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Analysis, Comparison, and Experimental Validation
of a Class AB Voltage Follower With Enhanced
Bandwidth and Slew Rate

Anindita Paul™, Member, IEEE, Jaime Ramirez-Angulo

and Antonio Torralba™,

Abstract— This paper describes a bandwidth (BW)- and slew
rate (SR)-enhanced class AB voltage follower (VF). A thorough
small signal analysis of the proposed and a state-of-the-art
AB-enhanced VF is presented to compare their performance.
The proposed circuit has 50-MHz BW, 19.5-V/us SR, and a
BW figure of merit of 41.6 (MHz x pF/uW) for C; = 50 pF.
It provides 13 times higher current efficiency and 15 times
higher BW than the conventional VF with equal 60-uW static
power dissipation. The experimental and simulation results of a
fabricated test chip in the 130-nm CMOS technology validate the
proposed circuit.

Index Terms— Analog integrated circuits, CMOS technology,
MOSFET circuits, negative feedback, voltage follower (VF), wide
bandwidth (BW).

I. INTRODUCTION

HE bandwidth (BW) of the CMOS conventional voltage

follower (CNV-VF), shown in Fig. 1, is given approxi-
mately by BWeny = gmi1/27 Cr, where g, is the transcon-
ductance of M and Cy is the load capacitance. The negative
slew rate (SR™) of the circuit is limited by the bias current
Ip to a value SR™ = Ip/Cr, while the positive slew rate
(SR™) can have a relatively large value, since the maximum
positive output current is not limited by Ip. In practice,
a symmetrical slew rate (SR) is desirable, since the lowest
of the positive and negative SRs limits the large signal speed.
This means that in practice, the SR corresponds to min {SR,
SR™}. Both the SR and the BW can be increased at the
expense of increasing /p and consequently the static power
dissipation. In the modern submicrometer CMOS technology,
low power consumption is a key requirement for increasing the
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Fig. 1. CNV-VE.

battery life of portable systems [1]-[3]. Class AB VFs (CNV-
AB-VFs) can boost the maximum negative output current
(and consequently SR™) without increasing the static power
dissipation essentially. Till date, many different CNV-AB-
VFs have been reported that have improved the SR without
improving the BW. Often, the desired class AB operation
is achieved at the expense of increasing the supply voltage,
the power dissipation, circuit complexity, and the silicon area.
A comprehensive survey of buffers/VFs can be found in
[4]. For high-speed applications, both the SR and the BW
are equally important (see discussion in Section V). In this
paper, we propose a simple and power efficient CNV-AB-
VE. The proposed CNV-AB-VF dissipates the same quiescent
power as a CNV-VF but has much higher SR and BW. Three
figures of merits can be used to characterize and compare the
performance of VFs. First, the current enhancement figure of
merit, FOMce = loumax/Igtota [5]-[7], where Ioumax is
the maximum output current and /gl is the total quiescent
current. This is related to the SR improvement and the large
signal performance of the circuit. Second, the BW figure of
merit [6]-[8], FOMpw = BW(MHz)C (pF)/ P2 (W), where
P2 is the total quiescent power dissipation of the circuit. Since
FOMCcE determines the speed limitation for large signals and
FOMgw limits the speed of small signals, a third global speed
figure of merit [6], [7] can also be defined that corresponds
to the geometric mean of the previous two figures of merit
FOMgiB = (FOMCEFOMBw)l/ 2,
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Fig. 2. CMOS CNV-AB-VFs. (a) CMOS FVF reported in [9]. (b) CMOS CNV-AB-VF reported in [10]. (¢c) Proposed CMOS CNV-AB-VF.

II. PROPOSED VOLTAGE FOLLOWER

Fig. 2(a) shows a class AB flipped VF (FVF) reported
in [9] with an additional transistor M1ap, which operates as
a CNV-VF and can improve SRT. However, its output swing
is limited by the gate—source voltage of M>. The input/output
peak-to-peak swing is given by Vinpp = Vr—VDssat, Where
Vr is the threshold voltage of the transistor. This swing is
very small and independent of the supply voltage. This is a
very serious limitation, since in the modern technology, lower
values of threshold voltage (V7 ~ 0.4 V) are used. Maximum
peak output signals of the circuit in [9] with a low distortion
are on the order of only 0.15 V. Fig. 2(b) shows a CNV-
AB-VF (CNV-AB-VF) reported in [10] that has a resistor Ry,
inserted between the drain of M| and Vpp. M; and M, have
equal quiescent currents /. It can be considered as a dynamic
FVF without the swing limitations of the circuit in Fig. 2(a),
since the dc operating points at node V, is independent of

