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Multistage Amplifier Topologies
with NestedG,,-C Compensation

Fan You, Sherif H. K. Embabiyiember, IEEE and Edgar 8nchez-Sinencid;ellow, IEEE

Abstract— This paper presents a multistage amplifier for the Miller capacitor as an ideal integrating capacitor. This
low-voltage applications 2 V). The amplifier consists of simple approach provides the designer with some explanation of the
(noncascode) low gain stages and is stabilized using a nestedygract of Miller splitting on the performance of multistage
transconductance-capacitance compensation (NGCC) scheme. e . .
The resulting topology is similar to the well known nested ampllflers. Howev_er, aqcuracy has been lost since they did
Miller compensation (NMC) multistage amplifier, except that the NOt take into consideration the zeros generated from the two-
proposed topology contains extraG,,, feedforward stages which stage Miller splitting. As will be shown in this paper, the
are used to enhance the amplifier performance. The NGCC zeros in the internal loop make the actual transfer function of
simplifies the transfer function of the proposed multistage the NMC op amp much more complicated. They cause some
amplifier which, in turn, simplifies its stability conditions. A L . -
comparison between the NGCC and NMC shows that the NGCC reduction in the gain bandW'dth' The NMC_'based op amps
has wider bandwidth and is easier to stabilize. A four-stage Cannot, therefore, be considered an optimized structure. A

NGCC amplifier has been fabricated using a 2zm CMOS new topology, the nested transconductaf@g, )-capacitance
process and is tested using a&1.0 V power supply. A dc gain compensation (NGCC) topology, is proposed in this paper.

of 100 dB has been measured. A gain bandwidth product of 1 ; ; ; ; ;
MHz with 58° of phase margin and power of 1.4 mW can be This topolpgy is bgsed on the nestmg of a basic module, which
uses multipath Miller zero cancelation [3].

achieved. The op amp occupies an active area of 0.22 mnStep - R . L
response shows that the op amp is stable. Since Stab|l|ty is one of the key concerns In dESIinng

multistage amplifiers, it is highly desirable to have some
guidelines that can be used to achieve stable designs. These
guidelines have to be in the form of simple stability conditions.
In addition, the mapping of the specifications to the transistor
. INTRODUCTION level implementation must be manageable. Because of the
S the power Supp|y Vo|tage for integrated circuits Corpomplexity of the transfer function of the NMC-based multi-
tinues to scale down, the analog design in mixed signéficge amplifiers, it is very difficult to derive stability conditions
environments is becoming more difficult and challengingVith reasonable complexity. This makes it quite difficult to
The main reason is that the threshold voltadé-) is not come up with a systematic design procedure which would
expected to scale down proportionally to the supply voltag@ield stable NMC amplifiers. While the performance of the
The operational amplifier, which is a core building block foProposed NGCC topology is comparable to other topologies,
analog systems, is a perfect example to demonstrate h&ygh as those reported in [4], its main strength is the simplicity
difficult it is to design in a low-voltage environment. Theof the design process required to achieve stable multistage
conventional vertical gain enhancement technique (cascodidg)plifiers.
is no longer suitable for low-voltage applications. Instead, In this paper, the proposed NGCC topology will first be pre-
horizontal gain enhancement techniques (cascading) mustsgated in Section Il. The advantage of usidg, feedforward
used. In designing a multistage op amp with multiple feedbaill be demonstrated in Section Ill. A detailed design proce-
loops, special precaution in the compensation must be takerfitge of the NGCC amplifier will be described in Section IV.
ensure stability [1]. Several op amps with multistage cascadifgction V introduces the transistor-level realization of the
have been designed, for instance, those designed for ISDNItistage amplifier topology. The experimental results of an
applications [1], [2]. Both papers do give some compensati¥>CC amplifier are included in Section VI.
guidelines to ensure the op amp stability. However, they
do not give a__stron_g ftheoretical analysis to support their Il. THE NGCC TOPOLOGY
proposed stability criteria. Both op amps are based on what . .
is known as nested Miller compensation (NMC) technique, !N this section, the concept df, feedforward and the
Eschauzier and Huijsing have analyzed the stability of tRGCC topology will first be introduced. Then the simple
NMC topology [3]. The analysis is based on the theory general transfer f_unct|on for NGCC ampllfl_e_r will be derived
Miller splitting of two-stage amplifier and the treatment oft"d compared with that of the NMC amplifier.

