topology is obtained by setting Rc = 0

A 14+ RcCes
A(S)% Os '1 CL(A2+—;2R3 5 CpCrL 2 (14)
(1 +PT) + 8ma8m3A2Ra S+gm2gmss

Then, from Appendix A and normalizing the stage transconductances, we get

AZ (GNm2 C% - GJZ\]ml COZCL)

tan(d — o) — 15
an( =) Gnm1 GNm2CcCr (15)

where the value of ¢5 is reported in Table 2.

By inspection of the frequency-dependent factor of 13, it is independent of g,,.1, gmp, and C,; hence, the feed-forward
transconductance g,y is useless to achieve frequency compensation (a more accurate relationship can be found in Di
Cataldo et al.,'*” but in any case, it is still independent of g,,,;).

Applying the results in Appendix A and normalizing, we get

(16)

tan(g— dy) — ( Kr4A; ) Gnm2C% — G, Co2CL

GNma2kra +A; GNmCcCr

where Kr, = gn3R,. Parameter ¢p is equal to 0 for IAC, while it has a finite value for IIAC (see Table 2). As given in
Table 2, the same Miller capacitance relationship is obtained for both topologies.

4.3 | DACFC topology

The topology named dual-active-capacitive-feedback compensation (DACFC),?®! whose block scheme is depicted in
Figure 4, is the first solution that adopts current buffers in the Miller compensation path (modeled in Figure 4 with g,,,.

and gmcz)-
The DACFC transfer function is given by
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FIGURE 4 Simplified DACFC block diagram
Cc 8mf1Cot
A(s) ~ Ao ) €..CosC é:szézm)c CuCL 2 1;’—ngclg1m2 (17)
5 me02C L o1—LcC YA §=oL
(1 +P1) 1+ 8m28m3Co1Cc § +8ngmss + Eme

where, according to Guo and Lee,'?®! relations 8me2 = 8&m2> Ra = 1/8me and R,Cc = 2R,C,, have been assumed. Note

that the transfer function is independent of g,,»,. Moreover, the dual-active capacitive feedback not only avoids the RHP
zero, but also produces two beneficial LHP zeros.

Following the design strategy suggested in Guo and Lee, ™ these two LHP zeros can be exploited to compensate the
phase shift due to the complex and conjugate non-dominant poles. Thus, the phase margin is only due to the third non-
dominant pole, given by g,,,./C,.>, yielding

[28]

_ GchCC

tan(¢ — ¢p) = 7GNm1 Cur

where ¢p = 0 (Table 2). Again, from 18, the Miller compensation capacitor reported in Table 1 is found.
On the other hand, a simpler design strategy can be followed by neglecting the highest pole and zero in 17. Then,
from this simplified transfer function, which also becomes independent from g,,,, we get

_ Ca (GNm2Cg — Gy CoaClr)
Gle GchCOZCL(3C01 - CC)

tan(¢ — o) (19)

where ¢ in Table 2 has to be used, and the resulting equation is reported in Table 1.



10 | Wl LEY GRASSO ET AL.
44 | CFCC topology

The cross feed-forward cascode compensation (CFCC) topology is like the DACFC one, but is simpler, having only a
current buffer in series with the Miller capacitance (Figure 5).2°! Unless for the feed-forward transconductance, Emp2s
which as shown in 20, does not impact the compensation, it is equal to the topology previously presented in Guo and
Lee.l?¢]

The CFCC transfer function is

< M) ( — M)
A(s)= Ao 1 -1-8?:% ' (1 TS 1 S -
B CaC CaiC
(1 +pi1) 1450 s+ Calig Rl

From the design strategy presented in Chong and Chan,**! where it is assumed that the RHP zero can be neglected,
by using the two LHP zeros to compensate the phase shift caused by the complex and conjugate non-dominant poles,
the phase margin is given by the third non-dominant pole only, 1/R,,C,,. We get

1 Cc

tan(¢ — = 21
(#=s) GnmiKro2 Coz @)
where ¢p = 0 (Table 2) and Kgy> = gm3R,2- The Miller compensation capacitor is given in Table 1.
Again, like done for the DACFC topology, we can neglect the highest pole and zero and simplify 20 into
A 14s.5¢
As) ~ 2 e (22)

’ ColC CouiCL 2
s 1 o01“L ol“L
(1 + pj) T oS T s

which is now also independent of g,,,». By applying A4 and A5, we get

@)
1

!
.

[ v [
- -

gml ng gm3
— C02 Ro3§ CL —

1/€me

o

\/

&
AN
9
1
i
AN
z
I

%
||‘7
F

gmfZ
gmf 1

FIGURE 5 Simplified CFCC block diagram
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_ GNmeA2C% — Grp Cor Cr,

t — = C 23
) = G G CaCcCr 23)

where ¢ is in Table 2 (equal to the DACFC second case) and the Miller compensation capacitor is reported in Table 1.

