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Abstract—A 0.016-mm? 144-pW three-stage amplifier capable
of driving 1-to-15-nF capacitive load (Cp) is described. It is
optimized via combining current-buffer Miller compensation and
parasitic-pole cancellation (via an active left-half-plane zero cir-
cuit) to extend the Cp, drivability with small power and area.
Fabricated in 0.35-pum CMOS, the minimum gain-bandwidth
product (GBW), slew rate (SR) and phase margin measured
over 1-to-15-nF Cp, are 0.95 MHz, 0.22 V/us and 52.3°, respec-
tively. The results at 15-nF C1, correspond to 2.02x-improved
small-signal FOMg (= GBW . Cy, /Power), and 1.44x-im-
proved large-signal FOM | (= SR - Cr/Power) with respect
to prior art. The sizing and optimization are systematically guided
by Local Feedback Loop Analysis. It is an insightful control-centric
method allowing the pole-zero placements to be more analyzable
and comparable at the system level.

Index Terms—Active LHP zero, CMOS, current buffer, current
buffer Miller compensation, frequency compensation, Miller com-
pensation, pole-zero cancellation, three-stage amplifier.

I. INTRODUCTION

IGH-COLOR-DEPTH LCD drivers demand an exten-

sive number of amplifiers to buffer the Gamma-corrected
reference voltages, which have to be stabilized by nF-range ca-
pacitors to handle the glitch energy during the digital-to-analog
conversion. To deal with such a large capacitive load (C1,), most
commercial buffer amplifiers require an external resistor (e.g.,
20 2 for C;, = 10 uF[1]) in series with the output for ringing
reduction. This regrettably penalizes the cost, settling time and
high-frequency gain droop.

Three-stage amplifiers are a suitable candidate for precision
buffering for their speed, power and area efficiencies at low
voltage [2]-[10]. Among the reported solutions, the one with
damping factor control [2] has shown the highest C'1, drivability
up to 1 nF, but already consuming substantial power (426 ;W)
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and area (0.16 mm?). Although recent works feature advanced
gain-bandwidth product (GBW) and slew rate (SR), the C1, driv-
ability has not been improved (e.g., 0.15 nF in [8], 0.8 nF in [9],
and 0.5 nF in [10]). This paper describes a three-stage ampli-
fier [11] managed to afford particularly large and wide range of
(1, (1 to 15 nF) with optimized power (144 W) and die size
(0.016 mm?), being very suitable for compact LCD drivers [12]
with different resolution targets.

Conventionally, design of frequency compensation using
Direct Circuit Analysis hinges on the analysis of amplifier’s
open-loop transfer function, once a potential topology is con-
ceived. Yet, the involvement cannot explicitly correlate the
effects of each circuit element to the pole-zero composition
of the transfer function. Return Ratio Analysis is another
alternative that is particularly suitable for feedback circuits
with unapparent feedforward and feedback networks [13].
However, when multiple feedback loops are present, different
return ratio expressions for an identical loop may be generated,
complicating the stability analysis. Also, at circuit level the
well-established frequency compensation techniques based on
the feedback model [14] cannot be applied. In this paper, a
control-centric Local Feedback Loop (LFL) Analysis expanded
from [14] is described, which enables effective analysis, com-
parison and design of three-stage amplifiers at the system level.
Particularly, one crucial observation from this work is that the
first non-dominant pole of an amplifier is determined by the
unity-gain bandwidth (UGB) of the dominant LFL, which will
be the key guiding the frequency compensation.

Guided by LFL analysis, an optimized scheme combining
current-buffer Miller compensation (CBMC) and parasitic-pole
cancellation is developed. Comparing the results with prior art
in Fig. 1, the achieved small-signal FoMg (GBW - C1,/Power)
and large-signal FoM;, (SR - Cr/Power) are improved by at
least 2.02x and 1.44x, respectively.

This paper is organized as follows. Section II compares LFL
analysis with direct circuit analysis. In Section III, additional
design insights that are not apparent from direct circuit analysis
are revealed through LFL analysis on two recent works [8], [9]
with their design tradeoffs outlined. The proposed three-stage
amplifier is detailed in Section IV, and the experimental results
are given in Section V. Section VI concludes the paper.

II. DIRECT CIRCUIT ANALYSIS VERSUS LFL. ANALYSIS

Emerging applications urge for improved frequency compen-
sation to deal with the stringent resistive-load and capacitive-

0018-9200/$31.00 © 2013 IEEE
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Fig. 1. Benchmark this work with the state-of-the-art in terms of FOMg and FOM;,.

load drivabilities with small power and area. This section in-
troduces LFL analysis as a better option for the design of three-
stage amplifiers, after describing the restrictions of direct circuit
analysis.