the dc operating point at node Vy and they are connected in
the presence of ac signals. The circuit in Fig. 2(b) operates
as follows: transient variations in Vj, generate variations in
V. which are 180° out of phase with Vj,. These variations
are transferred from node Vy to node Vy using a capacitor
Cpar that acts as a floating battery for fast changes in Vy.
Furthermore, Rjage and Cpar form a high-pass circuit for
signals passing from Vx to Vy. This changes the current of
M, as a function of the variations in Vj,. Negative (positive)
values of Vi, leads to positive (negative) values in Vx and
Vy, which increase (decrease) the dynamic drain current of
M. This leads to maximum negative output currents that
can be essentially larger than /p and therefore much higher
negative SR than the CNV-VFE. An additional advantage of
the SR enhancement circuit (Rr, Riarge, and Cpar) is that
the local negative feedback through Cpar in the presence of
ac signal decreases the output impedance of the follower by
the gain 1 4 g,,2 Ry of the negative feedback loop. This also
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Fig. 3. Small signal analysis of CNV-AB-VF [10].

helps to enhance the BW of the follower, as explained in
Section III. In the circuit shown in Fig. 2(b), both the BW
and the maximum negative output current (and SR™) increase
with R;. However, the increase of R; leads to a decrease
in the maximum positive output current (and in the SR™),
since it is in series with the drain of M. This does not allow
optimizing SR, SR™, and BW simultaneously. The proposed
VF is shown in Fig. 2(c). It overcomes the limitations of
the FVF shown in Fig. 2(a) and of the CNV-AB-VF shown
in Fig. 2(b). It is derived by merging the conventional follower
in Fig. 1 with the circuit in Fig. 2(b). This is done by adding
a transistor Map connected as a CNV-VE. Mjap can provide
a large positive output current which is independent of the
value of R;. To maintain equal quiescent power dissipation
as the CNV-AB-VF and the CNV-VF, the current mirror ratio
Wsyp/Wpg of the proposed VF is 1:1 where Wop and Wp are
the widths of M>p and Mp. From this point, the proposed
circuit in Fig. 2(c) will be denoted as “PRP-AB-VE.” As it
is shown in Section III, the PRP-AB-VF can deliver simul-
taneously nearly symmetric and large maximum positive and
negative output currents and exhibits moderate-to-high BW
enhancement with little area overhead and with the same static
power dissipation, as the CNV-VF in Fig. 1. In this paper, the
PRP-AB-VF is intended to be used as a buffer for amplifiers.
In order to perform a comparison, the small signal analysis of
the circuit in [10, Fig. 2(b)] is also included here, since [10]
does not include the analysis of the circuit’s BW. The focus
of this paper is to demonstrate that the proposed circuit has
significantly enhanced BW with respect to the circuit shown in
Fig. 2(b) and simultaneously high symmetrical SR. The circuit
in Fig. 2(a) is not included in the comparison due to the swing
limitations.

IIT. SMALL SIGNAL ANALYSIS OF CNV-AB-VF
CIRCUIT REPORTED IN [10]

In this section, a small signal analysis of the CNV-AB-VF
circuit in Fig. 2(b) is presented. Transistors M; and M, have
equal dimensions (W/L), the same quiescent current /p, and
the same transconductance gains g,1 = gm2 = gm. At fre-
quencies higher than fy = 1/(27 RiaeeCiaT), the capacitor
Cpar acts as a short circuit that connects nodes Vx and Vy
and provides dynamic negative feedback. This negative feed-
back helps to enhance the BW of the CNV-AB-VF follower,
according to the analysis shown in the following.

Fig. 3 shows the ac equivalent circuit of Fig. 2(b) for f >
fo = 1/(27 RjargeCat). The closed-loop transfer function
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Fig. 4. Root locus of poles of CNV-AB-VF [10] for varying open-loop gain
AoL =gmRL.