Index Terms—Amplifiers, compensation, multistage amplifiers,
operational amplifiers.
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I+ gm3 and g,,4 Stages, to control the quiescent current of the
Cml i class AB output buffer. The feedforward can also be made
Cm2 " from the input node to output node, as shown in Fig. 1(c),
”CnB where they,,; stage is used to cancel out the right half plane
. RHP) zero [6].
v (
! |+ Q@ WM%A“ Fig. 1 shows that there exist so many ways for placing one
I or multiple feedforward stages. The scenario is similar to the
gml gm2 l\ gm3 -gm4 placement of multiple compensation capacitors in a multistage
l+/ cascaded amplifier. The question is, what is the best way
gmf to place G,,, feedforward stages to maximize the amplifier
(@) bandwidth?
. In this paper, we are proposing an NGCC topology. Fig. 2(a)
]Crl ' depicts ann-stage NGCC amplifier topology. It consists of
m '; “n" nested levels of the basic module shown in Fig. 2(b).

Note that the dc gain of the amplifier shown in Fig. 2(a)
Cm3 will be determined by the gain of the + 1 cascaded stages

Vi Q Q@ Q | Vo  (gm1,9m2, ", Gmn,gmn+1)- The feedforward transconduc-
+ | ~ b tanceg,, ;; bypasses the stage fram 1 to » at high frequency

when the gain of these stages drops. This will extend the

gl gm2 gm3 l_\ gmd bandwidth of the overall amplifier.
|~ gmt
(b) B. Small Signal Analysis of the NGCC Amplifier
S Consider a three-stage NGCC amplifier. Assume that the
Cmi capacitorCr, is connected at the output node and that the
Vi l v output conductance of the transconductance amplifigrand
.—4»—-{+ - ° 9myi 1S goi. It can be shown that the three-stage amplifier
gml I/ng has transfer function shown in (1) at the bottom of the page.
l\ The actual transfer function contains some second order terms
- which have been ignored to simplify the transfer function
I gmf without losing accuracy. It is observed from (1) that;; and
(© gm y2 Will affect the zeros and the poles of the transfer function.

Fig. 1. (a) Multipath nested Miller compensation topology. (b) An abstragy making g1 = g1 @Nd gy = gm2, (1) bepomes (2),
model for the amplifier proposed by Casteib al. (c) The amplifier with Shown at the bottom of the page. It is interesting to observe

multipath Miller zero cancelation. that the RHP zeros of (1) have been cancelled. This is due to
the multipath Miller zero cancelation phenomenon presented in

the multipath nested Miller compensation structure proposg}t More important is the simplification of the denominator

by Eschauzier and Huijsing. The feedforward transconduc—Bgiet(rjagsfﬁ:ef:nCtr'g)r:i'mation rocedure presented in Appen-
tance stage,, s is used to maximize the amplifier bandwidth,. bp b P bp

[5]. The signal is fedforward vigg, ;) from the input node to ﬂzrs,fo(f)cgir\lebrﬁe?:?epIlfled to the form of (A.9). It is shown
an internal node (node 3) while bypassing some intermediate

nodes (1 and 2). Beside the feedforward from input node to (5) = Vo(s) _ —k1koks 3)
internal node, a signal can be fedforward from internal nodes Vi(s) (1 + %) (1 + % + %)

to the output node. One example is shown in Fig. 1(b), which

is an abstract model for the amplifier proposed by Castetlo,where k; and f; (i = 1,2,3) are defined in Appendix A.
al. [1]. The use of feedforward stage in this amplifier is noThe regularity and modularity of the NGCC topology [see

for maximizing the bandwidth, instead it is used, along witkig. 2(a)] allows for writing the transfer function for a general

‘/0(3) _ Im19m29m3 + SOml (gran - grn?)crnQ + (grnfl - grnl)crnlcrnQ (1)
‘/1(3) 01902903 + 3.97712.9771307711 + 32(.97713 + 9mf2 — grnQ)CrnlCrnQ + SchCrnlCrnQ

‘/o S “Ymlm2Ym
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Fig. 2. (a) Conceptual multistage amplifier topology with NGCC. (b) Basic module.