A. Direct Circuit Analysis

Direct circuit analysis is a block-level verification-based de-
sign approach based on Kirchhoff’s laws. After deducing the I/O
transfer function of the amplifier, a full description of its small-
signal dynamics is obtained [15]. Investigating the pole-zero
composition and frequency response determines the merits and
deficiencies of different frequency compensation schemes [16].
Each trial of a new potential scheme has to undergo the same
steps, rendering the whole process more trial-and-error than sys-
tematic. Especially, repeating the calculation of high-order (e.g.,
> 3) transfer function is tedious, while the gained insights are
limited. This inefficiency is due to the fact that the correla-
tion between the transfer function and circuit topology is weak
in complicated frequency compensation. Although direct cir-
cuit analysis can determine the pole-zero position, it conveys
little information on how to associate them with the circuit el-
ements. Besides, direct circuit analysis is hard to differentiate
certain schemes that are architecturally equivalent, but owning
different transfer functions. A better analysis should be able to
guide the pole-zero placements and eventually lead to the cor-
responding topology, but not the other way around as in direct
circuit analysis.

B. Local Feedback Loop (LFL) Analysis

In most amplifiers internal feedback loops are always present,
but are seldom treated from the viewpoint of classic feedback
control [14]. LFL analysis considers the inner loop toward the
outer loop one at a time, which is a common methodology in
the design of multi-loop control systems [17]. The evaluation of
the LFL's transfer function is easier than the amplifier s transfer

function as a result of less number of elements involved. More
importantly, the pole-zero composition of each LFL can be di-
rectly linked to its circuit topology. Pinpointing the pole or zero
to the circuit elements becomes obvious, providing crucial in-
sights which are not offered by direct circuit analysis.

Several key concepts of LFL analysis [18] are summarized
as follows: 1) the LFL’s unity-gain bandwidth (UGB) deter-
mines, up to which frequency, the feedback path of the LFL
can still control the AC response; 2) the stability margins of
the inner LFL reflects the high-frequency behavior of the next
outer LFL; 3) the UGB of the upper-level LFL is mainly gov-
erned by the UGB of its inner LFL. Particularly, the UGB of the
dominant LFL reveals which non-dominant pole limits the am-
plifier’s GBW. A design example is given next to illustrate the
above concepts.

C. Design Example

Fig. 2(a) shows a two-stage amplifier with standard Miller
compensation. If direct circuit analysis is employed, the I/O
transfer function can be established by solving two KCL equa-
tions (at the outputs of the 1st and 2nd stages), showing that the
amplifier’s GBW is limited by the G,r, /CL-pole [19]. Alterna-
tively, LFL analysis can be applied. The LFL is cut at the input
of the 2nd stage. Calculating its transfer function [Tsyc(jw)]
indicates that the LFL’s UGB (wy smc) i8 G/ CL, which is
exactly the limiting pole obtained by direct circuit analysis.
However, interpreting G,1/CL-pole as the LFL’s UGB is
certainly more important than only treating it as a limiting pole.
Below wy, saic, the magnitude of Tsyc(jw) is larger than unity
and thus the amplifier’s AC response is well controlled by the
feedback path of the LFL. Beyond w,, sy the LFL gradually
becomes inactive and the feedforward path takes over. Thus,
the LFL’s UGB should be the factor to be maximized when
conceiving new frequency compensation. Note that the other
unity-gain frequency (gorgo1/GmrLCa) can be ignored when
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Fig. 2. Two-stage amplifier and its LFL magnitude response (a) Standard
Miller compensation and (b) CBMC.

dealing with the GBW, since it affects only the low-frequency
band of the amplifier.

CBMC can perform better frequency compensation than
standard Miller compensation as shown in Fig. 2(b). Since
there is no loading and voltage division effects, from C, and
Ch1, wy,cBMC Surpasses wy smce by a factor of C,/C),1 under
the same power, area and C1.[20]. Specifically, as shown in
Fig. 3(a), the same GBW as that of standard Miller compen-
sation with identical Cf, can be maintained by proportionally
reducing G,1 and C,. Although w, cpmc is sacrificed, CBMC
still shows better stability, power and area efficiencies than
the standard Miller compensation counterpart, as evidenced in
[20]. Alternatively, a smaller C, can be selected to increase
the GBW with smaller area, as shown in Fig. 3(b). As long as
Wy CBMC > Wy svc, the phase margin (PM) of CBMC is still
higher than that of standard Miller compensation. Furthermore,
wy,cBMe can be consciously reduced to exchange the Cf,
drivability, as illustrated in Fig. 3(c).

III. LFL ANALYSIS ON RECENT WORKS

In this section, we apply LFL analysis to two recent works
[8], [9] to examine their inner pole-zero composition and reveal
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Fig.3. Design flexibilities: (a) CBMC for low power and small area; (b) CBMC
with large GBW and small area; (c¢) CBMC with high C', drivability.

their pros and cons, which finally lead to the proposed solution
to be described in Section IV.

A. Dual Active-Capacitive Feedback Compensation (DACFC)
191

The Dual Active Capacitive-Feedback Compensation
(DACEFC) scheme is shown in Fig. 4(a). Gp,1, Gz, and G
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Fig. 4. (a) DACEFC three-stage amplifier and its (b) LFL bode plot with and
without C'y .

denote the three gain stages. The output conductance and
lumped parasitic capacitance of each stage are g,i-21 and
Cp1-3, respectively. Cp3 is embedded into Ct,. Gimp and G
are two feedforward stages. The two LFLs are built around C,,
Gmal and Gmag.

