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A Dual-Path Bandwidth Extension Amplifier Topology
With Dual-Loop Parallel Compensation
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Abstract—A dual-path amplifier topology with dual-loop 21 s
parallel compensation technique is proposed for low-power 2k A This work
three-stage amplifiers. By using two parallel high-speed paths for ’;‘
high-frequency signal propagation, there is no passive capacitive g 18|
feedback network loaded at the amplifier output. Both the band- E 16
width and slew rate are thus significantly improved. Implemented s .t
in a 0.6-um CMOS process, the proposed three-stage amplifierhas T _
over 100-dB gain, 7-MHz gain-bandwidth product, and 3.3-V/ss $ 12| X AFFC [10]
average slew rate while only dissipating 33Q:W at 1.5 V, when S 10} COXPRC[9]
driving a 25-k€2//120-pF load. The proposed amplifier achieves & o
at least two times improvement in bandwidth-to-power and 5 8r ;
slew-rate-to-power efficiencies than all other reported multistage 36l X DFCFC [7]
amplifiers using different compensation topologies. g sl X NMCFNR[5]

Index Terms—Amplifiers, dual loop, dual path, frequency com- o Py - R
pensation, multistage amplifiers. X NGCC)[4] i i >,< MNMG[1] |
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I. INTRODUCTION

RIVEN by the proliferation of battery-powered portable
electronic equipment, three-stage amplifiers have become v
increasingly important as they can provide high gaii@0 dB) 0 : A This work
in low-voltage conditions. In three-stage amplifiers, frequency & [ S o : o
compensation is required to ensure stability. Existing com-
pensation topologies, however, limit both the bandwidth and 2
slew rate of the amplifier in low-power conditions. Based on
pole-splitting compensation approach, three-stage amplifiers 3
with nested Miller compensation (NMC) [1]-[3], multipath
nested Miller compensation (MNMC) [1], [2], nest&d,,-C
compensation (NGCC) [4], and NMC with feedforward
transconductance stage and nulling resistor (NMCFNR) [5] X NMCFNR [5]
use two nested Miller capacitors to form passive capacitive : _ MNMC [1]
feedback networks for stabilization. However, the passive L . L L X ] L
capacitive feedback slows down the speed of the amplifier, 20 4 sgL(pF)“ 100 120 140
as this feedback cannot effectively control the position of the
nondominant poles. In addition, the nested Miller capacitors (b)
increase the loading at the output of the amplifier, resultirfgg. 1. Comparison of (a) small-signal and (b) large-signal performance of
in bandwidth reduction [6]. Other advanced compensatié’PP'tiStage amplifiers with different frequency compensation topologies.
techniques have been proposed to improve the bandwidth.
Damping-factor control frequency compensation (DFCFdyProved. However, DFCFC, PFC, and AFFC only have a
[7], [8] and positive-feedback compensation (PFC) [9] removdngle high-speed path to propagate signals at high frequencies
the inner Miller capacitor loaded at the amplifier output foRnd the output of the amplifier is still loaded by a passive
bandwidth enhancement. On the other hand, active-feedb&@kPensation capacitor, thereby limiting the number of design
frequency compensation (AFFC) [10] uses an active capacitR@rameters to control t_he position of the non_dom_inant_ poles.
feedback network to create a high-speed feedback path fdierefore, the bandwidth of those topologies is still not
high-frequency signal propagation, and hence, bandwidth9Btimized.
This brief proposes a dual-path amplifier topology with
. . . _ ual-loop parallel compensation (DLPC) technique to remove
Manuscript received November 26, 2002; revised May 23, 2003. This wor h L
was supported by the Research Grant Council, Hong Kong SAR Governmétfit, passive capacitive feedback networks loaded at the output
China, under Project HKUST 6022/01E. of a three-stage amplifier and thus provide two high-speed
The authors are with the Department of Electrical and Electronic Engineerir%gaths for signal propagation at high frequencies. As a result,
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a three-stage amplifier using the proposed dual-path topology Av2 R Ava
achieves better bandwidth-to-power and slew rate-to-power 2 Cp
efficiencies compared with other reported multistage amplifiers C2 ] I
using dn‘fgrent pole-splitting compensauo'n topolqg@s. Ca. Gy - compensation capacitors - am
In Section Il, the structure and operational principle of the r,r,,R, - output resistance Ava
dual-path amplifier topology are introduced. Different design CC2.Cs - parasitic capacitance Cs R

issues of DLPC such as dimension conditions, bandwidth, andCtRt -'0ading capacitor and resistor

slew rate are discussed in Section Ill. The circuit implemen- =
tation a_nd exD.enmemfal results of th_e DLPC qmpl!fler ar? pr%l’g. 3. Dual-path amplifier topology with dual-loop parallel compensation.
sented in Section IV. Finally, conclusions are given in Section V.