GcL(s) = (Vout/Vin)(s) of the CNV-AB-VF is given by
(a/CxCr)(1 +5Cxgmi/a)

GeL(s) =
52 4 2ECNV-ABWRCNV—ABS + w,z,CNv,AB

(1
where

a = (Grgm + gm1&gm2)
gmib = (&m1 + &mb)
2¢eNV-ABOnCNV-AB = (gm1b/CL) + (GL/Cx)
@2onvap = (@mibGL/CxCrL) + (gmibgm2/CxCL)
= (gm1b/CxCL)(GL + gm2).

In this analysis, the zero created by Cgs of M; is ignored.
The zero has a frequency fzegs1 = (1/27)(gm1/Cgs1) that
has a very high value (~GHz) and thus does not affect the
response in the range of operation of the follower. Substituting
gm2 = gm1 = gm in (1), it can be observed that the closed-
loop gain Gcr, has a zero at wz = (G + gn)/Cx and two
poles. As the capacitance at node Vx, given by Cy, is very
small, this zero is also at very high frequency. Hence, the
effect of this zero is assumed to be negligible. The poles
can be either real or complex conjugate, depending on the
value of the dc open-loop gain Agr, = g, R of the negative
feedback loop. For example, a root locus plot of the poles of
GcL as a function of g, Ry is shown in Fig. 4. It is obtained
for a typical design in the 130-nm CMOS technology with
Ip = 50 uA, dual supply voltages of £0.6 V, C; = 20 pF,
and transistor dimensions W/L = 15/0.15 (xm). The forgoing
parameters result in g, = 836 uA/V, r, = 25 kQ, and
Cy =~ 0.1 pE. This plot reveals that for values g,,R; < 6,
the poles are on the negative real axis. As the gain g, Ry
continues to increase, the poles move toward each other and
become complex conjugate (for example for the values of
gmRr > 6) and the BW can be obtained by [11]

BW = w0 = ony/ (1 - 202 + VAT — 422 12). ()
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Fig. 5. BW of CNV-AB-VF and CNV-VF as a function of g, Ry, .

For the CNV-AB-VF, ¢ and w, are given, respectively, by

éenv-aB = [(gmiv/CL) + (G /Cx)1/20ncNv-AB
— 1,20 3)
oneNv-AB = V(G + gm)(gmiv/(CxCL)). 4)

As g, Ry increases, the BW (see Fig. 5) and the Q factor
increase (the damping ratio ¢ decreases as shown in Fig. 4).
To avoid peaking in the frequency response (or overshoot in
the transient response), values Q < 0.707 or ¢ > 0.707 need
to be selected. For ¢ = 0.707, the maximum BW = w,/27
without overshoot in the transient response is achieved. In this
example, from the root locus, a value g, Ry = 8.3 leads to
SenvaB = 0.73 and Q = 0.68. Thus, the corresponding BW
can be obtained from (2) inserting the values of & = 0.73
and w, from (4). For g, = 836 ,uA/Vz, gmib = gmn(1 + 1),
n=0.2[12], Cx = 0.1 pF, Cr = 20 pF, and R; = 10 kQ,
the BW is BWenv_aB_vr = 105 MHz, which is 16 times
higher than the BW of the CNV-VF given by BWcenyy_vF =
gm/2rCp = 6.6 MHz. Fig. 5 shows that the BW continues
to increase until g, R; = 16. However, it is not desirable
to increase g, Ry for the values of Q > 0.707 in order to
avoid overshoot in the transient response and peaking in the
frequency response. A drawback of the CNV-AB-VF is that
when R; increases even for values Q < 0.707, the voltage
drop across Ry increases and causes Vx and Vpg of the M
transistor to decrease. This leads to a significant decrease in
the maximum positive output current and in turn to a decrease
in the positive SR of the circuit. Fig. 6 shows the maximum
positive output current of the CNV-AB-VF as a function of R;.
It can be observed that the maximum output current decreases
by a factor of 10 from 1100 xA for g, R = 0 to 111 pA
for g, R;, = 8.3 and Q = 0.68. The PRP-AB-VF overcomes
this problem. The small signal analysis of the PRP-AB-VF is
discussed in Section IV.