LFL analysis can be first performed from the inner loop,
which demonstrates that the inner LFL is almost inactive
(inner LFL with G',,2 shows a loop gain < 1). Otherwise, the
(', drivability will be reduced to a level similar to that of a
two-stage CBMC amplifier, due to the limitation from the inner
LFL’s UGB (wu,CBMC = CmeL/CpQCL). The key merit
of DACFC is the outer LFL made up of CBMC, benefiting its
UGB (w,,,7DACFC). However, C7 has to be added to ensure the
stability of the outer LFL, offsetting the increment of w;, pacrc
offered by CBMC. While this requirement is mathematically
derived in [9], it can be explained via the outer LFL transfer
function [Tpoacrc(s)] as

Tpacrc(s) ~
SGVmZG'mLij (1 + s 7Gmfchz)

GmrGm2
Cy, C1 Chp2 ’
Go1Y02 (1+s£ﬁ) (1—}—3;) (1—}—3%—2) (1+sR,,Cp)
(1)

During the calculation of Tpacrc(s), three common assump-
tions are made: 1) DC gain of each stage is > 1;2) CpL >
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(Cm,C1) > (Cp1,Cp2) and 3) Ga1 = 1/R.,. The impact
of the inner loop is negligible when C, is sufficiently large.
The outer LFL has four LHP poles: (wp1 = go1/C1), (wp2 =
902/ Cp2), (wps = gor,/CL) and (wps = 1/RuCh), and two
LHP zeros. One zero (w,; = 0) is at the origin. The other
(wr2 = Guur.Gim2/GmiCpo) is at a very high frequency being
ignorable. w, pacrc can be computed from (1) and given as

Gm? Cm GmL
gz C1 Cr

Wy, DACFC = (2)
The resultant LFL gain response is depicted in Fig. 4(b). If
(' is not present, wy; Wwill be placed at a much higher po-
sition (go1/Cp1), which will degrade substantially the LFL’s
PM as wpy cannot be shifted up. A worsen LFL’s PM will re-
sult in a pair of complex conjugate poles with a small damping
factor in the amplifier’s transfer function, sacrificing the tran-
sient response [15]. Also, C'; cannot be oversized as w,, pacrc
will become smaller than the amplifier’s GBW reducing the
PM. Because of the lowered wp1, w, pacrc decreases by a
factor C'y /C},; when compared with the ideal case (dashed line),
and ultimately bounded by wp2. Pushing up wp2 can only be
achieved at the transistor level, e.g., reduce Cl,» or increase gosz
via the gain reduction of G;,2[4]. Since the impact of increasing
(Y, is the same as C; [as seen from (2)], the C, drivability of
DACEFC is constrained by the limited w, pacrc.

B. Impedance Adapting Compensation (IAC) [8]

The Impedance Adapting Compensation (IAC) scheme is
shown in Fig. 5(a). Only one LFL is built by standard Miller
compensation. Its key feature is a series network consisting
of R, and C,, being attached at the 2nd stage’s output. With
similar assumptions as DACFC, as well as go» < 1/R, and
C, > Cp, the LFL transfer function [T1ac(s)] is calculated as

Trac(s) ~
LG Cpa
5Cona Gt Con (1 4+ 3R, Ca) (14 5§25 )

_ mLGm2
Go1902 (1+ggc;—’L> (1+9%> (1+9£%> (1+5Racp2)
(3)
There are four poles and three zeros in Tiac(s). If the
Jo1/Cm-pole is cancelled by the 1/2,C, -zero and the effect

of the high-frequency zero (G Gm2/GmiCp2) is neglected,
(3) can be simplified into

S Gm? GmL Cm

Jo1d02 (1 + 5%) (1 + b%) (1 + SRaCPQ)
“
The magnitude response of T1a¢(s) is shown in Fig. 5(b). Also
included for comparison are: 1) DACFC; 2) TAC without the
series RC network (i.e., single Miller capacitor compensation in
[4]), and 3) the case that the g,2/ Cp2-pole is eliminated. The se-
ries network not only generates a LHP zero (1/R,C,) to cancel
the go1/Ci-pole, but also pushes the original g.2/C},2-pole to
a lower position (g,2/Cl,) that increases the stability margin of
the LFL. From (4), the LFL’s UGB is given by
G

Wy, IAC = GmQRa C_L7 (5)

T]AC(S) ~ —
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Fig. 5. (a) IAC three-stage amplifier and its (b) LFL bode plot. The DACFC’s
LFL and IAC’s LFL without the series RC network are added for comparison.

which reveals that w,1ac can be increased by selecting
a large R,. Although R, cannot be oversized due to the
third 1/R.Cpa-pole, it decouples the UGB boosting factor
(Gwm2/go2) and the limiting gq2/Cpa-pole in DACFC, which
allows w,, 1ac surpassing w, pacrc under the same design
parameters. Besides, increasing R, involves no power penalty.
However, IAC still suffers from two key pitfalls: 1) since
the LFL utilizes standard Miller compensation rather than
CBMC, it decreases the LFL’s UGB at the outset. Even using
standard Miller compensation, owing to the introduction of the
RC network, w, 1ac is significantly degraded in comparison
with the scheme described by the dashed curve in Fig. 5(b);
2) when R, is comparable to 1/g,2, it will destroy the LHP
zero generation.