TABLE |
COMPARISON OF POLYNOMIAL COEFFICIENTS FORFOUR-STAGE NMC AND NGCC AMPLIFIER
Ph(S) ay as as
NMC (91114 Cm2 —9gm2 Cm3) (9m4 —9m2 _‘ymS)CmZCﬂm sz CZHQC[
Im29m4 Im29m3gm4 Im29m3gma
NGCC Cm2 Cm2Cma Cm2CmaCy
i Im2 Im2Im3 Im2dm3dms
Z(S) b1 bg b3
NMC Cma Cm2Cma CmiCm2Cma
Im4 Im3idm4 Im29m3Zgm4
NGCC 0 0 0
n-stage amplifier by inspection as follows: [ll. COMPARISON BETWEEN THE
Vi (s) —A, NGCC AND NMC AMPLIFIERS

4) . . . - . .
Vi , 2 nol Using multiple stages in an amplifier may lead to instabilit

f1 f2f3 if certain conditions are not satisfied. It also results in band-
width reduction. Both issues will be discussed next for the

where NGCC and NMC topologies.

A, = f[ k.
j=1

If all the G,,, feedforward stages are omitted, the NGCC The bandwidth of a four-stage NGCC amplifier will be com-
topology reduces to an NMC topology [3]. Using a similapared with that of an NMC amplifier of similar complexity. If
analysis to that used for the NGCC amplifier, the transféfe frequency is normalized with respect to the gain bandwidth
function of a four-stage amplifier with NMC was derived andGB), the denominators of both amplifiers can be written as
is given by

A. Bandwidth Consideration

for NGCC
Vo(s) _ 1 —bys — bas® — bys® ) A,GBs,,
Vils) T T W a1 s+ as? + 0 D) = (142522
where x (14 a,GBs, + a2GB?s2 + a3GB%s3) (6.2)
A, =hikokshy, p= 25 (e, i =GB) for NMC

o D _ (4 A,GB's,
and theb;’s anda;'s coefficients are shown in Table I, which (sn) = + f
compares the polynomial coefficients of four-stage amplifiers s , N2 o , N3 3
with NGCC (Fig. 3) and NMC. The dc gaifd,) and the X (1 +ayGB'sn + ay(GB)"s;, + a3(GB') Sn)
dominant pole(p;) are similar for both amplifiers. (6.b)
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. Since f1/fs is smaller than unity, (10.b) becomes the nec-
Cml 1} essary and sufficient condition. For the NMC amplifier, the
Ccm2 I stability conditions are
Cm3 1 1 1 1 1 1
. — -}V x — — > 11.a
L Vo <f2 f4> <f2f3 Jafa f3f4) fafsfa (11.2)
te ((2-7) (2 7n7n) ~7ir)
gmi g2 | gt | T B ) \Rfs Rfi fsfi) T Dfsh
- = 1 1 1\?

mf3 > - - . 11.b

I = ‘ * <f2f3 Jofs f3f4> /i (11.b)
‘ I gmi2 Comparing the conditions in (10) and (11), it is obvious that

the stability conditions of the NMC are very complex. It is,
therefore, much easier to design an NGCC amplifier with the
Fig. 3. A four-stage amplifier with NGCC. stability conditions being satisfied.