Il PROPOSEDDUAL-PATH AMPLIFIER TOPOLOGY amplifier, but also to effectively control the position of the non-

The conceptual block diagram of the proposed dual-paglominant poles by properly adjusting the transconductances of
amplifier topology for a three-stage amplifier is shown imain stages from both high-speed paths. Bandwidth extension
Fig. 2. The amplifier shares a common input stage and hgsn thus be achieved.
two high-speed paths connected in parallel for high-frequency
signal propagation. Both high-speed paths in the proposgd D EsIGNISSUES OFDUAL-LOOPPARALLEL COMPENSATION
dual-path topology do not have any output-loaded passive ca-

pacitive feedback network; therefore, they have no bandwid .Inailc?j—z?’rgariggibtﬁget;::rggggZaﬂ?;nf:aep?ﬁg%rs, Wgﬁ:'t’ ara-
reduction. By paralleling two high-speed paths, controllable®’ i rep u ' quiv P

design parameters from each high-speed path can contrib!ﬂ{ieC capacitance, anq the output resistance of the'corresponding
positively to each other and push the nondominant poles igm stages, respectivelfi;, and [t are the loading capac-

much higher frequencies, resulting in bandwidth enhancemelt.. and resistor. To analyze the DLPC amplifier, some assump-
Fig. 3 depicts the implementation of the proposed dual—patf

amplifier topology by using a damping-factor control block [7 umptions, it can be demonstrated that the daif. ., and

and an active capacitive feedback network [10] in the high-spe o .
paths. In fact, both high-speed paths share the active Caplgc_-half-plane poles of the DLPC amplifier are given by

Rns are made: 1§'7, C,, andCy > C4, Cy, andCy; and 2)
m(1,2,3,4)R(1,2,1,4), gms RL, andgn,. Ry > 1. Based on these

itive feedback network that consists of the compensation ca&;, pypc) = gm1gmegmsR1R2 Ry (1)
pacitor C, connected in series with a noninverting gain stage 1

A,. Where the voltage gain ol is larger than 1. The for- P—3dB= CogmagmaRi Ra Ry, @)
ward portion of the top high-speed path contains only a single

gain stageA, s, while that of the bottom high-speed path has Do 3= Ima 4 . Ima \/4C§(Qm2gm3+gm49m5) ~1 @3
two gain stagest,, and A,3; cascaded together with an addi- m20, T 20, C1CLYma9ma

tional inverting gain stage ofl,,. The gain of the amplifier is wher : : .
. ; , ep—_san is the dominant pole angb 5 are the nondominant
dominated by the gain stages of the bottom high-speedpath ¢, yh1ex noles. From (1) and (2), the gain-bandwidth product

and A, 3 together with the input gain stagg,;. Therefore, this of the amplifier GBW= A,(prpc) - p—sdp = (gm1/Ca). The

implementation of the amplifier can achieve over 100-dB ga'Bosition of the nondominant polés, 5| can be derived from (3)
The presence of botH, 3 and A5 in the dual-path structure is ’

particularly suitable for realizing a class-AB push-pull output
stage such that the slew rate of the amplifier is not limited by ipasl ¢< Gma > <gngm3 )
p2,3| = + gms

the output stage even driving large capacitive loads. In addition, C.C; (4)

both high-speed paths in Fig. 3 do not have passive capacitive

feedback networks loaded at the output of the amplifier and thiesom (4), it is verified that the transconductances of gain stages
fulfill the requirement of the dual-path topology. Dual-loop parfrom each of the high-speed paths sum up suchthat can be

allel compensation (DLPC) is proposed not only to stabilize thmushed to a much higher frequency by maximizing,, g2,

9Im4
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9gms3, andg,,5 while minimizing g,,.4. It also implies that the
controllable transconductances of all gain stages contribute to