IV. PROPOSED FREQUENCY-COMPENSATION SCHEME

Based on the analysis given in Section III, the proposed so-
lution is intended to combine the benefit of CBMC in DACFC,
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while avoiding the bandwidth reduction originated from the
RC network in TAC. As shown in Fig. 6(a), the outer LFL
is built upon CBMC, whereas the parasitic go2/ Cpa-pole is
cancelled by a properly generated LHP zero for parasitic-pole
cancellation. The proposed active LHP zero circuit for this par-
asitic-pole cancellation transforms the low-pass RC network
into high-pass via negative feedback, offering the desired LHP
zero without introducing unwanted low-frequency poles. Gip2
offers V-to-I conversion for driving G,1,, as well as isolation
between V5 and V3 nodes, imposing C1, to be much smaller
than Cpo (i.e., shift up the parasitic pole). In this way, the
problem of degraded w,, 1ac owing to the passive LHP zero
circuit can be solved.

A. LFL Transfer Function and Comparison

With similar assumptions in DACFC and TAC, the LFL
transfer function of the proposed scheme can be obtained
as shown in equation (6) at the bottom of the page. Com-
paring (6) with (1) and (4), two new poles P, (G 11 /C,) and
P>(1/R,C,) are introduced by the active LHP zero block.
The LFL’s UGB wj, proposed 1S €xpressed by

Cm Cz GmL
Cp1 Cp2 Cp

O]

Wy, Proposed = G'mZRZ

From (2), (5) and (7), Wy, Proposed > Wy, pDacFc and wy 1ac by
one to two orders of magnitude is expected under the same con-
ditions (e.g., transconductance, output conductance, parasitic,
compensation and load capacitance). This extended w,, proposed
can be exchanged for a higher C, drivability without power and
area penalty. According to the magnitude responses given in
Fig. 6(b), the non-dominant poles of the proposed amplifier can
be discussed and compared with those of DACFC and IAC as
follows.

Py is the main pole constraining w,, proposed. It should be
located beyond the counterpart limiting poles: (go2/Cp2) in
DACFCand (1/R,C\,5) inIAC, when maximizing w,, proposed-
Comparing with DACFC, the go2/C)2-pole in our amplifier is
cancelled with the active 1/R,C,-zero, which is much lower
than P; to maintain the high-pass characteristic. Comparing
with IAC, P; is also much larger than its 1/ R, C},2-pole since
a large w, 1ac necessitates a big R, penalizing the position
of 1/R,Cpa2-pole under a large C1,. For P, a very small Cpy,
makes it ignorable to w, Proposed, @S it stays at a rather high
frequency (5x to 10x of w,, Proposed ). Comparing with IAC, Py
is also much higher than its limiting 1/ R,Cpha-poleif R, = R,.
Finally, P3(G1,a/Ch) can be pushed sufficiently high too (e.g.,
10x to 20x of wy, Proposed) by employing a tailored wideband
current buffer (to be discussed in Section IV-E). All these facts
are verified by simulations next.

S Gm 2 Gm L Om

TProposed(S) ~ — =
Go290L (1 + Qﬁ) (1 + s

Cp1
Go

1

(6)

) (et

zZ
G b1

) (1+sRzCp) (1 + gGC—)
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Fig. 6. (a)Proposed scheme using CBMC plus parasitic-pole cancellation, and its (b) LFL bode plot. The DACFC’s LFL and IAC’ s LFL are added for comparison.

TABLE I
BLOCK-LEVEL SIZING PARAMETERS OF IAC,
DACFC, AND THE PROPOSED SCHEME

Gm=10pS | Gma=500pS | g2=05pS | Cw=001pF | C.=08pF
Gr2=90pS | Gra1=500pS | go.=667PS | Cn=12pF | Rm=2kQ

GnL=640pS | Gur=120pS | gw=05pS | C.=10nF | Ra=15MQ
Gni=640pS | Gmoz=120S | Cp1=04pF | Ci=5pF | R.=240kQ
Grio=640pS | go1=0.131S | Coz=0.08pF | Ca=8pF

B. Block-Level Simulation Verification

Block-level simulations are employed to compare the per-
formances between DACFC, TAC and the proposed schemes.
The parameters are sized under the same power budget, Cy, and
LFL’s PM, as summarized in Table I.

Unlike DACFC and IAC that require large-sized components
(Cy = 5pF,C, = 8 pF and 2, = 1.5 M), they are man-
ageably smaller (C, = 0.8 pF and 2, = 240 k) in the
proposed scheme. Their LFLs’ gain and phase responses are

plotted in Fig. 7. With < 8° PM difference, w, proposed €X-
ceeds w, pacrc and w;, 1ac by 14x and 10x, respectively. As
mentioned earlier, w;, Proposed> Wy DACFC and w,, 1ac are the
limiting factors of their corresponding amplifier’s GBW. Thus,
comparing with DACFC and TAC, the proposed scheme should
show higher ', drivability under the same GBW or a larger
GBW under the same C1,.