4.5 | CBMCPC and CLIA topologies

Although presented slightly before,!*”! an evolution of the CFCC was proposed in Tan et al.l**! Indeed, as shown in
Figure 6A, current buffer Miller compensation and parallel compensation (CBMCPC) is a CFCC with an added parallel
compensation with a resistor and a capacitor at the output of the first stage.

The CBMCPC transfer function is given by

Cc 8my2Co2
Ao 1+ ngc 1+ SRa Ca . 1+s 8m28m3 (24)

(]_ _A'_L) . 1+ CaCr S—‘risz . 1+SR2C02 1+SRaC01
by

A(s)=

8m3A2Cc” ' 8ma&mcAz

Note that the frequency-dependent part of 24 is independent of g,,,;. Moreover, by setting R,C, = R,,C,, as design strat-
egy, relationship 24 simplifies to

.
Vin [\ Vl [\ Va !\ Vout
O - + V O

L P
gml ng ng
Ca ROl — °! R02 —_! Co2 RoS CL —

Zm

i)

(A)
A5

: s
T -
; ;_Ilca Zmb
(B) ©)

FIGURE 6 (A) Simplified CBMCPC block diagram; (B) additional compensation elements for CLIA and (C) CBMPPC

Vz'
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A 14s&e
Als) =2 S (25)

C, 2CL CDZCL 2
s) 14— s+ s
(1 pl) 8m28msRa Cc 8m28m38mcRa

which yields
GNmZ GchKRa Cé - G12\1m1 C02 C’L
tan(¢ — = 26
(¢ ¢B) Gle GchCoch ( )

where Kg, = gn3R, and ¢p is given in Table 2. The Miller compensation capacitor derived from 26 is shown in Table 1.

The cascode local impendence attenuation (CLIA) topology presented in Tan and Kil**! differs from the CBMCBC
only for the inner node where the resistance-capacitance series shown in Figure 6B is inserted at the output of the sec-
ond stage. Its transfer function, unless for a very negligible pole-zero doublet (explicitly expressed in Tan and Kil®), is
expressed by

C
A 1 =+ =
0 ngc (27)

A(S) = .
CaC ColC
s 1 atL ¢ otr 82
(1 +p1) + 8m28m3RaCe + 8m28m38meRa

and the frequency-dependent part of 27 is independent of g,,; and g,». Hence, from the results in Appendix A, tan
(¢ — ¢p) is given by 26 with C,, instead of C,, and ¢p in Table 2. Hence, the Miller compensation capacitor reported in
Table 1 is equal to that of CBMCBC, but with C,, instead of C,,.

4.6 | CBMPPC topology

The topology in Yan et al.,'** named current buffer Miller compensation and parasitic-pole cancelation (CBMPPC), like
DACFC, CFCC, CBMCPC, and CLIA, has again a current buffer in the Miller compensation path, but it also includes
an active block to implement a LHP zero as shown in Figure 6C.

The complete transfer function with five poles and three zeros is reported in Yan et al.l32! According to the design
strategy suggested there, R,C, = R,,C,, must be set, and like for the CBMCPC, the transfer function can be simplified
into

C
AO (1 +Sg—,:c)

CoCoaC CCoaCi 2
s 1 01“02%1 S 01“02%L S
<1 + p1> + 8m28m3RaCaCc + 8m28m38mpRaCe

A(s)=

(28)

where, unlike the simplified derivation in Yan et al.,[32] an LHP zero is also included.
Again, as expected, the transfer function is independent of g,,5». As usual, applying the relationship in Appendix A,
we get

~ GNmZ kRa Ca C%‘

t _ ~ el
an(¢ ¢B) Gle Col Coz C’L

(29)

with the same ¢p value of the CBMCBC (Table 2). The resulting relationship for the Miller compensation capacitor is
given in Table 1.

4.7 | ASMIHF topology

The last topology was recently proposed by Marano et al.13! (Figure 7) and refined in Grasso et al.l*®! It is named active
single-Miller capacitor compensation with inner half-feed-forward (ASMIHF) and its transfer function is
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Cc 8mf1Ca1 8nf28mcCo2
Als) = Ao (H'gmcs) (1+2gngmcs) . (1+gmf1gm1gmas> (30)
(14’1%) 1_|_ CaCr s+ CaCr, S2 1+R02C02S
1

0 o~
N

7
./
W/

8mA2Cc” " gm3gma Az

After compensating the complex and conjugate non-dominant poles with the first two zeros, according to the design
procedure in Marano et al.,**! the phase margin is only due to the fourth pole, 1/R,,C., and the third zero, Emf8mi8ms/
Em28mcC05. Thus, we get

Cc
tan(¢ — = 31
(¢ ¢B) GleKR02C02 ( )
with ¢p given by
— GNmfZGch C02>
=tan ! —2 T T2 32
s (32)

and the Miller compensation capacitance reported in Table 1.
Also in this case, a simpler design strategy can be pursued by neglecting the highest pole and the two highest zeros.
In this case, the transfer function simplifies into

Cc
AO 1—|—g—S
Als) = ) ol o, CuC (33)
0. 0. 2
(1 + pil) I S T gty

and yields

GchlAZC%' - GJZ\]ml Col CL
tan(¢p — ) = 34
an(¢ ¢B) Gle Gchl Col CL ( )

where ¢p is reported in Table 2. Thus, the resulting Miller compensation capacitance is given in Table 1.
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5 | ANALYTICAL COMPARISON

To compare all the SMC topologies discussed in the previous section, we evaluated for each technique the analytic
FOM defined in Section 3 and summarized in Table 3, with the parameter g,,cons for each compensation technique
reported in Table 4.