The effect of the@,, feedforward on the stability can
where the primed symbols correspond to the NMC, apds  also be verified by comparing the root loci of the NMC and
the normalized frequencys/GB). NGCC topologies with equal gain bandwidth (GB). The loci

For both amplifiers to have the same normalized frequengf the NMC and the NGCC are shown in Fig. 4(a) and (b),
response, the coefficients of both polynomials in (6.a) afgispectively. The plots are obtained based on the assumption
(6.b) must be equal. Equating these coefficients and using thatf1 = 1 MHz andf, = 6 MHz for both topologies. The “x”
corresponding expressions from Table 1, a relation between {aeled loci correspond tfh = 2 MHz while the “0” labeled
cutoff frequency of the last stagg;) of the NGCC and that of loci correspond tof, = 3 MHz. For both cases of;, f3 is
the NMC(f}) can be derived. Assuming that the compensatiofaried from 3 MHz to 6 MHz. It is observed from the figure

capacitors for both amplifiers are equal, it can be shown th#tat the NMC amplifier may have RHP poles. No RHP pole
exists for the NGCC amplifier as shown in Fig. 4(b). Similar

‘ gmfl

! ! !
Ji f4, _ b +;f3. (7) behavior for the root movement has been observed when
o GB GB GB and f, are changed whilg; and f3; are kept unchanged. In
This implies that order to make the NMC topology stablg, has to be at least
fa < i ® 8 MHz. This suggests that power consumption of the NMC

has to be greater than that of the NGCC which is in agreement
\ith the conclusion of the previous subsection.

GB "~ GB"
The inequality can be interpreted in two different ways.
the NGCC and the NMC are assumed to have the same gain
bandwidth (GB = GB'), then f; < f;. This implies that IV. DESIGN
the power of the last stage of the NGCC amplifier is less thanTpe design of a multistage amplifier is very challenging
that of the NMC amplifier. Since the last stage consumes mygcause of the large number of degrees of freedom available.
power than any other stage, as will be explained in Section I¥pis is due to the number of possible ways to locate the poles.
it can be concluded that for the same gain bandwidth, thejs therefore, important to define the design strategy and
NGCC will consume less power than the NMC. If, howeverdesign criteria carefully.
both amplifiers are compared for the same power (fes The gain-bandwidth product determines the location of the
/1), the NGCC will have a greater gain bandwidth produgfst pole. The phase margi@,,,) is determined by the high-

than the NMC. frequency poles. In a two-stage amplifier, the phase margin
- _ is closely related to the second pole (nondominant pole) and
B. Stability Analysis hence the design is quite simple. In a four-stage amplifier, the

The stability conditions of the NGCC amplifier were derivegphase margin is determined by more than one ppie %3,
by applying the Routh stability criterion on the closed-loopndps), which in turn are determined by the placementfgf
transfer function of the unity gain follower. It can be showrfs, and f. Using (4), and assuming thgt = GB, and that
that the NGCC amplifier has the following closed-loop transfefs and f4 are both greater thafy, it can be demonstrated that

function: the phase margif¢,,) is approximated by
— 1 _ 2
Bt s ar———— o = 90° — tan~1 S8 L= CB/fl
f fife fifafa fifzfafa f2 1-GB /f2f3
Applying the Routh stability criterion on the transfer function . _, (GB
in (9), we get =~ 90° — tan z . (12)
fi> 1o (10.8) it £, — 2GB, 6(° of phase margin can be achieved as long as

;_ (10.b) fs > f2 andfy > f,. This implies that there exists an infinite
(1= f1/f3) number of combinations for the locations of the palgsand

fa> f2
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**NMC** Root Locus (f2=2,3, f3=3->6, f4=6)
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Fig. 4. The root loci of the (a) NMC amplifier and (b) NGCC amplifier.