IV. SMALL SIGNAL ANALYSIS OF PROPOSED
CLASS AB VF

The proposed circuit shown in Fig. 2(c) can achieve simul-
taneously large positive and negative SRs and essentially an
improved BW. This circuit has the same quiescent power dissi-
pation as the CNV-VF and as the CNV-AB-VF. It incorporates
just one additional transistor Map that acts as a CNV-VE
This transistor can provide a large positive output current

IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS

1200

................................................

1000

.........

800

CNV-AB-VF

600

400 Q=0.68

Touma=111pA

Current(pnA)

200 gnRL

10

15 20

Fig. 6. Maximum positive output current for CNV-VF and CNV-AB-VF as
a function of g, Ry .

independent of the value of R; that is used to control the
enhancement of the BW and the negative SR. The small
signal analysis of the proposed circuit is discussed in detail
in this section. The ac equivalent circuit of the PRP-AB-VF
for f > f, is shown in Fig. 7. The proposed VF is designed
for relatively large capacitive loads Cy, that satisfy Cp > Cgs.
Since the PRP-AB-VF was not intended for applications in
oscillators where negative input resistance of the follower
is important [13], [14], the effect of Cgs is ignored in the
small signal analysis. As the dimension (W/L) of all the
transistors in Fig. 2(c) are equal, and the total bias current
of the circuit is Ip, the quiescent current of M| and M is
Ig/2. In the PRP-AB-VF, the sizes of all the transistors are the
same as in CNV-VF and CNV-AB-VF. This maintains equal
power dissipation in the three VF circuits. Hence, if transistors
operate in a strong inversion, the transconductance gains g, 1p
and gmiap of Mip and Miap in the proposed circuit are
a factor 1/,/2 times smaller than the transconductance gain
of My of the CNV-VF (see Fig. 1) and of the CNV-AB-VF
[see Fig. 2(b)]. Thus, gmip = gmiAB = &m/+/2 and guipp =
gmiaBb = (1 +71) gn//2 = (1.2)gm//2. Transistors M> and
M3, in Fig. 2(b) and (c) carry equal bias currents (/g) and
have identical dimensions in order to keep the equal power
dissipation as the CNV-VF and the CNV-AB-VF circuits.
Hence, their transconductance gains are equal (g2 = gmop =
gm) and both the CNV-AB-VF and the PRP-AB-VF have
equal open-loop gain Agr, = g, Rr. Hence, the closed-loop
transfer function (GeLp = Vout/Vin) of the proposed VF is
given by (5). This transfer function has a zero and two poles.
As in Section III, a very high-frequency zero created by Cgg
of M is ignored

(aprp/Cx CL)(1 + v/25Cy g /aprp)
(S 2+ 2wppres + wrzlPRP)

Gerp(s) = ©)

where
aprp = (GLV2gm + 82/V2)
28prpnprp = (1.24/28m/Cr + G /Cx)
opprp = (1.2v28uGL + g5,/~2) [ (CxCL).

Here, it is assumed that G, = 1/Ry, Cgs and Cy < Cy,
gm > 8o, and G > g,. The zero of the circuit associated with
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node Vy is given by wzprp = (G1/Cx) + (gm/2Cx). As in
the previous circuit, Cx is very small, and for this reason,
wzprp also remains at high frequency and does not have a
significant effect on the transfer function. The damping ratio
éprp and wpprp can be expressed, respectively, as shown in

Grp = (1.2v/2gm/CL + G1/Cx)/Qanprp)  (6)
onpre =/ (122gmG1 + g2 /¥2)/CxCL. ()

The root locus of the proposed VF is given in Fig. 8 for similar
conditions as in Section III: bias current /p = 50-u A, £0.6-V
supply voltage, and equal W/L (15/0.15) (in um) of all
transistors.

Similar as in the CNV-AB-VF with increasing loop gain
gmRr, the poles move toward each other, and after g, Ry
reaches a certain value, they become complex conjugate. In the
design example, poles become complex conjugate for open-
loop gains g, Rr > 8, as shown in Fig. 8. When poles
are complex conjugates, the BW of the PRP-AB-VF can be
obtained from (2). For the proposed circuit when there is no
overshoot in the transient response, the value of &prp = 0.73,

and Ry = 13 kQ in (7). Thus, the BW of PRP-AB-VF
for ¢prp = 0.73 is 84 MHz, which is 12 times higher than
the BW of the CNV-VF and allows a large positive output
current independent of g, R; as shown in Figs. 9 and 10.
Fig. 11 shows the simulation of the input impedance of the
PRP-AB-VF and CNV- VFE. It can be observed that the input
impedance has a slope of -20 dB and —90° phase from
1 kHz to 25 MHz. This implies that the input impedance is
mainly capacitive for frequencies from 1 kHz to 25 MHz. The
input impedance corresponds to an extremely large resistance
Rin ~ 400 GQ in parallel with an extremely small capacitor
Cin = 7 fF over a very wide BW. Hence, it will have a
minimal loading effect on the response of the circuit where
it will be used as a buffer. The analytical expression of the
input impedance is given in the Appendix.

