IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: ANALOG AND DIGITAL SIGNAL PROCESSING, VOL. 50, NO. 12, DECEMBER 2003 933

Gain-Enhanced Feedforward Path Compensation
Technique for Pole—Zero Cancellation at
Heavy Capacitive Loads

P. K. Chan and Y. C. Chen

Abstract—An improved frequency compensation technique is to meet the challenges for low-power bandwidth efficiency as

presented in this paper. It is based on a cascade of a voltage am-wel| as small silicon area in amplifier design targeted for high
plifier and a transconductor to form a composite gain-enhanced capacitive loads

feedforward stage in a two-stage amplifier so as to broaden the T hi the obiecti lifier i fi .
gain bandwidth via low-frequency pole—zero cancellation at heavy O achieve the objectives, an ampliierincorporating gain-en-

capacitive loads, but yet without increasing substantial power con- hanced feedforward path compensation (GFPC) technique is
sumption. The technique has been confirmed by the experimental proposed. This is based on adding a wide-band gain-en-

results. An operational amplifier has been designed to drive a ca- hanced voltage amplifier, with low output impedance, before
pacitive load of 300 pF. The amplifier exhibits a dc gain of 87 dB, 5 yransconductance stage in the feedforward path of the con-

a gain bandwidth of 10.4 MHz at 63.7 phase margin, an average . o
slew rate of 3.5V / s, a compensation capacitor of only 6 pF while ventional two-stage amplifier. Hence, the overall feedforward

consuming 2.45 mW at a 3-V supply in a standard 0.6sm CMOS  transconductance is enhanced by a gain factarafThe result
technology. of which improves the amplifier performance on maximizing

Index Terms—Feedforward transconductance amplifier, fre- bandwidth ‘?‘t the low .power constraint togeth_e_r with only small
quency compensation, pole-zero cancellation, two-stage CMOSCOMpensation capacitance to keep the amplifier stable.
amplifier. This paper describes thiC Miller compensation technique
(RCMC) in Section Il. Multipath Miller zero cancellation com-
pensation (MMZCC) technique and the conceptual circuit, to-
gether with its example using current push—pull topology are

MPLIFIERS, making use of pole—zero cancellation tectpresented in Section lll. The proposed GFPC technique and its
niques [1]-[9] at small or medium capacitive loads, havenalysis are described in Section IV. Section V details the im-
major advantages of bandwidth efficiency, low power, and smallementation of the structure. This is then followed by exper-
die size. These successful designs have been used extensive#intal results, discussions, and performance comparisons in
for robust and low-cost analog signal processing applicatiorgection VI. Finally, the concluding remarks are given in Sec-
However, for heavy capacitive load- (100 pF) in low-power tion VII.
implementation, the compensation zero will be needed to
shift to very low frequency at the left-hand-plane (LHP) for [I. RCMILLER COMPENSATION(RCMC)

ole—-zero cancellation. As a consequence, in stanéatd . . -
P d In a classical two-stage operational amplifier, the RHP zero

Miller a”.‘p"f'ef? [11{5], this requires Iarge.values of the esulting from the feedforward path through the compensation
zero-nulling resistor and compensation capacitor. However, theé

parasitic pole formed by the zero-nulling resistor together Wiﬁ]apacnor tends to limit the gain bandwidth (GBW) by intro-

parasitic capacitance would limit the extension of bandwidtﬁ.ucmg extra phase lag. The RHP zero can be blogidither
In feedforward-based amplifiers [6]-[9], maintaining hig Inserting a voltage buffer [3] or a current buffer [10]. Alterna-

bandwidth at high capacitive loads needs substantial increas “6%'.3/' ano.ther e_conom|ca| approachis .to |n.sert anulling resistor
) . in series withC.. [1]-[3] as shown in Fig. 1. The transfer