ps Which would yield the same phase margin. However, defines the design space where the amplifier is stable. This
is not enough to base the design solely on the phase mangiduces the size of the space to be searched. In the case of
for a multistage amplifier. Hence, more design constraints atee NMC, the stability conditions cannot be used to limit the
needed. Some of the most critical parameters that can be udedign space due to their complexity.
in the design process are the settling tiffi¢) and the power  The following example demonstrates the design procedure
consumption(P). of a four-stage NGCC amplifier at the macromodel level. The
To obtain high dc gainxX80 dB) from a multistage amplifier design constraints al@B, T, and P. The GB determineg;
with simple (noncascode) gain stages, four stages will fgee (5)]. The rest of the parametelfs,(fs, and f,) are to be
typically required. Designing such an amplifier is difficuldetermined based of, and P. For that purpose, a search in
because of the relatively large number of variablgs { = the design space, defined by (10), was conducted. Note that
1,2,---,n). To find the optimal set of cutoff frequencies whiclthe cutoff frequencies were normalized with respect to GB.
satisfy the requirements, we need to use a numerically baséd. 5(a) shows the results for sweepifigf GB from one to
search in the design space. This is feasible at the macromaeight for different values of,/GB (1,1.5,---,3) with f3/GB
level and does not need extensive computing. Note that (fiXed at five. Similar plots were generated ff/GB = 3 and
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Fig. 5. The normalized settling time (solid) and normalized power (dashed) véisuden (a)fz = 5 and (b) fz3 = 3.

4. Fig. 5(b) shows the plot whef/GB = 3. The plots show shows that the phase margin changes by 10% while the settling
that the settling time drops sharply #s/GB increases and time changes by an order of magnitude for the sgin&:B
then levels out, and that the minimum settling time decreaseaiation. This indicates that the phase margin cannot be used
as f»/GB and f;/GB increase simultaneously [as shown byolely for design purposes.
the points A, B, C, D, and E in Fig. 5(a)]. Note that when The power consumption is a critical design parameter.
f4/GB is decreased to approach to the valuefgfGB, the Appendix B gives a derivation of the power expression used in
settling time increases exponentially. This indicates that thi@s analysis. The normalized power values depicted in Fig. 5
system will become unstable. This observation is in agreemavere based on (B.8), whetg = «y = a3 = 0.5 anday = 1.
with the stability criterion in (10.a). The comparison betweeHence, the power is basically proportiona[)tﬁ(z‘i’ )+ fal
(@) and (b) in Fig. 5 indicates that increasiffg/GB will It is therefore expected that while the minimufy improves
reduce the minimum settling time. It is important at this poirats f2, fs, and f4 increase, the power increases as well. This
to mention thatZ, was estimated based on the closed-lodpadeoff between power and settling time can be exploited to
step response using MATLAB.

It is interesting to compare the change in the settling timelThe contribution of the last stage to the total power consumption is more
versus that of the phase margin as a functioff;giGB. Fig. 6 significant compared to other stages especially i& small.
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Fig. 7. The normalized power consumption of the NGCC and the NMC amplifiers as a function of the normalized settling time.

optimize the power for a given settling time. Through theormalized settling time. The same procedure was applied
search in the design space, it is possible to find the progerthe NMC amplifier. Fig. 7 shows a comparison between
combination of f1, f2, f3, and f, which would satisfy the the minimum normalized power for the NGCC and the NMC
settling time requirements with the least power consumptiomersus normalized settling timél;GB). The NGCC offers
It must be noted that the power lines (in Fig. 5) deperidwer power consumption, in particular, for lower settling
on the selectedr values. Reducingy will cause the power times.
consumption to drop whil&, remains unchanged{ does not
depend ony) and yields area savings. The valuecoShould,
however, be kept large enough to ensure that the compensafonREALIZATION OF MULTISTAGE LOW-VOLTAGE AMPLIFIERS
capacitors are larger than the parasitic capacitance to reduc8tructurally, the only difference between NGCC and NMC
sensitivity to process variation. In our design analysis, the that the NGCC (Fig. 2) contains extK@,, feedforward
compensation capacitors are chosen to be half of the lostdges. These extrad,, feedforward stages may be considered
capacitor, thereforer; = as = az = 0.5. as an overhead in terms of area and power. In this section
The analysis described above was used to find the mimie address the implementation of the NGCC and demonstrate
mum power consumption of the NGCC amplifier for a givethat this overhead is of no significance.
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(b)

Fig. 8.
level realization.