TABLE |

1741

SUMMARY OF MEASUREMENT RESULTS

the bandwidth improvement. Ag. 3| is inversely proportional

NMC

This work, DLPC

to the geometrical mean of the parasitic and loading capacitanci

Loading

25 k2 // 120 pF

Ip2,3| can be located at a high frequency even if the amplifier
drives a large capacitive load. In addition, when the transcon

ductances of output transistorg,{; andg,,5) increase or the
load capacitance decreasps,s| from (4) is shifted to a much

higher frequency and the effect of increasing the complex par

of nondominant poles from (3) is minimized. Therefore, the ro-

DC Gain > 100 dB > 100 dB
GBW 0.41 MHz 7 MHz
PM 470 46°
SR+/SR~ (V/us) 0.166/0.146 2.2/4.4
TF/Ts (us) (to 1%) 3.35/3.75 0.315/0.68

bustness of DLPC for a range of output transconductances ar

Power Consumption @Vdd

265 uW @1.5 V

330 uW @1.5 V

load capacitance is guaranteed. CapLPc) / Coi(vae) 75 pF 4.8 pF
By using the third-order Butterworth response [2], the sta- Coprpe) | Cmavatey 15 pF 2.5 pF
bility of the DLPC amplifier is achieved by considering the Area 0.175 mm? 0.050 mm?

poles of the DLPC amplifier in unity-gain feedback configura-

tion. The dimension conditions are then given by , . . . .
respectively. The slew rate can be increased either by increasing
GmiGma the biasing current or decreasing the compensation capacitance.
Co=Cp= /2 <qmzqm3 T qm4qms> G101 (®) Based on (5), as the required value of the compensation ca-
G = 41 6) pacitance is reduced, the slew rate of the DLPC amplifier can
then be enhanced without increasing the power. Therefore, the
From (5),C, = C, is for simplicity of design. In fact, the proposed DLPC can improve both the bandwidth-to-power and
value of compensation capacitance can be optimized by settiigw-rate-to-power efficiencies.
C, > C,. For stability concern, the required compensation
capacitance in NMC-based amplifiers is proportional to thg/, CirRcuIT IMPLEMENTATIONS AND EXPERIMENTAL RESULTS
loading capacitance [1]-[5], while the size 6f, is the geo- . . T
metricgl mgan of the[p]ar[aiitic and loading capacitange in theThe circuit implementation of the DLPC amplifier is shown

proposed DLPC amplifier. Therefore, the required compeH‘— Fig. 4(a). In the DLPC amplifier, the input gain stage is real-

sation capacitance can be reduced by more than an ordef?6f PY transistors M101-M108. Transistor Ma and the compen-
magnitude when driving a capacitive load of hundreds of pic§2tion capacitor’, implement the active capacitive feedback
farads in a DLPC amplifier. In a multistage amplifier, most off€tWork, where the transistor Ma functions as a common-gate
the chip area will be occupied by the size of the compensatidfplifier to provide a voltage gain much larger than 1 [10].
capacitors, especially when driving a large capacitive load. Theansistors Mc1 and Mc2 are the current sources to bias Ma. To
area of the DLPC amplifier can thus become much smaller Bgnimize the systematic offset of the amplifier due to the current
the required compensation capacitors are reduced. Noise 8i@nch of Ma, replica bias is used [11], which is implemented
to coupling can also be greatly reduced. Furthermore, in ord®f transistors Mcb1, Mab, and Mcb2. The gain stagg in
to realize a push-pull output stage for acquiring better transighe top high-speed path is realized by transistor M501, while in
responses, the transconductancedgf is set to equal to that the bottom high-speed path, gain stades, A3, andA,4, are
of A3 implemented by transistors M200, M301, and M401, respec-
tively. The biasing circuits for the DLPC amplifier are shown in
Yms = Jm3- ) Fig. 4(b). In particular, in order to avoid open-loop control of the

As the DLPC amplifier with dual high-speed paths pushes tf{#S Pointvb4 in the gain stagk;,, a local feedback circuitry is
nondominant poles to a high frequency and reduces the valii§d [8], where the loop gain of the feedback circuitry is smaller
of the compensation capacitance, large GBW results, whichfi@n that ofA. 4. To further optimize the chip area and band-

given by width, both compensation capacitaf§ andCj, in the DLPC
gmi1 amplifier are fined tuned to be 4.8 and 2.5 pF, respectively, for
GBW =7~ driving a 120-pF capacitive load. In addition, for the ease of per-