feedforward transconductance for counteracting the right-h u@ction is given b

plane (RHP) zero, and hence, higher power consumption. This 9 y

is due to the fact that the st.ructures may nqt pe spltable .for —gm1gma Ry Rs [1 +5Ce (Rc _ g1» )}

tradeoff between gain bandwidth and power dissipation at hlgf}/Lut ~ m2

capacitive loads. Based on these observations, this raises thén (14 sRcCr)(1 + sg,,9aR2R1Cc) (1 +sEL

motivation in devising an improved compensation methodology o
where the symbols have their usual meanings and the assump-
tions are that: 1) each gain stage is greater thangne?; >>
Manuscript received Js_muary ;L5, 2003; revised July 25, 2003. This paper VI?SZ) interstage coupling capacitances are neglected; and 3) the
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Fig. 1. RCmiller compensation topology (RCMC).

Fig. 2. MMzCC.

From (1), there are three LHP poles and one zero as follows: . .
pensated amplifier. Further to MMZCC, other compensation

P~ -1 @) techniques like multipath nested Miller compensation (MNMC)
! gmoRoR1Cc [7] and hybrid nested Miller compensation (HNMC) [8] are
P, a—9m2 3) reported to extend the gain bandwidth of the amplifier. On
*Tog the other hand, Nested',, —C Compensation (NGCC) [9]
P. ~ -1 4) is also proposed to reduce the zeros, simplifying the transfer
= ReCy function of the nested-Miller amplifier. All these techniques
-1 using pole—zero cancellation are effective. The topologies are
I —. (5) . ; -
Co (Rc _ 1 ) popular in terms of small area, bandwidth efficiency, and low
gm2

power at driving small or moderate capacitive loads.
The location of zero depends on the valueftf. In order
to achieve pole—zero cancellation [3], [5], it can be shown thdt MMZCC
whenRc = (1+Cr/Cc)(1/gm2), P2 is completely cancelled MMZCC is an effective method [6] to eliminate the RHP
by Z,. The GBW is independent of the pole—zero cancellatiatero. The major advantage is that the positions of the poles
process and is described by the well-known equation as  are not affected by the additional circuitry. The traditional tech-
G nigues, such as voltage buffer, current buffer, or nulling resistor
GBW(reme) = ‘Cc : (6)  for RHP zero removal, intend to obstruct the direct feedforward
ath through the Miller capacitor. MMZCC, on the other hand,
For accurate pole—zero cancellation, the reciprocal of tegunteracts the RHP zero by a parallel path that compensates

series resistof?c must track the transconductangg of the for the direct feed-through effect. The transfer function of the
output transistor. This condition is not difficult to meet using vmzcc structure in Fig. 2 is given by

the established tracking techniques [3], [5], [13]. As a result,

Fhe amplifier is simple, robust, and insensitive to the variations . —9migm2RiRs [1 + 8%}
in process, temperature, and supply. However, there are several O~ @)
shortcomings when the amplifier drives large capacitive loads. Vin (1+ sgm2R2R1Cc) (1 + sgC—L)

They are, however, dependent on design approaches. The first . . .
approach is of fixing power consumption, the Compensatimlhere the symbols have their usual meanings. With reference to
resistor is increased but it will lower the pafg and create the (7), there are two LHP poles and one zero as follows:

potential complex poles on the basis of collision of poles during 1

the pole-splitting process. Hence, the amplifier would exhibit P = PR o 8)
undesirable peaking effect that degrades the gain margin in Jm2it2 T

frequency response. For the second approach, the transcon- P~ ng (9)
ductance of second gain stage in the amplifier is boostad L

high biasing current combined with large driving device but 7y m——dmim2__ (10)
at a cost of larger die size and power consumption. The third (gms = gm1)Ce

approach is to sacrifice the gain bandwidth through increasingFrom (10), it should be observed that the zéfp can be
the compensation capacitor value. moved by controllingy,,, s andgomy. If gy > gm1, Z1 Will be

located at the LHP. 1§, = g1, the zero is shifted to infinity.
[1l. M ULTIPATH MILLER ZERO CANCELLATION COMPENSATON  For implementing pole—zero cancellatiafi;(on top of P,) in