A. Implementation of7,, Feedforward

Fig. 8(b) depicts the transistor level realization of the basic ,

cell [see Fig. 8(a)] of an NGCC amplifier. Th&,,,; block is
realized using the noninverting sta§# ;—M ;4. The transcon-
ductance ofi{;; must be equal to the desired transconductan
of G,,1. The second stagés,,» is implemented using the
inverting stageM»; and M»,. The transconductance 6fl,»

is equal to that ofGG,,2. The simplest way to realize the

(a) The basic module of the NGCC topology and (b) its transistor

ENSATION 2007

a supply voltage oy + 2Vps,,, (~1.2 V for Vp = 0.8 V).

The differential stage, which requirdg- + 3Vps_,, (~1.4V

for Vr = 0.8 V), determines the power supply voltage. If low
Vr devices are used for the input pair to increase the common-
mode range, then the minimum possible power supply would
be around 1.2 V.

B. Design Procedures for the NGCC Amplifier

Next we will illustrate the simplicity of mapping the design
specifications down to the transistor level in the case of
the NGCC multistage amplifier. To demonstrate this, a four-
stage NGCC amplifier is used as an example. The following
specification have been assumedB 1 MHz, T, less
than 1ps with minimum power consumption and a load
capacitance of 10 pF.

The following steps summarize the proposed design proce-
dures.

» The cutoff frequency of the first stadg;) is given by
GB (=1 MHz).

Suitableq values are chosen (e.gy; = as = az = 0.5).

Note thatay is always unity.

The cutoff frequency of the other stages is chosen based
on the design space search. According to the search,
point “C” in Fig. 5(a) (fz = 2 MHz, f3 = 5 MHz, and

f4 = 5 MHz) happens to be the point of minimum power
for the desiredTs.

The transconductance of each stdgg,;) is determined
from the parameterg;, «;, and Cy, [see (B.5)].

The biasing current of each stageis determined based
on the desired power. Since the total power is given by

L]

alfl + 062f2 + 043f3

Ja fa fa
the currentl; of the ith stage can be obtained from the
following expression:

ce

P=(Vaa - vss>< ; 1)14 (13)

feedforward stages,, ;1 is to use a single MOS transistor

(My1), which is driven by the input and connected to th
output node. To ensure th&t,,; = G,,y1, the transistor} ¢,

is sized the same akl;; and their layout should be closely
matched. The operating current &f,- is partly delivered by
Mj1. Sincegmar > gmy1 (becauseq,, is typically greater
thanG,,,1), M2 may require more dc current than whfty;
can provide, it is therefore necessary to add; to provide

e

Pa, f;

1; '
fa(Vaa — ‘/ss)(a}—fl + a;—f + as_i‘s n 1)

(14)

The desired value of the powd? can either be part of
the design specifications or chosen by the designer.
Using the transconductance of the transistors in each
stage and the biasing current, their aspect ratios can be

the rest of the current. In short, the biasing transistor of the determined.

output stage has been broken into two parts, of which one
used to implement the feedforward stage. This implementati

isTable Il summaries the HSPICE simulated GB, phase mar-
gm (¢,,), settling time (7,) which are compared to the

ensures that both silicon area and power consumption of tesired values. Good agreement between the desired and the
NGCC amplifier will not be greater than that of the NMGsimulated performance is observed which implies that the

amplifier. In the case wherg, ;1 > gm2, the transistoridy;
must be removed and substituted by a P-MOS transistor
parallel with Ad5s.

mapping down to the transistor level can be easily achieved.
Tio test the accuracy of the settling time predicted through
the use of MATLAB, we have compared MATLAB results to

The same approach can be extended to realize multistéigese of HSPICE. Fig. 10 demonstrates the good agreement

amplifiers. Fig. 9 shows a four-stage op amp with,,-
feedforward, which is the realization of the four-stage NGC
amplifier in Fig. 3. A differential input stage and an ex{Fa,
feedforward stag€g..;1) have been added. The transistor
Ms—M; in Fig. 9 realize the feedforward stagg, ;. All

between the settling times estimated from the transistor level
6mulations (using HSPICE) and those obtained from the
macromodel simulations (using MATLAB).

s The four-stage NGCC op amp, was simulated in a unity
gain follower configuration with small (100 mV) and large

gain stages, other than the differential stage, can operate WBB0 mV) input steps. Fig. 11 depicts the HSPICE output
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Fig. 9. The schematics of a four-stage NGCC operational amplifier.