Extraction of a ranking among the topology considered is not trivial, because of the complex FOM relationships and
the numerous parameters involved. However, an in-depth analysis allows several useful considerations to be derived, as
detailed below. Moreover, a graphical-based FOM comparison can be also carried out. First, we assume that parameter
gms is the maximum stage transconductance in the amplifier. Hence, the normalized parameters Gy;,; and Gy, are
always lower or equal than 1, and the same condition can be considered for all the other transconductances in the
amplifier, such as gnn, 8mps 8mer &mea> and gmp. Of course, according to Table 4, the normalized transconductance
Gnmcon can be higher than 1. Moreover, the normalized parasitic capacitances are assumed to be lower than 1 and, for

TABLE 3 Analytical expressions of the FOM in 6

Topology FOM
SMC, Gma tan(¢p—gp) 1+ 445N -1
SMFFC 2A;¢No2 (1+GNm1 +GNmz +GNmcom ) GNmatan?(¢p—p)
IAC, IIA
e = (GNmz Kra+Az)tan(¢p—¢p) 14+ KraAy 2 4GNmaCNo2 |
(1+-GNm1 +GNm2+GNmcom ) 2cNo2 Kra Az GNm2KratAz2 ) tan?(¢p—op)
. . Gme
DACFC Case 1’, phase margin given by only the third non FTOPY ¥ oMY cromrk meseyy 7Y
dominant pole
Case 2, neglecting the highest pole and zero Gmi Gnmetan(¢ — ¢p)

2¢no1 (14 Gmt + Gmz + Gamecom ) (Gnimt + 3Gnmetan(¢p — )

. 1+ 4GNm2Cio1 (GNm1 + 3GNmetan(¢p — dp))
Gnm1 G}z\]m Cno2tan? (¢ — ¢p)

+1

CFCC Case 1, phase margin given by only the third non

1
> (1+Gnm1 +Gmz +Gmcom ) o2 Koz tan(¢p—¢pp)
dominant pole

Case 2, neglecting the highest pole and zero Gymetan(d—gp) 1 A3, 1
26No2 (1+ Gt + Grma +Gmeon) Ghme ot tan?(h—g)
CBMCPC, 1 Gt G2 GpimeK ra i i
S e T c— \/ o e s — substitute ¢ with ¢o; for the CLIA
CLIA
CBMPPC 1 Gnim1 GNmaKRaCNa
1+Gnm1+Gnm2+ GNmcom '\ ot enoztan(¢— i)
ASMIHF Case 1, phase margin given by the fourth pole and 1

” (1+Gnm1 +Gnma+Gnmcom ) eNo2 Kroztan(—¢yg)
third zero

Case 2, neglecting the highest pole and zeros Grimz Gme1 A

1
14+GNm1 +GNmz+GNmcom \/(GNm1+GNmu1 tan(¢—¢p))cnot

TABLE 4 Analytical expression of parameter g,,con

Topology 8mcom

SMC, IAC, ITAC 8mp2

SMFFC 8mfL + Emp2

DACFC 8mfi T 8mpz + 8me T 8me2
CFCC 8mfn + 8mpz + &me
CBMCPC, CLIA 8mp2 T 8me

CBMPPC 8my2 + &me + &mb

ASMIHF gmjl + gmfZ + 8mce + 8mc1
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FIGURE 9 FOM comparison for IAC and ITAC topologies [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10 FOM comparison for DACFC and ASMIHF topologies [Colour figure can be viewed at wileyonlinelibrary.com]


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

16 | Wl L EY GRASSO ET AL.
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—A— CBMPPC G,_,=0.5, ¢, _=0.001
- -/ - CBMCPC G_,=0.5, ¢, =0.001

Nm1

FIGURE 11 FOM comparison for CBMCPC and CBMPPC topologies [Colour figure can be viewed at wileyonlinelibrary.com]

the sake of simplicity, they are set equal (i.e., cxo = Cno1 = Cno2)- In the following, we will always consider the phase
margin, ¢, equal to 70°, to optimize the 1% settling time of the amplifier frequency response,***! but the same consider-
ations and conclusion can be obtained for a different phase margin value. We evaluate the FOM versus Gy,; for two
Gnmz2 values, namely, 0.1, and 0.5, and for cy, equal to 0.01 or 0.001. Finally, we assume as typical values Gyy,n = 0.1,
Gmfz = 1, Gnmpr = Gamez = Gme = 0.1, cya = 0.01, Ky = Kge = 50, Kgop = 200, and A, = 30.