V. COMPARISON OF FOLLOWERS

In this section, the response of the proposed VF is compared
with the CNV-AB-VF to demonstrate the significant advantage
of the former predicted by the small signal analysis and
simulation results. The experimental verification results are
given in Section VII. The effective speed of the VF depends on
both the BW and the SR. The BW determines the exponential
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component of the settling time, while the SR determines
the linear component of the settling time. To reduce the
settling time, both the BW and the SR need to be improved
simultaneously. It is also desirable to have approximately equal
maximum positive and negative output currents in order to
have symmetrical SRs. This is important, since as indicated
Section I, the minimum of the positive and negative SRs
determines the SR of the circuit. From Fig. 12, it is observed
that increasing Ry (g, Ry) provides large BW enhancement
for the CNV-AB-VF with respect to class A CNV-VF in Fig. 1.
However, Fig. 13 shows that despite providing a larger nega-
tive output current, the CNV-AB-VF has very low positive
output current for a large R; value, which degrades the
positive SR given by SR = dVou/dt = 13},,/Cy. The output
current can be expressed as Igut = SR - Cr. The PRP-
AB-VF provides a consistently high maximum positive (and
negative) output current for all the values of Ry (g, Ry) with
the same bias current. This is because of the transistor MiaB
in Fig. 2(c), which acts as a CNV-VF and can provide a large
maximum positive output current independent on the value of
Ry. For g R = 11 (&prp = 0.73), the positive and negative
currents are equal in the PRP-AB-VF. Thus, almost symmetric
SR can be obtained from the proposed VF. Fig. 14(a) and (b)
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(a) Ry, = 13 kQ and (b) R, = 1 kQ.

shows the transient responses of the CNV-AB-VF and the
PRP-AB-VF for R; = 13 kQ and R; = 1 kQ, respectively.
These are for a 500-mV peak-to-peak 1-MHz input square
pulse, and C; = 20 pF. Fig. 14 depicts that for large R
values, the positive SR of CNV-AB-VF deteriorates while both
the positive and negative SRs of the PRP-AB-VF remain high,
whereas for small Ry = 1 kQ values, as expected, the negative
SR of both the circuits deteriorates. This validates that the
simultaneous improvement of positive and negative SRs and
BW is not possible in the CNV-AB-VFE.
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From Figs. 4 and 8, it is observed that for increasing g,, Ry,
the complex poles of the previously reported CNV-AB-VF
are closer to the imaginary axis than the PRP-AB-VF. Thus,
the CNV-AB-VF has a lower damping ratio (£) than the
proposed one. The lower damping ratio leads to a higher
overshoot in the transient response of the circuit. The damping
ratio (&) for the CNV-AB-VF is less than 0.7 for an open-loop
gain of 9, whereas the damping ratio for the proposed VF is
less than 0.7 for an open-loop gain of 12. Hence, the open-
loop gain of the PRP-AB-VF can be increased to a value
gmRr = 11, without overshoot in the transient response.
Consequently, it will help to increase even further the BW
of the circuit keeping symmetrical and improved SR.

VI. PROPOSED AB-VF WITH NONIDEAL SOURCE

The application considered in this paper for the proposed
VF is to serve as a buffer for amplifiers. The internal resistance
of the signal source Rs and the Cgs1p neglected in the
derivation of Section IV might affect the response of the
follower as reported in [13]-[15]. In this section, we showed
that Ry and Cgs1p have negligible effect in the transient and
magnitude response of the PRP-AB-VF over a wide range

Fig. 18. Transient response of the PRP-AB-VF for nonideal source with Rg
parameterized from 1 to 100 kQ for C; = 50 pF.