C. Design Equations

For simplicity, the influences of P» and P; on the LFL are
first ignored. Assuming that K is the ratio of P to w, Proposed
the LFL’s PM can be approximately given by [21],

Wy, Proposed
PMirr = 90° — arctan —2-—oPo%eC

1

=90° — arctan i
e

®)

The amplifier’s transfer function can be obtained with the aid
of the signal-flow graph (SFG) and driving-point impedance
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Fig. 7. Simulated LFL gain and phase responses of DACFC, IAC, and the proposed scheme.

(DPI) methodology [22] as given by equation (9) shown at the
bottom of the page, where A is (GuaGumr/Gmtdo2), ADC
is the DC gain (Gm1Gm2GmL/go190290L), and wyq is the
dominant pOIe (golgOZQOL/CmeQ GmL)~ Hence, the GBW is
(Gm1/Cw). The damping factor ¢ and natural frequency wy, of
the second-order polynomial in the denominator of (9) can be
characterized by the LFL parameters w,, proposea and K, which
are manifested as

C:_

: (10)

Wy = \/EW;L,PFOPOSCd' (1 1)
The exact relationship among GBW, ¢, and w, can be deter-
mined by a proper set of coefficients for the denominator of
the 3rd-order closed-loop transfer function, which is obtained
by configuring the amplifier in unity-gain feedback (e.g., But-
terworth coefficients). Alternatively, a more design-oriented

approach is to link up the LFL parameters (w, Proposed and
PMypr1) to those of the amplifier (GBW and PM) as given by
GBW

% ()

PMoyeran & 90° — arctan ———— 2
1_ (GBW)

GBW

Wy, Proposed

(o)

Wy Proposcd
With the given GBW, PM_rr, and PMoyerall, it is possible to
determine wy, Proposed from (12). Other parameters should be
optimized to achieve the desired GBW by pushing up other LFL
non-dominant poles (P;_3). Here, to achieve 76° PMy gy, and
PMoveran, P1 is located 4x higher than wy, proposea (( = 1),
and wy, Proposed 18 set as 4x of the GBW. If P»(Ps) is 5x (10x)
beyond w,, Proposed, fiz can be determined by the estimated

=90° — arctan

S (12)
1

1 - ta.n(P]\/Ir, il r,)

Apc (1 +

~

et ) (1+ %)

s s
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Fig. 8. Schematic of the proposed three-stage amplifier.

Cob. Gma 1s set as 40x of G,1 . Although this arrangement de-
grades PMypy, by 17.1°, the impact on PMoyeran is only 4.3°
as long as w;, Proposed 18 4x of the GBW. The optimization of
Gne and Gp,1, involves the power tradeoff between the 2nd
and 3rd stages, and can be obtained by the estimated C',; and
(2. Finally, G ¢ should match Gy, for realizing a symmetric
output stage.

D. Transient Response

The transient response includes the slewing and linear settling
periods [23]. The SR of the proposed amplifier is mainly con-
strained by those of the first and final stages since the lumped
parasitic capacitance Cp is much smaller than ', and Ct,. Like
most three-stage amplifiers reported [2]-[10], the SR is not lim-
ited by the push-pull output stage if C1, < 5 nF (in the designed
amplifier) as given by

Iy
C"L b

where I7 is the (dis)charging current for C\,. If Cp, is further
increased, the SR of the output stage dominates as its dynamic
current is not adequate to support fast slewing [21], which is in
line with the measured SR data (Section V). Thus, the SR of the
proposed amplifier can be expressed as

SR~ (13)

SR ~ Io,max :
L

(14)

where I, .« denotes the maximum output current available to
(dis)charge C..

In parasitic-pole cancellation any component variations
can lead to pole-zero mismatch. As a consequence, if the re-
sulting doublet is located well below the unity-gain frequency
of the amplifier, it will introduce a slow-settling component
whose magnitude is proportional to the doublet frequency,
and inversely proportional to the doublet spacing [23]. Since
the parasitic-pole cancellation is applied within the LFL, the
doublet spacing is roughly compressed by the LFL’s loop gain
at the doublet frequency [24], which is 20 dB for C1, = 10 nF
and increases as (1, decreases in the designed amplifier. Hence,
the impact of the parasitic-pole cancellation on the transient
response is greatly suppressed.

After the impact of the doublet is ignored, the simplified 3rd-
order transfer function (9) can help to analyze the linear settling
behavior, which can be fully determined by the three open-loop
parameters: GBW, (, and w,[25]. As the gain margin (GM) of
the amplifier can be given by

G]\/f()verall ~ 20 1Og (15)

2¢
(GBW) ’
together with the PMyeran (12) and the GBW they set the pat-
tern for the linear settling. Specifically, for a given ratio of GBW

to wy a large GMyeran implies a large ¢, thus introducing less
ringing on the step response.