Let us start considering the compensation techniques SMC and SMFFC, which differ only for the ¢ value. The
FOM for the SMFFC, which is the most efficient, is reported in Figure 8. This plot shows that the FOM always increases
by decreasing Gn;,,; and increasing Guy,,» and is always lower than 2 and 4 for cy, equal to 0.01 and 0.001, respectively.
Moreover, the comparison shows that the increased complexity of SMFFC is justified only for high-capacitive loads
(lower values of cpp).

Regarding IAC and IIAC, again they differ only for the ¢p value. Their FOM is plotted in Figure 9, where ITAC
always shows a slight better performance than IAC.

Concerning the topologies DACFC, CFCC, and ASMIHF which can have two different design strategies, both previ-
ously reported for completeness, we will consider only Case 1, which represents the best strategy. The other case is
surely simpler to implement but does not allow the highest gain-bandwidth product to be achieved. Hence, considering
the most advantageous case 1 of DACFC, CFCC, and ASMIHF, from Table 3, they have a similar FOM relationship,
which is inversely proportional to C,. By comparing the DACFC and CFCC FOMs and remembering from Table 4 that
for these two topologies ¢p is equal, we can write

FOMDACFC

FOMCFCC ~ SmeRo2 (35)

Hence, the ratio of the FOMs of DACFC and CFCC is a voltage gain typically higher than 1. For this reason, the inferior
CFCC topology is not considered in the following.

Regarding the comparison between DACFC and ASMIHF, despite the FOM ratio seems equal to 33, it is not actu-
ally, since ¢ values of the two topologies are different, so that a more detailed investigation is necessary.

The FOMs of DACFC and ASMIHF are plotted in Figure 10 and show under the same conditions the advantage of
DACFC with respect to the ASMHF topology, especially for high capacitive loads. DACFC seems to be particularly
advantageous also when compared to the other topologies considered up to now. Interestingly, the FOM of DACFC and
ASMIHF decrease by increasing G-

Regarding CBMCPC and CLIA, they have the same pole expression under the assumption that C,; is equal to C,,
and differ only slightly for the expression of the zero. Consequently, they have the same FOM expression and differ for
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FIGURE 12 Simplified schematic of (a) SMC and (B) SMFFC topology

the value of ¢, as shown in Tables 1 and 2. As a result, the FOM values of CBMCPC are slightly higher than those

of CLIA.

The last comparison is then carried out for CBMCPC and CBMPPC in Figure 11. From this comparison, it is
apparent that CBMPPC shows the highest performance for high capacitive values (cy,; = 0.001) and FOM values
higher than 10. However, CBMCPC and CBMPPC exhibit comparable FOM values for lower capacitive loads. More-
over, depending on the design conditions, CBMPPC can achieve the best FOM as compared to the other topologies

considered.

It is worth noting that the above comparison is highly dependent upon the specific set of the various parameters
adopted to plot the various graphs. Therefore, it is difficult to establish an absolute ranking among all the considered
compensation topologies. Nonetheless, using the proposed approach the designer can assess which of the various solu-
tions is better suited for the given design specifications.
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6 | SIMULATION RESULTS

To further confirm the results obtained in the previous section, transistor-level simulations using a 65-nm standard
CMOS technology supplied by STMicroelectronics are carried out. Among the MOS devices available in the design Kkit,
we used the I/O transistors, with a minimum channel length of 0.28 pm and a nominal supply voltage of 2.5 V.

The compensation topologies considered in the previous sections have been implemented using the schematic of
the original papers and reported in Figures 12-19. In all topologies, the transconductance g, is implemented by con-
necting the gate of the load transistor of the last stage (M13) to the output of the first stage. The first stage is always
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FIGURE 18 Simplified schematic of CBMPPC topology

implemented by a classic folded-cascode topology, which is however fully cascoded (i.e., also in the p-channel MOSFET
side) only for DACFC and ASHMIF to allow exploiting the embedded current buffers. Note, however, that this solution
is not practicable when lower supply voltages are used. For CBMCPC and CBMPPC topologies, the transconductance
stage g, is implemented through a wideband current buffer made up of transistors M3-M8 and R;-R, as done in the
original papers,**?! respectively. The resulting value of g,,,. is given by (1 4 2-gus.6-R1.2) gms-
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TABLE 5 Normalized transconductances and passive element values (C;, = 100 pF)
Co1 Co2 Cy Cc
Topology Gnmi Gnmz Gnmp  Gnme GNmez Az Kra Kre Kroz Gnmcom (fF) (fF) (pF) (pF)
SMC 0.117 0.125 — — — 392 — — — 1.011 — 265 — 2.26
SMFFC 0.117  0.129 0.127 = = 22.8 = = = 1.132 = 324 = 2.44
IAC 0.117 0.125 — — — 39.2 88 — — 1.011 — 265 2 3.32
ITAC 0.117  0.125 = = = 39.2 88 66 = 1.011 = 265 2 2.20
DACFC 0.117  0.129 0.127 0.130 0.126 22.7 — — — 1.394 389 324 — 0.96
CFCC 0.117  0.125 = 0.533 = 39.2 = = 311 1.668 = 265 = 2.66
CBMCPC 0.117  0.125 — 1.260 — —_ 61 — — 2.275 — 265 0.15 0.30
CLIA 0.117  0.125 = 1.260 = = 61 = = 2.275 = 265 0.15 0.32
CBMPPC 0.117  0.125 — 1.260 — — 83 — — 3.144 381 265 0.25 0.29
ASMIHF 0.117  0.125 0.079 0.125 0.170 = = = 320 1.384 381 268 = 1.01