(MMzCC) the scheme of MMZCC, the value 9f, ; to be obtained is

The well-known mutipath Miller zero cancellation com- o
pensation technique [6] (MMZCC) had been introduced to Imy = <1+ C_> Imi1- (11)
counteract the RHP zero by a parallel path that compensates ©
for the direct feed-through effect. The technique improves theThis leads to one dominant pole LHR in the transfer func-
bandwidth by removing RHP zero that arises in a Miller-contion of (7). From (11), it can be revealed that MMZCC is very
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s where the symbols have their usual meanings. The transfer func-
l:] tion is somewhat similar to the pole zero format in (7). From
Vhins ][5 . (13), there are two LHP poles and one zero. They are given as

M9_—'|| | Y Vou follows:
-—Lﬂl{;—mau AR L

P~ — 14
' gmeR1RyCo (14)

w | [
er_"_l_II: M4 :I:CL P z% (15)
L

é —9mé
I 16
vsS 1 (054, — 1)Cc (16)

Fig. 3. A CMOS current push—pull operational amplifier with feedforward . .
path. The dc gain and poles are unaffected by the additional current

path, but the zero becomes a function of the currentgaiour-

frocti I dium load ita6iceb rent mirrorsMy-M~7, M3-Mg. WhenA; = 2, the zero appears
power effective at small ormedium load capacitafigebutnot - infinity. As A; increases, the zero moves toward the origin.

?‘t large-load ca_lpacitance or small compensatipn Capadtanc%‘o"ensure that the zero stays in the LHIP,> 2 is needed [3].
is because device tra_nsconductn_acg is proportional to the SAYAIE A1s0 possible for the LHP ze, to be located on the top
root of the aspect ratit¥'/ L and biasing currentp. As a con- of P, for pole-zero cancellation. To accomplish this task, the

sequence, this would contribute larger chip area and huge POWSfowing conditions must be satisfied:
consumption for higly,, ; requirement. '

From the dc gain as derived from (7) and the first pole fre- Imé _ Yme

quencyP; denoted by (8), the GBW is obtained as (054, —1)Co _ 1 (17)
Gm1 The value of4; becomes
GBW(mmzec) = O (12)
CL
Although the GBWhinzcc) is identical to that of (6) for a Ai=2 <1 + C_c> (18)

two-stage operational amplifier, thg,; can be made higher

at identicalC¢ or alternately, smalle€'c at identicalg,,,; for and the overall feedforward transconductance from Fig. 4 is
bandwidth extension under the pole—zero cancellation scheme.

The maximum bandwidth will be limited by the allowable phase _ gm i (19)

lag introduced by the nondominant poles. The location of these 2

nondomingnt poles.depenf:is on the m_nmber, b'iasing Currems@ombining the results from (18) and (19), the dependence
a_spe_ct ratlo_s of ac_:t|ve deV'C?S’ parasitic capacnances, andtg}ﬁ‘ls are the same as those of (11) and, hence, is not repeated
circuit techniques in the multistage topologies. here. The circuit implementation is simple, but in practice it

is useful for small or moderate capacitive loads because of
B. MMZCC Using Current Push—Pull Technique the introduction of potential delay by three stages: differen-

A simple modification of the two-stage operational amplitial-pair-based voltage-to-current convertef;-M>, and two
fier improves driving capability to a capacitive load without incascaded current mirror paird{;-Ms, and My-M7. The total
creasing power dissipation in the second stage [3] significantfiglay would have the possibility to jeopardize the feedforward
Fig. 3 shows the CMOS operational amplifier having ability tgero compensation either at high capacitive loads or low-power
source and sink current at the output under dynamic conditioRéasing currents. It can be relaxed by widening the feedforward
The signal at the drain af/; is applied to a common-sourceloop bandwidthvia increasing the power in the current mirror
stage,Ms, resulting in current througiZy being mirrored in pairs but it might not be the appropriate design issue for
M such that sourcing current to the output load is improvetw-power implementation.