8 T 7 T r T T TABLE 1
: : ; : H : CoMPARISON OF Op AMP CHARACTERISTICS

Methods | GB(MHz) | ¢ (°) | Ts(1s)
Calculated 1.00 61.9 0.75
Simulated 1.06 63.1 0.72

4 5
f4/GB

Fig. 10. Plots of settling time versug from transistor level simulation
(solid) and micromodel simulation (dashed).

Fig. 12. The chip photomicrograph of the four-stage NGCC amplifier.

Voltage (V)

VI. EXPERIMENTAL RESULTS

A four-stage NGCC amplifier (Fig. 3) has been designed
and fabricated using a 2/0m digital CMOS process through
MOSIS. The chip micrograph is shown in Fig. 12.441.0 V
i supply voltage was used. The op amp under test was loaded
4 5 $ with a 20-pF capacitor in parallel with a 1@kesistor. Fig. 13
x10 shows the measured frequency response of the op amp. The
Fig. 11. HSPICE step response of the unity gain follower to the large amdagnitude of the gain was measured using an HP 3588A
small signal input. spectrum analyzer. It is observed from the figure that the

op amp has a unity gain bandwidth of 600 kHz with®60
response for both the small and large input steps. The fig@wephase margin. The op amp consumes 0.68 mW of power.
shows that the amplifier's output settles for both cases. Thbe gain bandwidth can be increased to 1 MHz with 1.4 mW
0.2% settling times for the small and large signals wed power consumption. Note that the op amp has a dc gain
measured to be 0.72s and 0.92us, respectively. around 100 dB.

3
Time (uS)
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Fig. 13. Measured frequency response of the fabricated four-stage NGCC amplifier.

TABLE I
MEASURED PERFORMANCE OF THEFOUR-STAGE NGCC Cp AmP
Power Consumption 0.68mW 1.4mW I
DC Gain ~ 100dB ~ 100dB
Gain Bandwidth 610k Hz 1.0MHz el
Phase Margin 60° 58° .
Input Offset 5.2mV 5.2mV
Slew Rate 2.5V/us 5.0V/us
Power Supply +1.0V +1.0V
Load Condition 10kQ//20pF 10kQY/ /20pF e
Area 0.22mm? 0.22mm? Fig. 14. Step response of four-stage NGCC amplifier configured as a unity

gain follower.

The op amp has been configured as a unity gain follower, _ )
with the same loading conditions as mentioned above, for tofdn OPerate with=1.0 V- power supply. A dc gain of 100 dB

harmonic distortion (THD) measurements and for testing tﬁ@d a gairf1 bandwidth of 1 M,HZ were measured.flt cor;sumes
settling behavior. The op amp has a THD 670 dB for a 1.4 mW of power and occupies an active area of 0.22°mm

1 kHz sinewave with 1.0 j-p input. The measured step input

response depicted in Fig. 14 shows the amplifier's settling APPENDIX A
behavior. APPROXIMATION OF CHARACTERISTIC FUNCTION