All the amplifiers were designed for a target phase margin equal to 70° and a load capacitance of 100 pF. The nor-
malized transconductance and components values in the compensation network of the simulated amplifiers are given
in Table 5 and were set according to the design equations reported in Section 3. Simulation results are summarized in
Table 6 where the theoretical and simulated FOM, evaluated using Table 3 and 6, respectively, are given in the last two
columns. Case 1 is considered for DACFC, CFCC and ASHMIF. Theoretical and simulated FOM values are found in
good agreement with the design equations in Sections 3 and 4, thus confirming the validity of the proposed
methodology.

It is worth noting that some parameters are strictly related to the transistor level implementation of the various
stages and may have a strong impact on the amplifier performance.
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TABLE 6 Simulation results

Topology A, (dB) PM (deg) feew (MHz) SR, (V/ns)t Power (UW) FOM theor. FOM sim.
SMC 92 70 3.55 1.68 181 2.31 2.26
SMFFC 86 75 3.35 1.55 202 2.03 2.02
IAC 92 69 2.29 145 181 1.30 1.21
ITIAC 92 72 3.58 1.79 181 2.36 2.28
DACFC 87 74 8.07 2.41 230 4.63 4.40
CFCC 92 69 2.79 141 190 1.52 1.44
CBMCPC 98 68 2.77 143 222 1.11 1.13
CLIA 98 66 2.65 1.44 222 1.05 1.08
CBMPPC 98 65 29 8.9 222 9.31 12.3
ASMIHF 101 73 7.96 2.29 190 5.22 4.35

TABLE 7 Comparison summary

Topology Additional active stages Design effort Transistor-level implementation complexity Performance
SMC Low Low Low Medium
SMFFC Medium Low Medium Medium
IAC Low Low Low Low
ITAC Low Low Low Low
DACFC High High High High
CFCC High Low Low Medium
CBMCPC High Medium High High
CLIA High Low Low Medium
CBMPPC High Medium High High
ASMIHF High Medium Low High

As an example, the amplifier compensated using the SMFFC topology shows a reduction of the FOM value due to a
lower value of the gain of the second stage, as compared to the SMC case, which is due to the connection of the output
of the additional differential pair that implements the g,,nn. For the same reason, the value of C,; is higher for SMFFC
as compared to SMC. Overall, a lower FOM value is obtained with respect to that one can expect from a first look at
Figure 8, where equal values for A, and C,, are assumed. Same considerations can be done for DACFC and ASHMIF
for which this effect is more pronounced due to the different C,; and C,, values.

7 | CONCLUSIONS

In this paper, the main compensation topologies for three-stage amplifiers exploiting only one Miller capacitor are ana-
lyzed. Design equations with the phase margin as the main design parameter are derived for all the considered solu-
tions and an analytical comparison is carried out by exploiting a FOM that expresses a trade-off among gain-bandwidth
product, load capacitance, and total transconductance, for equal values of phase margin. By adopting the proposed
approach, additional information is provided to the designer with respect to a particular compensation topology among
all those available.

Simulation results confirm the accuracy of the theoretical analysis and the validity of the proposed comparison.
Despite the intrinsic difficulty to define an absolute ranking among the 10 considered compensation topologies, since
their performance is dependent on the specific set of design conditions, some general considerations can be drawn.
Considering the theoretical analysis and the transistor-level simulation results, a qualitative summary showing the
main features of the different topologies is reported in Table 7. It can be concluded that among the topologies consid-
ered, IAC and ITAC are in general the less interesting; SMC, SMFFC, and CFCC represent a good compromise between
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design complexity and performance; ASMIHF, DACFC, CBMCPC, and CBMPPC can provide advantageous perfor-
mance in typical conditions, although the latter three solutions entail a more complex transistor level implementation.
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ENDNOTE

* Referring to Equation Al in the Appendix A, we can use the feed-forward transconductance to set a; = b;.

REFERENCES

1.