‘ formance comparison, a well-accepted three-stage NMC ampli-

— < Ym1 ) (-(Jm29m3 T gmagms ) (8) fierhas also been designed, in which the two compensation ca-
20ma C10L pacitors,Cp,1 and C», are 75 and 15 pF, respectively. Both

From (8), a smalb,,,4 and 1argeg,.», gms, andg,.; should be amplifiers have been fabricated in a commercial 6-CMOS

used to maximize the GBW. Since both gain stages and Process withV;,, = 0.89 VandV,, = —0.81 V. The chip mi-

A, are built in the same current branch to realize the push-p@hegraph is shown in Fig. 5.

output stage, largg,,; andg,,,s can be achieved simultaneously The frequency and transient responses of DLPC and NMC

for bandwidth extension without any additional static poweamplifiers have been tested with a 0.3-V input common-mode

consumption. In addition, the slew rate of the DLPC amplifier igoltage and a 0.3-V step input, respectively. The measured

determined by the amount of biasing currentlip, andA,» to  frequency and transient responses are shown in Figs. 6 and 7,

charge and discharge the compensation capaditpandC,, respectively. The detailed performances are summarized in




1742 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 38, NO. 10, OCTOBER 2003

r=t--1
M mso1

| - !
" gms
r—| M106
Vb1
M10£]}-—T———’ M107 ”Ca o Out
Vb2 Mcb2
ey N T BT e S
L =
Vb
. 5o-|M203 M402'_°
e
om2 oo
cb --q--
o—| I-T-j._ ) gm3
—H M401Egm4
M2<£"—‘>-—"Iwzoz B

T S

. —t
1
- [Mbs
o |-t fFtica i) e {icas v, Ma02 i oY

=

BiaSl’ Mb;a]» E ﬂ{ | ot .:E]_l_\ébb CT———:»—_:_“E‘” Mgl_‘\)/bb

1
!
!
Vb2 Vb3 EMm X
°"_i Mbc5 Mcba l_"'° Mb7|} Input of Av4 : [ Mb1
:
!
1

= = Local Feedback Circuitry

(®)

Fig. 4. (a) Circuit schematic and (b) biasing circuits of a three-stage DLPC ampilifier.

Table I. When both DLPC and NMC amplifiers are powered biynproves the GBW by 17 times and the average slew rate by
1.5V, the DLPC amplifier dissipates extra 24.5% power, b@l times compared with the NMC counterpart. In addition, the
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TABLE 1
COMPARISON OFDIFFERENT MULTISTAGE AMPLIFIERS (T AVERAGE VALUE IS USED)
NMC MNMC NGCC | NMCFNR ETC DFCFC PFC AFFC | This work
(1] (1 (4] 5] (6] 7], (8] 9] (10] DLPC
CyL (pF) 100 100 20 100 40 100 130 120 120
DC Gain (dB) 100 100 100 > 100 102 > 100 > 100 > 100 > 100
GBW (MHz) 60 100 0.61 1.8 47 2.6 2.7 4.5 7
SR (V/us) 20 35 2.5 0.79 69 1.32 1 1.49 3.3
Power (mW@Vdd) 76Q@8 76Q8 0.68@2 0.406@2 6.9Q3 0.42@2 | 0.275@1.5 0.4@2 0.33@1.5
rou, (MHzZpE) 79 132 18 443 272 619 1276 1350 2545
FOMy, (%‘%VP—F-) 26 46 74 195 400 314 473 447 1200
Technology 3 GHz f: | 3 GHz fi 2 pm 0.8 um 0.6 pm | 0.8 pm 0.35 pm 0.8 um 0.6 pm
BJT BJT | CMOS | CMOS | CMOS | CMOS | CMOS | CMOS | CMOS
-
: f [ —
l 2 ps
: 200V
1 : N R B
— =T This Work 5| Inpyt Step T
—
IiQDDEEIBDE-E 2 s
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Fig. 5. Chip micrograph of three-stage DLPC and NMC ampilifiers. o / \ N Y
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100 v , — . . . Fig. 7. Measured transient responses of three-stage DLPC and NMC
~ " This Work amplifiers driving a 120-pF//25¢k load.
@ 501 : Do
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Fig. 6. Measured ac responses of three-stage DLPC and NMC amphfl%_[?|

driving a 120-pF//25-R load.

chip area of the DLPC amplifier is reduced by 3.5 times due fgported compensation topologies.

the smaller compensation capacitors.

To provide a detailed performance comparison between
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