On the other hand\/s provides the sinking current ability from
the output load. Hence, a push—pull operational amplifier strudV., GAIN-ENHANCED FEED-FORWARD PATH COMPENSATION
ture is established in very simple manner. (GFPC)

A small-signal equivalent model of Fig. 3 is shown in Fig. 4.
AssumingA; = i /i, is defined as the current gain in the patq_
formed by current mirror8/y- M7, M3-Ms, the current o\ is
a function ofV;,,. The transfer functiof,.; / Vi, can be written
as

In this section, the GFPC structure is described and analyzed.
his includes transfer function and other important performance
parameters such as gain-bandwidth product and phase margin.

A. Topology of GFPC Amplifier

Vo —9migmeRiRs [1 + s%} A generic amplifier structure using GFPC technique is de-
‘;“ R C (13) picted in Fig. 5. Contrasting to the feedforward topology in
in (1 + s5gmeR2R1Cc) (1 + Sg—L6> Fig. 2, a wide-band gain-enhanced voltage amplifier, with low-

~
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Fig. 4. Small-signal model of Fig. 3.

Av R3 il Comparing (24) in the GFPC scheme with (10) in the RCMC
scheme, the location of GFPC zéfpis approximately reduced
by Ay times if Ay gy, r > gma1 in (24) andg,, ¢ > gima in (10).

ce This benefits the pole—zero cancellation at very low frequency.
i ‘ For Z; = P, we have

C3

C
iy -,- O 9m f(overall) = AV.me = <1 + O—(Lj> gm1- (26)

Vin
? m% C‘Jf m? C"T It is important to note that the second pdie of GFPC,

+ defined by (22), is possible situated below the unity-gain band-
width at heavy capacitive load but it does not affect the overall
Fig. 5. Topology of the GFPC amplifier. stability of the amplifier as far as pole—zero compensation
process is valid. Substituting (26) into (2%J; can be written

output impedance, is added in the feedforward path. Hence, five
overall feedforward transconductance is given,aoverall) = Cr 1 -CL

Y Ly = —. =
Av gmy. The enhancement factor it times for the transcon- Cc R3Cs Cc

ductor stage.

Py @7)

75 is located on RHP at very high frequency, usually ranging
. from several hundred megahertz to 1-GHz above, the phase lag
B. Transfer Function T :
is insignificant and of little concern.

The equivalent Sma”'signal model of the GFPC amplifier is In summary, the improved frequency Compensation scheme
shown in Fig. 6. Using small-signal analysis, the transfer fung addressed in several key comments: 1) the transconductance
tion is obtained as gmy in Fig. 5 can be reduced hy/Ay times when compared
Vout with that in Fig. 2 at driving identical capacitive load condition;
Vi ~ 2) the overallg,, f(overary DOOSted by the voltage gain ampli-

(Ay g f—gm1)Co 9ons O fier reduces significant power consumption of the entire ampli-
—gm1gm2 i1 Iz [l'i'sT} [1_5m} fier since the LHP zerd; can compensate the LHP paf&
(1+ 59,.,R1 RaCe) (1 n 3@) (14 sR3Cs) at low frequency; _3) the result of small compensation (;apacitor
gm2 leads to smaller silicon area; and 4) the major nondominant par-
(20)  asitic LHP polePs; becomes the new second pole that defines
the phase margin of the operational amplifier; and note that this
%grasmc pole, arised from the gain-enhanced voltage amplifier,
is independent of the transconductaggg in the second gain

where the symbols have their usual meanings in (20). The p
frequencies are obtained as follows:

-1 stage.
SRR Y e 1)
E’SQ R 1o C. Gain-Bandwidth (GBW) Product and Phase Margin (PM)
Py~ Cr, (22) The GBW product and the phase margin of the GFPC ampli-
— fier are given b
Pym é . 23) given by o
303 GBW(Grpc) = (;7:; (28)
It is also noted that from (20), one LHP zero and one RHP GB GB
zero are generated and their frequencies are obtained as PM(crpc)=180° —tan_1< PW> —tan_l<T\N) .(29)
1 3
7, ~ —Im19m2 (24) Refer to (29), the contribution of phase lag by the second
(Av gms — gm1)Cc pole P, is eliminated whereas the polg; becomes the new

second pole, which is usually situated at very high frequency.
The GBWgrpcy can be made high at large capacitive loads

A mf — Ym
2y~ AV I~ Im1)G3. (25)
gmlc.?)
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Fig. 6. Equivalent small-signal model of the GFPC amplifier.
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Fig. 7. Schematic of the GFPC operational amplifier.

because the GFPC amplifier is very stable even at small cotars M;-M,, andM,; form the first gain stage. This is the most
pensation capacitor value. critical stage, which dictates the GBW, input common-mode
Assuming that the RHP zers, is situated at very high fre- range, internal slew rate (SR), offset, and so forth. Transistors
quency, the phase margin of GFPC amplifier is abodtw@Ben Mg and M;, form the second class-A gain stage. The stand-
Ps islocated at 1.73 times unity-gain frequency. Further advaatlone class-A output stage may not meet the external SR issue at
tage is thatP; can be separately optimized to yield maximunmeavy capacitive load because the constant current source tran-
bandwidth in the GFPC amplifier, whereBgin the RCMC am-  sistorM,; limits the SR and, on the other hand, is constrained by
plifier is a function of R, which controls 1) the pole—zero can-the static power consumption requirement. To relax these draw-
cellation according to (5) and 2) the positionféf according to backs, a SR enhancement transistor [11], which is applicable
(4). Hence, the low-frequency pole—zero compensation at heday class-A output topology in low-power design, is adopted.
capacitive load leads to the design tradeoff issues between Jtae major advantages of this technique are simple, and efficient,
bility and bandwidth in the RCMC structure, but it is relativelyand only one transistor is needed, while without sacrificing the
easier to control the phase margin and bandwidth in the GFp@wer consumption and area. In the implementation, a single

amplifier. transistorM; is added to improve the SR of the GFPC ampli-
fier.
V. IMPLEMENTATION OF GEPC AVPLIFIER In the feedforward path, high feedforward transconductance
o o is obtained economically in low power by cascading a gain-en-
A. Circuit Description hanced voltage amplifier with a transconductor in Fig. 7. The

Fig. 7 shows the schematic of the operational amplifier usingansconductor comprises transistdfs;- Mg, and M, while
the proposed compensation technique. In the main path, trantli® voltage amplifier is comprised of a differential input pair
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Fig. 11. Measured small-signal transient response of the GFPC op amp in
VSS unity-gain configuration while driving a 300-pF load.
Fig. 8. Voltage gain stage with drain-coupled active load and cascode, )
transistors. Tek 10.0MSIﬁsT 102 Acgs )

|
t

B i e
L 450pm——=——P{

i f GFPCopamp |. = sl | Cc=6p [  F-- R . :
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Fig. 9. Microphotograph of the GFPC operational amplifier.
Fig. 12. Measured large-signal transient response of the GFPC op amp in
unity-gain configuration while driving a 300 pF load.