Cherry EM. A new result in negative-feedback theory and its application to audio power amplifiers. Int J Circuit Theory and Applica-
tions. 1978;6(3):265-288. doi:10.1002/cta.4490060305

2. Cherry EM. Nested differentiating feedback loops in simple audio power amplifier. J Audio Eng Soc. 1982;30:295-305.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Huijsing JH, Linebarger D. Low-voltage operational amplifier with rail-to-rail input and output ranges. IEEE J Solid-State Circ. 1985;
20(6):1144-1150.

Op't Eynde F, Ampe P, Verdeyen L, Sansen W. A CMOS large-swing low-distortion three-stage class AB power amplifier. IEEE J Solid-
State Circ. 1990;25(1):265-273.

Khorrambadi H, Anidijar J, Peterson T. A highly efficient CMOS line driver with 80-dB linearity for ISDN U-interface applications. IEEE
J Solid-State Circ. 1992;27(12):1723-1729. d0i:10.1109/4.173098

Eschauzier RGH, Huijsing JH, A 100-MHz 100-dB operational amplifier with multipath nested miller compensation. IEEE J Solid-State
Circ. 1992;27(12):1709-1716. d0i:10.1109/4.173096

Eschauzier RGH, Huijsing JH, Frequency Compensation Techniques Flow-Power Operational Amplifiers. Kluwer Academic, Dordrecht,
The Netherlands, 1995. doi:10.1007/978-1-4757-2375-5

Grasso AD, Marano D, Palumbo G, Pennisi S. Design methodology of subthreshold three-stage CMOS OTAs suitable for ultra-low-power
low-area and high driving capability. IEEE Trans Circ Syst I. 2015;62(6):1453-1462.

Palumbo G, Pennisi S. Feedback Amplifiers: Theory and Design. Kluwer Academic Publishers; 2002.

You F, Embabi S, Sanchez-Sinencio E. Multistage amplifier topologies with nested Gm-C compensation. IEEE J Solid-State Circ. 1997;
32(12):2000-2011. doi:10.1109/4.643658

Ng H-T, Ziazadeh R, Allstot D. A multistage amplifier technique with embedded frequency compensation. IEEE J Solid-State Circ. 1999;
34(3):339-347. doi:10.1109/4.748185

Leung KN, Mok PKT. Nested Miller compensation in low-power CMOS design. IEEE Trans Circuits Syst II. 2001;48(4):388-394. doi:
10.1109/82.933799

Leung KN, Mok PKT. Analysis of multistage amplifier-frequency compensation. IEEE Trans Circuits Syst I. 2001;48(9):1041-1056. doi:
10.1109/81.948432

Palumbo G, Pennisi S. Design methodology and advances in nested-Miller compensation. IEEE Trans Circ Syst 1. 2002;49(7):893-903.
doi:10.1109/TCSI.2002.800463

Grasso AD, Palumbo G, Pennisi S. Three-stage CMOS OTA for large capacitive loads with efficient frequency compensation scheme.
IEEE Trans Circ Syst II. 2006;53(10):1044-1048. doi:10.1109/TCSI1.2006.882231

Mita R, Palumbo G, Pennisi S. Design guidelines for reversed nested miller compensation in three-stage amplifiers. IEEE Trans Circ
Syst II. 2003;50(5):227-233. d0i:10.1109/TCSI1.2003.811437

Ho K-P, Chan C-F, Choy C-S, Pun K-P. Reversed nested Miller compensation with voltage buffer and nulling resistor. IEEE J Solid-State
Circ. 2003;38:1735-1738.

Peng X, Sansen W. AC boosting compensation scheme for low-power multistage amplifiers. IEEE J Solid-State Circ. 2004;39(11):
2074-2077. d0i:10.1109/JSSC.2004.835811

Grasso AD, Marano D, Palumbo G, Pennisi S. Improved reversed nested Miller compensation technique with voltage buffer and nulling
resistor. IEEE Trans Circ Syst II. 2007;54(5):382-386. d0i:10.1109/TCSII.2007.892217


https://orcid.org/0000-0002-5707-9683
https://orcid.org/0000-0002-5707-9683
https://orcid.org/0000-0001-9433-4199
https://orcid.org/0000-0001-9433-4199
https://orcid.org/0000-0002-8011-8660
https://orcid.org/0000-0002-8011-8660
https://orcid.org/0000-0002-5803-484X
https://orcid.org/0000-0002-5803-484X
info:x-wiley/rrid/10.1002/cta.4490060305
info:x-wiley/rrid/10.1109/4.173098
info:x-wiley/rrid/10.1109/4.173096
info:x-wiley/rrid/10.1007/978-1-4757-2375-5
info:x-wiley/rrid/10.1109/4.643658
info:x-wiley/rrid/10.1109/4.748185
info:x-wiley/rrid/10.1109/82.933799
info:x-wiley/rrid/10.1109/81.948432
info:x-wiley/rrid/10.1109/TCSI.2002.800463
info:x-wiley/rrid/10.1109/TCSII.2006.882231
info:x-wiley/rrid/10.1109/TCSII.2003.811437
info:x-wiley/rrid/10.1109/JSSC.2004.835811
info:x-wiley/rrid/10.1109/TCSII.2007.892217