E. Circuit Implementation

Fig. 8 depicts the schematic of the proposed three-stage
amplifier with the bias currents as shown. The 1st gain-stage
G (Mi.10) is a folded cascode structure featuring a PMOS
input differential pair (Mj2). A wideband current buffer
Gua(Msg, R12) is embedded inside G,1. The active LHP
zero circuit (12, C,, M13.14) is embodied in the 2nd gain stage
Gum2(Mi1.14) to enhance the power efficiency. M3 and My,
realize Gpp1 and G2, respectively. Connecting the gate of
My to that of My, results in a push-pull 2nd stage enhancing
the SR at the output of G, [26], and it also forms an undesired
inverting current buffer (My, M7, My, M15). However, since
the signal strength fed back from V,, to the source of My is
much smaller than that at the source of Mg the impact of the in-
verting current buffer can be safely ignored. Besides, although
the feedforward gain stage (M7, My, M;5) can create a LHP
zero, its location is far beyond the amplifier’s GBW. The 3rd
gain-stage G, (My5) is combined with another feedforward
stage Gye(Mig) to form a push-pull structure. The optimiza-
tion of GG,,,, and the active LHP zero are discussed as follows:

1) Wideband Current Buffer G, A very large Gy, is de-
sired to push P to a high frequency. The simple current buffer
(Ms) in Fig. 9(a) will draw considerable power to achieve the
required G,,. The regulated current buffer (Mg and Mg) in
Fig. 9(b) boosts G, by a factor of (gmgros + 1) as a result
of the LFL formed by Mg, but it is hard to maintain a large
G at high frequencies due to the limited bandwidth of the
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TABLE II
POST-LAYOUT SIMULATIONS OF THE PROPOSED AMPLIFIER AT Cp, = 15 nF
OVER PROCESS AND TEMPERATURE VARIATIONS

T=27°C
Corner T FF S8 SNFP FNSP
Vo1 M Ms JHaV, M
Ry A er v Medi— GBW (MHz) 092 108 0.78 104 082
v _'C'_'m v — PM (Degree) 525 50.3 55.6 50.6 552
Ms ® Ma A1, w2k GM (dB) 195 202 19.3 19.1 203
r‘_||—T—|I_'] Ms H|_L|H Me SR+/SR- (Vips) | 0.18/0.20 | 0.26/0.27 | 0.14/0.15 | 0.21/0.16 | 0.16/0.25
Vss Vss 1% Ts+/Ts- (us) | 5.17/5.71 | 3.54/4.40 | 6.92/7.27 | 5.24/5.79 | 5.57/5.58
la (MA 69.2 78.6 63.2 78.0 63.7
) (b) o (A}
Fig. 9. Possible embedded current buffers for the PMOS folded cascode input T =-40°C
stage. (a) Common gate. (b) Regulated.
Corner T FF S8 SNFP FNSP
GBW (MHz) 0.98 117 0.83 1.1 0.87
. .. . . . PM (Degree) 54.0 51.8 57.0 521 56.7
LFL (1..6., the parasitic pole associated \.Nlth. the drain of Mg M (dB) 207 TP 206 204 13
is significant) [20]. The employed G, in Fig. 8 balances the  I"sgyjsR. (vips) | 0.1810.25 | 0.26/0.36 | 0.140.20 | 021/022 | 016033
tradeoff between (7., and bandwidth [27]. The LFL (M5_¢ and 1% Ts+Ts- (is) | 5.89/4.92 | 4.07/3.80 | 7.08/6.81 | 4.38/4.86 | 6.33/4.81
R1.5) can provide a better controlled LFL gain (2g,,5 1 + 1) la (uA) 62.9 72.1 57.2 715 57.7
with moderately sized I?;, while pushing the parasitic pole be-
yond the LFL’s UGB. The drain output impedance of My is also T=125°C
boosted by the LFL gain. Corner T FF sS SNFP | FNSP
2) Active LHP Zero Circuit: Locating P» to a high frequency GBW (MHz) 0.82 0.94 0.70 0.92 072
requires the minimization of Cy,, (a relatively large /2, is neces- PM (Degree) 52.3 50.4 55.5 50.7 55.0
sary to generate the 1/?,C,-zero) and therefore the active LHP GM (dB) 189 199 185 183 200
zero circuit should be as compact as possible. To accomplish | SR¥/SR- (Vius) | 018014 | 0.2700:20 | 0.14/0.11 | 0220012 | 015018
this, both G M=) and & M) are embodied in .. - to 1% Ts+/Ts- (us) | 5.04/7.17 | 3.59/5.51 | 6.78/9.02 | 7.34/7.47 | 5.73/6.80
m1(Mis) w2 (M1s) m2 la (A) 780 89.2 7 871 736

avoid extra parasitic capacitance. A current mirror ratio of 2:3
is designed for My4: M73 so as to minimize the parasitic ca-
pacitance induced by M;4 while shifting up P;. As mentioned
before, for nF-range C1,, the slew rate of the amplifier is dom-
inated by the maximum charging or discharging current at the
output stage (M;5_16). The output stage can attain certain resis-
tive drivability (e.g., 25 k{2 by a proper increment of its quies-
cent current (e.g., +44%).

F. Performance Over PVT Variations

The effect of temperature and process variations on the am-
plifier’s performance with 1, = 15 nF has been investigated
via post-layout corner simulations. The results are summarized
in Table II. At 27°C, the GBW variation remains within 17.4%
of its typical value while the phase and gain margins over
various corners deviate about 3° and 1 dB, respectively. The
corresponding deviations of the average SR and settling time,
from their nominal values, are 39.5% and 30.4%, respectively,
whereas the quiescent current /g changes less than 14% from
its typical value. Roughly the same percentage of variations
over the typical values is observed for —40°C and 125°C. On
the other hand, 10% reduction of the supply voltage has no
significant impact on the overall performance. The minimum
supply voltage is limited by the proper operation of the current
buffer, which is around 1.7 V.