Mkr 10 449 083 Hz 0.00 a8
Mkr 10 449 083 Hz 63.77 deg
120 225
100 | 180 TABLE |
80 _‘;“\ 135 MEASUREMENT RESULTS OF THEGFPC AVPLIFIER
N
~ . I N L8 Technology CMOS 0.6 pm n-well
% » ™~ \.n 5 Gain Bandwidth (GBW) 10.4 MHz
= ~ < DC Gain 87 dB
3° " 3 Phase Margin (PM) 63.7°
O - PSRR’ @ 1kHz 88 dB
-0 135 PSRR™ @ 10kHz 77 dB
60 180 PSRR” @ 1kHz 85 dB
0 : ol lade- ol 225 PSRR” @ 10kHz 73 dB
Positive Slew Rate 3.9 V/ps
Fig. 10. Measured frequency response of the GFPC op amp while driving a Negative Slew Rate 3.1 V/ps
300-pF load. Small signal 1% settling time + | 272 ns
Small signal 1% settling time - | 320 ns
Large signal 1% settling time + | 629 ns
M- Mg with drain-coupled active load¥/;,-M;4 using nega- Large signal 1% settling time - | 544 ns
tive impedance concept [12] for voltage gain enhancement. Fi- iowder Dissipation gég HI;W @3V
Oa p

nally, the transistof,; sets the biasing current for this stage.
In order to achieve bandwidth and area efficient GFPC am-
plifier, t_he voltage-gain stage as shown ?n Fig. 8 ShOUId _havelt can be seen that the effect of the cascode transistors
the attributes o_fllow power, broad banQW|dth, and high gain "ﬁg-Mm reduces thejuss/(gumio-rasio) term to insignificant
well as small silicon overhead. Assuming matched process P&iel Not only does it improve the precision, it reduces the

;\aJme;c\jrs |nhtre:jqfsf|stor P?"%TMS’ Mg'th') ]V([j“Mlg and  \sijjer capacitance reflected to the input capacitance. Thus, the
13-My4, the ditterential voltage gain can be derived as voltage-gain expression can be approximated as

gms
Ay = . (30) Ay = Jms 31
—I4E— 4 19 + gds13 + Gmi2 — Gm13 V' gasiz + gasis + (9miz — Gmis) (1)

gm10Tds10
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TABLE I
PERFORMANCE COMPARISON OFOPERATIONAL AMPLIFIERS USING DIFFERENT COMPENSATION TECHNIQUES
Gain GBW | PM SR Power Co Ccimm C FOMgs FOM, Area Technology
oy 2
(dB) (MHz) ©) (V/ps) (mW@Va) (pF) (pF) C('(.nmﬂ [ MHz - pF J [ y/w oF J (mm°)
mW mWw
NMC 100 60 40 20 7608 100 B - 79 26 1.8 3GHz f, BIT
N
MNMC 100 100 40 35 7608 100 - - 132 46 1.8 3GHz f, BIT
7
HNMC 120 2 65 5 0.4501.5 10 - B 44 11 0.05 0.8pm CMOS
18] 0.2 64 0.2 0.02301.5 10 89 89
MHNMC 120 6 69 13 0.45001.5 10 - - 133 289 0.05 0.8um CMOS
18] 0.6 53 0.7 0.0231.5 10 267 31
NGCC 100 1 58 5 1.402 20 - - 14 71 0.22 2um CMOS
9
EFC 102 47 76 69 6.903 40 - - 272 400 - 0.6um CMOS
[13]
DFCFCI >100 2.6 43 1.32 0.42002 100 21 476 649 314 0.11 0.8um CMOS
[14]
DFCFC2 >100 26 48 1.04 0.67662 100 34 2.94 384 154 0.18 0.8um CMOS
(1]
GFPC 37 104 | 63.7 35 2.4583.0 300 6 50 1273 429 0.09 0.6um CMOS
This work

whereAy is dependent upon the choice of the aspect ratio, wf 0.09 mn¥, but the significant reduction of compensation
asing current and channel lengths in the cross-coupled trans@pacitor improves the silicon overhead, and thus small area is
tors. For short channel devices being used in the cross-coupddsb achieved in this GFPC scheme.