24 | Wl L EY GRASSO ET AL.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Grasso AD, Palumbo G, Pennisi S. Advances in reversed nested Miller compensation. IEEE Trans Circ Syst I. 2007;54(7):1459-1470. doi:
10.1109/TCSI.2007.900170

Shen M, Lan P, Huang P. A 1-V CMOS pseudo-differential amplifier with multiple common-mode stabilization and frequency compen-
sation loops. IEEE Trans Circ Syst II. 2008;55(5):409-413. d0i:10.1109/TCSI1.2007.914445

Garimella A, Rashid MW, Furth P. Reversed nested miller compensation using current buffers in three-stage LDO. IEEE Trans Circ Syst
Part II. 2010;57(4):250-254.

Leung KN, Mok PKT, Ki WH, Sin JKO. Three-stage large capacitive load amplifier with damping-factor-control frequency compensa-
tion. IEEE J Solid-State Circ. 2000;35(2):221-230. doi:10.1109/4.823447

Fan X, Mishra C, Sanchez-Sinencio E. Single Miller capacitor frequency compensation technique for low-power multistage amplifiers.
IEEE J Solid-State Circ. 2005;40(3):584-592.

Cannizzaro SO, Grasso AD, Palumbo G, Pennisi S. Single Miller capacitor compensation with nulling resistor. Int J Circ Theor Appl.
2008;36(7):825-837. doi:10.1002/cta.464

Guo S, Lee H. Single-capacitor active-feedback compensation for small-capacitive-load three-stage amplifiers. IEEE Trans Circ Syst II.
2009;56(10):758-762. doi:10.1109/TCSIL.2009.2027954

Peng X, Sansen W, Hou L, Wang J, Wu W. Impedance adapting compensation for low-power multistage amplifiers. IEEE J Solid-State
Circ. 2011;46(2):445-451. d0i:10.1109/JSSC.2010.2090088

Guo S, Lee H. Dual active-capacitive-feedback compensation for low-power large-capacitive-load three-stage amplifiers. IEEE J
Solid-State Circ. 2011;46(2):452-464. d0i:10.1109/JSSC.2010.2092994

Chong S, Chan PK. Cross feedforward cascode compensation for low-power three-stage amplifier with large capacitive load. IEEE J
Solid-State Circ. 2012;47(9):2227-2234. d0i:10.1109/JSSC.2012.2194090

Yan Z, Mak P, Lau M, Martins RP. Ultra-area-efficient three-stage amplifier using current buffer Miller compensation and parallel
compensation. Electron Lett. 2012;48(11):624-626. d0i:10.1049/el.2012.0711

Zhang L., Chang Z., Wang Y., Yu Z., “Current-reuse single Miller feedforward compensation for multi-stage amplifiers,” Electron Lett,
49, no. 2, pp. 94-96, January 2013, doi:10.1049/el.2012.3674

Yan Z, Mak P-I, Lau M-K, Martins RP. A 0.016-mm 144-pW three-stage amplifier capable of driving 1-to-15 nF capacitive load with
0.95-MHz GBW. IEEE J Solid-State Circ. 2013;48(2):527-540.

Tan M, Ki W-H. A cascode Miller-compensated three-stage amplifier with local impedance attenuation for optimized complex-pole con-
trol. IEEE J Solid-State Circ. 2015;50(2):440-448. doi:10.1109/JSSC.2014.2364037

Grasso AD, Palumbo G, Pennisi S. High-performance four-stage CMOS OTA suitable for large capacitive loads. IEEE Trans Circ Syst I.
2015;62(10):2476-2487.

Marano D, Grasso AD, Palumbo G, Pennisi S. Optimized active single-Miller capacitor compensation with inner half-feedforward stage
for very high-load three-stage OTAs,” IEEE Trans Circ Syst Part I. 2016;63(9):1349-1359.

Grasso AD, Marano D, Palumbo G, Pennisi S. High-performance three-stage single-Miller CMOS OTA with no upper limit of C;. IEEE
Trans Circ Syst Part II. 2018;65(11):1529-1533.

Di Cataldo G, Grasso AD, Palumbo G, Pennisi S. Improved single-Miller passive compensation network for three-stage CMOS OTAs.
Analog Integr Circ Signal Proc. 2016;86(3):417-427. d0i:10.1007/s10470-016-0696-2

Qu W, Singh S, Lee Y, Son Y, Cho G. Design-oriented analysis for Miller compensation and its application to multistage amplifier. [EEE
J Solid-State Circ. 2017;52(2):517-527.

Pugliese A, Amoroso A, Cappuccino G, Cocorullo G. Settling time optimization for three-stage CMOS amplifiers. IEEE Trans Circ Syst I.
2009;56(12):2582-2589.