V. EXPERIMENTAL RESULTS

The aim of this work is to maximize the Cp, drivability while
maintaining the power and area comparable with the recent
works [8], [9]. The optimized circuit parameters and size of
each device are given in Table III and IV, respectively. The

TT = Typical; FF = fast NMOS/fast PMOS;
SS = slow NMOS/slow PMOS; FNSP = fast NMOS/slow PMOS.

A

130um

Fig. 10. Chip micrograph.

prototype fabricated in 0.35-um CMOS occupies 0.016-mm?
die size (Fig. 10).

A. AC and Step Responses

The measured AC responses are plotted in Fig. 11. Cf, can be
as large as 15 nF with 18.1-dB gain and 52.3° phase margins,
and as small as 1 nF with 9.8-dB gain and 83.2° phase margins.
The extrapolated DC gain is > 100 dB. The GBW is 0.95 MHz
at 15-nF C. For the step responses (Fig. 12), the averaged SR
and 1% setting time (75) measured in unity-gain configuration
are 0.22 V/us and 4.49 ps, respectively. The overshoot ap-
pearing at 15-nF Cf, is due to the SR limitation of the output
stage [21].
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TABLE III
CIRCUIT PARAMETERS FOR THE PROPOSED AMPLIFIER
Gm =114S Gmb1 =964 uS | gms =20.1pS CL=15nF
Gm2=938uS | Gm2=642uS | Cn=1424pF | R;=239.9kQ
Gm.=63881S | gme=4681S | C.=1219pF | Ri2=857kQ
Gmi = 629 pS gmps = 9.6 S
TABLE 1V
TRANSISTOR SIZES
Device | Size (um/um) [ Device | Size (um/pm)
M1i/M2 12/2 (x8) Mia 1.5/0.6 (x3)
Ms/M4 4/2 (x3) Mg 1.5/0.6 (x2)
Ms/Ms 1/0.35 (x3) Mis 1.5/0.6 (x20)
M7/Ms 1/0.35 (x4) Mis 3/1(x40)
Mo/M1o 31 (x2) Mb1 6/2
M 3/1 (x6) Mbs1 612 (x2)
M1z 31 (x4)

B. Noise, PSRR and Unity-Gain Responses

Configured as a unity-gain feedback amplifier the measured
output noise density spectrum [Fig. 13(a)] shows that the
1/f noise corner is close to 4 kHz and the white noise is
174 nV /{/Hz at 100 kHz, which is in good agreement with the
simulated result. The discrepancy at low frequency (< 30 Hz)
is due to the AC coupling capacitor (100 pF) in the test setup.
From simulations Mj34 and Mg 19 (Fig. 8) are the major
contributors to the noise, with 52.6% and 32.4%, respectively,
at 100 kHz. The PSRR is around 80 dB at 1 kHz [Fig. 13(b)].

1% Tg ave = 4.49ps
()

The unity-gain magnitude responses at 1-nF and 15-nF C}, are
shown in Fig. 13(c). The —3-dB bandwidth at 15-nF Cf, is
larger due to the existence of the complex poles.

C. Stability Versus Cy, Variability

Although the measured gain (7.8 dB) and phase (79.5°) mar-
gins are not inferior when C1, is downsized to 0.5 nF, a small
(~ 0.9 mV,;), long-lasting, high-frequency (~ 12 MHz)
ringing appears in the step response [Fig. 14(a)], which sug-
gests that the closed-loop transfer function has a second-order
polynomial with a very small damping factor and a high
damping frequency. From an LFL analysis perspective this
can be explained as follows: when CT, is significantly reduced,
the damping factor in (9) decreases considerably, as well as
the closed-loop damping factor. For a certain reduced value
of C, a long-lasting ringing occurs in the step response. The
degradation on the LFL’s PM and GM can capture the reduc-
tion in the damping factor from (9), since they are an indirect
indicator of the ringing. When C7, is further downsized to 0.1
nF [Fig. 14(b)], the amplifier becomes unstable both internally
(LFL) and externally (unity-gain feedback), owing to the RHP
poles appearing in the amplifier’s transfer function. This obser-
vation is consistent with the simulated gain and phase margins
of Tyroposed (jw) as shown in Fig. 14(c). Consequently, the
lower bound of C, should be determined by the LFL stability,
while the upper bound of Cy, should be judged by the stability
margins of the amplifier’s transfer function. This criterion
cannot be drawn from conventional direct circuit analysis.