The common-mode input range of the op ampis 1 V. Itcan et H(s) represent the transfer function of a¥-stage
be increased if a process with smallgr or an input stage with ampilifier
floating gate input stage [11] is used. The amplifier occupies
an active area of 0.22 ninTable Ill gives a summary of the H(s) = (s) _ NV(s) (A1)
op amp performance. Vi(s)  D(s)

where

VIlI. CONCLUSION

N(s) =74 3 3052 4+ o+ Bp_qs™ L A.2

In this paper, a multistage amplifier NGCC topology has (3) = fo+ flis + s 2+ G 1ns (A-2)

been presented. The topology is well suited for low voltage D(s) = a0+ aus +aos™ + -+ ans™ (A-3)
application. Compared with the well-known NMC amplifier -,y is the denominator of the transfer function of the

topology, the NGCC amplifier. shovys better gain'baanidtQmplifier, and can therefore be expressed in terms of its poles
product. The NGCC topology is easier to stabilize. An |mplet~pl7p27 .. pn). Assume thap, is the dominant pole and all

mentation of the NGCC amplifier has been proposed. It USg3 Gihers are the high-frequency poles. Heri2és) can be
a single transistor as its feedforward stage, thus CO”S”mWHtten as

the same power as the NMC amplifier with little silicon area

overhead. An NGCC op amp has been fabricated using:&0- D(s) = k<1 + i) <1 + i) e <1 + i)
CMOS process. Experiments show that the NGCC amplifier p1 D2 Pn
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or other two poles of the three-stage amplifier, which are at high
frequency. Now, two more parameters will be defined

D(S)Ik<1+i)(1+a13+a232+___+an_18n—l) . g
D1 kz _ Imu and fz _ mi )

(A4) Goi Cnu
where
These two parameters represent the low-frequency gain and the
"1 1 ol cutoff frequency of theth stage. Now, (A.8) can be written as
i=2 iyl =2 VO(S) _ —k1koks (A 9)
Sincep, is the dominant pole, we have Vi(s) (1 + %) (1 +2+ fzfg)
p1 < pi for2<i<n.
APPENDIX B
Equation (A.4) can be simplified as POWER CONSUMPTION OF MULTISTAGE AMPLIFIER
- 1 The total power consumed by anstage amplifier is given
a
D(s)=k 1+<a1+—>3+<a2+—1>32+--- by
L b1 n
ta + =L )5 -
Ity )* P=Vaa— V)Y _ I (B.1)
1 . 1
~k 1+—s+%32+---+us"} (A.5)
L D1 b1 D1

wherel; is the dc current of théth stage. The above equation

By equating the coefficients of (A.5) and (A.3), the parametef@n be rewritten as
k, p1, anda; in (A.5) can be expressed in termsaf, ay, - - -,

and «,, as follows: = (Vaa — Vis) zn: (B.2)
1

Sy

k= g, PpP1 = @ and a; = it . (AG)
1 1

Assuming that thel; and (W/L), are simultaneously scaled
Equation (A.4) can hence be rewritten as by the same factor, the ratify/I,, becomes proportional to
Imi/9mn. Hence (B.2) can be written as
D(s) :a0<1+ > )

ao/oq

(Vaa — i B.3
X <1+%3+%32+---+%sn_1>. (A.7) o Gmn ©3
0q o o
Equation (A.7) shows that the denominator of the transfbft US NOw assume that
function can be broken down into two polynomials; a first-
order polynomial which corresponds to the dominant pole Cmi = 0, CL. (B.4)
and a higher-order polynomial which corresponds to the high-
frequency poles. The interesting feature of (A.7) is that thEhen
coefficients of high-order polynomial can be easily derived
from the coefficieljts of the origipdD(s) in (A.3). _ gmi = @i f,C. (B.5)
The approximation approach discussed above can be applied

o (2) to give Substituting from (B.5) into (B.3) and knowing that, = 1,

Vo(s) _A, the power expression can be rewritten as

= A.8
Vo) T Qrsmdrastas) 00
azfz
wherep;, a;, anda, can be obtained using (A6) and (2) = (Vaa — 1+ Z : (B.6)
A = Im19m29m3 _ 901902903
* 901902903 n= Gm29m3Cm1 In the analysis described in Section 1V, we use the normalized
Crn2 CrnaCr, power consumption which is defined as
a1 = —— a9y = —
! 9m2 ? Gm29m3 L
where 4, is the amplifier dc gain ang, is the dominant low- P, = <fn + Z oczfz> (B.7)
frequency pole. The coefficientg anda, will determine the 1
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