Grasso AD, Palumbo G, Pennisi S. Analytical comparison of frequency compensation techniques in three-stage amplifiers. Int J Circ
Theor Appl. 2008;36(1):53-80. d0i:10.1002/cta.397

Grasso AD, Marano D, Palumbo G, Pennisi S. Analytical comparison of reversed nested Miller frequency compensation techniques. Int J
Circ Theor Appl. 2010;38(7):709-737. d0i:10.1002/cta.600

Grasso AD, Palumbo G, Pennisi S. Comparison of the frequency compensation techniques for CMOS two-stage Miller OTAs. IEEE Trans
Circ Syst 1I. 2008;55(11):1099-1103. doi:10.1109/TCSII.2008.2003362

Pugliese A, Cappuccino G, Cocorullo G. Design procedure for settling time minimization in three-stage nested-Miller amplifiers. IEEE
Trans Circ Syst II. 2008;55(1):1-5.

Ruiz-Amaya J, Delgado-Restituto M, Rodriguez-Vazquez A. Accurate settling-time modelling and design procedure for two-stage Miller-
compensated amplifiers for switched-capacitors circuits. IEEE Trans Circ Syst I. 2009;56(12):2582-2589.

Nguyen R, Murmann B. The design of fast-settling three-stage amplifiers using the open-loop damping factor as a design parameter.
IEEE Trans Circ Syst I. 2010;57(6):1244-1254. doi:10.1109/TCSI.2009.2031763

Seth S, Murmann B. Settling time and noise optimizations of a three-stage operational transconductance amplifier. IEEE Trans Circ Syst
1. 2013;60(5):1168-1174.

Giustolisi G, Palumbo G. Design three-stage dynamic-biased CMOS amplifier with a robust optimization of the settling time. IEEE Trans
Circ Syst I. 2015;62:2641-2651.

Giustolisi G, Palumbo G. Design of three-stage OTA based on settling-time requirements including large and small signal behavior. IEEE
Trans on CAS Part I. 2021;68(3):998-1011. doi:10.1109/TCSIL.2020.3044454

Cannizzaro SO, Grasso AD, Mita R, Palumbo G, Pennisi S. Design procedures for three-stage CMOS OTAs with nested-Miller compensa-
tion. IEEE Trans Circ Syst I. 2007;54(5):933-940. d0i:10.1109/TCSI.2007.895520


info:x-wiley/rrid/10.1109/TCSI.2007.900170
info:x-wiley/rrid/10.1109/TCSII.2007.914445
info:x-wiley/rrid/10.1109/4.823447
info:x-wiley/rrid/10.1002/cta.464
info:x-wiley/rrid/10.1109/TCSII.2009.2027954
info:x-wiley/rrid/10.1109/JSSC.2010.2090088
info:x-wiley/rrid/10.1109/JSSC.2010.2092994
info:x-wiley/rrid/10.1109/JSSC.2012.2194090
info:x-wiley/rrid/10.1049/el.2012.0711
info:x-wiley/rrid/10.1049/el.2012.3674
info:x-wiley/rrid/10.1109/JSSC.2014.2364037
info:x-wiley/rrid/10.1007/s10470-016-0696-2
info:x-wiley/rrid/10.1002/cta.397
info:x-wiley/rrid/10.1002/cta.600
info:x-wiley/rrid/10.1109/TCSII.2008.2003362
info:x-wiley/rrid/10.1109/TCSI.2009.2031763
info:x-wiley/rrid/10.1109/TCSI.2020.3044454
info:x-wiley/rrid/10.1109/TCSI.2007.895520

GRASSO ET AL. WI L EY 25

50. Yang AH, Allstot D. Considerations for fast settling operational amplifiers. IEEE Trans Circuits Syst. 1990;37(3):326-334. doi:
10.1109/31.52726

How to cite this article: Grasso AD, Marano D, Palumbo G, Pennisi S. Single miller capacitor frequency
compensation techniques: Theoretical comparison and critical review. Int J Circ Theor Appl. 2022;1-25.
doi:10.1002/cta.3244

APPENDIX A

Assuming the following typical transfer function of the open-loop gain of a three-stage amplifier with DC gain A, and
dominant pole p,

AU 1+b S+b2§
S + +

the phase margin is given by

0] aw biw 1—a,wepw? biw
$=180° —tan + —BW _ tqp—1 _“1TGBW =+ tan ! ———CBW SR tan 1 —2TOBW | papn-1_ T1TCBW > (A2)
D1 1—awepw 1—Dbwepw a1 0GBW 1—bywgpw
where the approximation holds since wggw > > p;.
From A2, applying trigonometric functions properties, we get
1+ (a1b1 — ay — by)wgew? + azbrwcew*
tang = + (a1by — az — by)wgpw? + azb,wgpw (A3)

wepw (a1 — b1) + (biaz — a1bs)wesw?]

In practical cases, it is convenient to separate the contribute due to the zeros, represented by the last term in relation-
ship A2, and hence we can rewrite A2 as*!

2
_ 1—awcew

tan (¢ — i) = 2P (A%)

a106Bw
where ¢p is given by

biwgew

=tan l—— 2
s 1—brwgpw?

(A5)
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