YAN et al.: A 0.016-mm? 144-;sW THREE-STAGE AMPLIFIER CAPABLE OF DRIVING 1-TO-15 nF CAPACITIVE LOAD WITH >>0.95-MHz GBW

Output Noise (V/vVHz)

104 110
— Measurement | |
— Simulation 90 il
N ’\Hifi,\;‘
% 70 F.dud "'\.
106 | X 50— N\
14 \
2 5 \. CL=1nF
\\. l
10 A
_ N G=15nF| " |\
107 | | | | -10
10 100 1k 10k 100k 1M 10 1k 100k 10M 1G
Frequency (Hz) Frequency (Hz)
(a) (b)
i C=1nF
&= 0
S 0 .
2 Ci=15nF"\
S -20
g \
é -30 \
c 40 *
‘®
O -850
50 Unity-Gain Configuration !
10 100 1k 10k 100k 1M 10M

Frequency (Hz)

©

Fig. 13. Measured (a) Output noise density (b) PSRR and (c) Gain response in unity-gain feedback.
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D. Performance Benchmark and Robustness of Results This work not only succeeds in extending the Cp drivability
to 15 nF, but also shows improved FOMs (> 2.02x) and
FOMp, (> 1.44x). The merits are held for supply-current FOM

versions, i.e., IFOMs (> 3.36x) and IFOMLp, (> 2.4x). The

Table V summarizes the performance of one chip measured
over different C}, and benchmarks with the three recent works.
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TABLE V
PERFORMANCE SUMMARY AND BENCHMARK

1SS Fab1t | 4SSC Fab'tt) | SSC Sep 1] This Work

Load C, (pF) [l R, (k)] 500//25 | 800 //25 150 500 1,000 | 5,000 | 10,000 | 15,000
GBW (MHz) 4 3.6 44 2 {1537 1.24 1.06 0.95
Phase Margin (°) 70 58 57 52 83.2 69.8 57.2 52.3
Gain Margin (dB) 14* 16* 5 8* 9.8 16.6 17.0 18.1
Average SR (V/us) 22 1.7 1.8 0.65 0.59 0.50 0.30 0.22
Average 1% Ts (us) 0.6 0.7 1.9 123 1.28 1.7 3.66 4.49
DC Gain (dB) (extrapolated) >100 110 >100 >100

Power (UW) @ Vo 260@2V @15V | 204@12V 144 @2V
(?“\‘;I"th'igsz::)s'ty N/A NA N/A 172

Total Capacitance C, (pF) 22 1.6 1.15 26

Chip Area (mm?) 0.014 0.02 0.0088 0.016

Technology 0.35um CMOS 0.35um CMOS | 65nm CMOS 0.35um CMOS

FOM; [(MHz - pF)imW] 7692 | 11,077 22,000 49,020 9514 | 43,056 | 73,611 | 98,958
FOM_ [(V/us - pF)imW] 4,231 5,231 9,000 15,931 4,097 | 17,361 | 20,833 | 22,917
LC-FOMg (MHz/mW) 3,497 5,035 13,750 42,626 3,659 | 16,560 | 28,311 | 38,061
LC-FOM, [(V/us)imW] 1923 | 2378 5,625 13,853 1,576 | 6,677 | 8,013 | 8814
IFOMg [(MHz - pF)/mA] 15,384 22,154 33,000 58,823 19,028 | 86,112 | 147,722 | 197,916
IFOM, [(V/ps - pF)/mA] 8462 | 10462 13,500 19,118 8,194 | 34,722 | 41,666 | 45,834
* denotes extracted values from plots

FOMs= G'i,‘g@? , FOM, = s;eo;ﬂgt LC-FOMs= PGo'ivV:r % : LC-FOMp%% IFOMs = GBV‘L; € iFom, = SR@CL
TABLE VI selection, pole-zero placement, sizing of parameters and

MEASUREMENT RESULTS OVER 20 SAMPLES

20 chips, C,=15nF Mean o | ean *100%
GBW (MHz) 0.85 0.062 7.3%
Phase Margin (°) 532 2.64 5.0%
Gain Margin (dB) 19.96 1.42 7.1%
Average SR (V/ps) 0.21 0.014 6.7%
Average 1% Ts (us) 4.17 0.21 4.4%
Power (uW) 140 14 10.0%
FOM; [(MHz - pF))mW] | 89,290 | 10,888 12.2%
FOM_ [(Vips - pF)imW] | 22,528 = 2,920 13.0%
LC-FOM, (MHz/mW) 34,342 | 4,188 12.2%
LC-FOM,_ [(V/us))mW] | 8,661 1,123 13.0%
IFOM; [(MHz - pF)/mA] | 178,580 = 21,776 12.2%
IFOM,_ [(V/us - pF)/mA] | 45,056 | 5,840 13.0%

robustness of the measured results over 20 samples has been
confirmed. At 15-nF Cp, the standard deviation (o) of each
key performance parameter is < 13% of its mean (Table VI).

VI. CONCLUSIONS

The design and implementation of a power-efficient
(144 pW) and compact (0.016 mm?) three-stage amplifier
with large-and-wide C, drivability (1 to 15 nF) have been
presented. The employed LFL analysis is much more insightful
than traditional direct circuit analysis in terms of topology

judging of Cf, variability. The optimized frequency compen-
sation scheme is CBMC plus parasitic-pole cancellation. Its
transistor-level implementation is made particularly effective
via a wideband current buffer and an active LHP zero cir-
cuit. The fabricated prototype exhibits advanced small-signal
FOMg (> 2.02x) and large-signal FOMy, (> 1.44x) with re-
spect to the state-of-the-art. Robust results have been achieved
over 20 available samples.
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