active loads to achieve high-bandwidth objective, the two output

conductance terms cannot be ignored despite of the dominant VI. RESULTS AND DISCUSSIONS

transconductance termsg,, 12 andg,,13. It degrades slightly in A

tracking design methodology. The maximum tracking error Is o
expected to be no more thanl5%. This is still acceptable in  The measured frequency response in Fig. 10 demonstrates

is made much larger than the sum of the two conductance terpiability of the operational amplifier is also validated even under

. Measured Results

(gdle + gdsl3) in (31), the final Vo|tage gain becomes the ultimate hlgh ratio IFCL/CC .: 300 pF/6 pF = 50 for
g 10.4-MHz GBW and 63.7PM while consuming only 2.45 mW
Ay ~ _ Jm8 (32) inastandard low-cost CMOS technology. Itis also observed that

gm12 = Gm13 there is no peaking effect in the frequency response. This gives

This would improve the tracking accuracy because of the eas@vorable characteristic.
in matchingg.,,, terms. The tracking error ranges from few per- The small-signal transient response in Fig. 11 shows that the
centages to less thanl 0% against variations in process, temamplifier has good settling characteristic of about an average

perature and supply. 296 ns for a 100-mV step. The reasons are that the PM of the
» . GFPC amplifier is above 60and the pole—zero doublet spacing
B. Silicon Area of the GFPC Amplifier is also compressed welia the tracking design. As a conse-

Usually, the compensation capacitors and the active ampa@ence, the output voltage can settle within a reasonably short
of the output stage for amplifiers that drive heavy capacititene. The only limitation to settling time is due to the external-
loads dominate the silicon area. However, based on the meliitsited SR effect. For the large-signal transient response of a
that low-power output stage and small compensation capacifos-V step in Fig. 12, the total settling time is at the average of
are allowed in the proposed amplifier as shown in Fig. $86 ns and the average SR is ¥.Bus. These performance pa-
the required dimension for the whole amplifier is reducexhmeters are still acceptable for a high capacitive load of 300
significantly. Although the silicon area contributed by th@F. Improving the slew-rate enhancement circuit is possible to
voltage gain enhancement stage occupies 18% of the total dtether reduce the large-signal slew time.
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In view of the second pole being positioned below the GBWerits, and capacitive load except with slightly lower dc gain on
for the pole—zero cancellation process in the GFPC scherttes basis of a two-stage topology.
the power to the output transistors can be made small and so
does the sizing that leads to small capacitive parasitic in the re-
spective output driving device and biasing device. In addition,
lower-compensation capacitor is also achieved in the scheme.

The measured performance of the power-supply rejection is acy cMOS operational amplifier with GEPC technique has
ceptable good, which is 77 dB of PSRR+ and 73 dB of PSR%_éen presented. The use of the composite gain-enhanced

at 10 kHz in such a noncascode-based amplifier. These imﬁ’g'edforward stage for intentional low-frequency pole-zero

cations are translated to small integrated circuit area, depictig .o 1ation makes a significant improvement for the ability of
the complete operational amplifier, occupying 0.09 frimthe

the amplifier to drive heavy capacitive loads, while achievin
microphotograph of Fig. 9. This confirms the area efficiency (H‘i P y cap g

he GEPC hod desoite of th I head f h-gain bandwidth, high-load capacitance to compensation
the method despite of the small area overhead from g}a\gpacitance ratio, and very small silicon area under low-power

gain-enhanced voltage amplifier. Experimental results are SURnstraint. This leads to large values on figure of merits, KOM
marized in Table I. The measured results. were obtained usingrﬁj FOM,, when compared with the reported works achieved
HP3589A network analyzer and Tektronix TDS754D. so far. Besides, the measurement results have shown that the
amplifier displays good stability, with absence of peaking
effect. This improved frequency compensation technique will
be found useful for amplifier design in analog signal processing

] ] applications.
Table Il summarizes the performance of the operational am-

plifiers using other topologies. In order to compare the relative
performance of the frequency compensation techniques, two
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