of Ry values for the range of C; values considered here.
The simulated output impedance of PRP-AB-VF and CNV-
VF, magnitude, and transient responses of the PRP-AB-VF are
shown in Figs. 15-19. The simulations have been performed
considering a nonideal source to evaluate the effect of a
nonideal source with nonzero internal resistance Rg. The
values of Rg were parameterized from 1 to 100 kQ. From
Fig. 15, it can be observed that the CNV-VF has a constant
630-Q output impedance, whereas the PRP-AB-VF has 100-Q
output impedance over the frequency range of 226 kHz to
50 MHz for the ideal source. The output impedance starts to
decrease after 226 kHz because of the cutoff frequency fy =
1/Ryarge Cpar Of the combination of Rjage and Cpar, which
provides the dynamic class AB operation. From Fig. 15, it can
be asserted that as the frequency increases, the value of Zoy
approaches Rg as expected [12]. The analytical expression of
the output impedance is given in the Appendix. Regarding the
magnitude response from Fig. 16, it can be asserted that the
PRP-AB-VF has no peaking in the frequency response up to
source resistances with value Rg = 100 kQ when Cz = 50 pF.
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Rg parameterized from 1 to 100 kQ for C;, = 10 pF.

TABLE I
THD AT S1X DIFFERENT CORNERS AND THEIR SDsS

Corner | THD

S.D. | THD S.D. THD | S.D.
PRP-AB- CNV- CNV-
VF (%) AB-VF VF
(%) ()
tt 0.27 0.03 | 0.52 003 | 1.54 0.16
fs 0.22 0.54 1.50
sf 0.32 0.53 1.64
s 0.26 0.55 1.72
ff 028 0.51 1.42
ssf 025 0.58 1.86

However, for the lower value of Cp, it has moderate peaking
for Rg = 70 kQ in Fig. 17. Figs. 18 and 19 show the transient
response of the PRP-AB-VF for Cp 50 and 10 pF at a
1-MHz square pulse generated by a nonideal signal source.
It can be seen that for a larger source resistance, the overshoots
in the transient response become lower with the increase in
Cr, value. Hence, an amplifier with a relatively large output
impedance can be interfaced with the PRP-AB-VF for load
capacitances with values C; > 10 pF without introducing
significant peaking. The small signal model of PRP-AB-VF
with nonideal source and Cgs1p is given in the Appendix.

VII. EXPERIMENTAL/SIMULATION RESULTS

The PRP-AB-VE, CNV-AB-VF, and CNV-VF were fabri-
cated in a 0.13-um CMOS n-well process with 15/0.15-unit
transistor size (in um), Riage = 500 k€, and Cgar = 2-pF
capacitor. The CNV-AB-VF was fabricated with Ry = 1 kQ
(gmRr = 0.8). A value of R, = 13 kQ (g Ry = 11) was
used for the PRP-AB-VF. This value leads to a maximum
BW and symmetrical SR also, as explained in Section V.
The circuits were tested and simulated with Rg = 50 Q,
a bias current Ip = 50 uA, dual supply voltages +0.6 V,
and Cr, = 50 pF. The load resistance Ry of the proposed
VF is implemented with a PMOS transistor operated in the
triode region with dimensions (in gm) 0.9/0.18 with the gate
connected to a bias voltage Vpias = —100 mV. Fig. 20 shows
the simulated transient response of the PRP-AB-VF for 500-

mv peak-to-peak 1-MHz input sinusoidal signal at six different
corners.

Transient response of the PRP-AB-VF for nonideal source where
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Fig. 20. Simulated transient response of PRP-AB-VF at six different corners
for 1-MHz 500-mV peak-to-peak sinusoidal signal.
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Fig. 21. Experimental frequency response of PRP-AB-VF, CNV-AB-VF, and
CNV-VF for 50-pF load capacitance.

Table I shows the simulated total harmonic distortion (THD)
of the PRP-AB-VF, the CNV-AB-VF, and the CNV-VF at six
different corners. The standard deviations (SDs) of the THD
at six different corners are also shown in Table I for CNV-VF,
CNV-AB-VE, and PRP-AB-VE. The THD of the proposed
VF is lower than that of the CNV-VF and of the CNV-AB-VF
for 500-mv peak-to-peak 1-MHz sinusoidal input signal, as it
has a higher SR than previously stated VFs.

Fig. 21 shows the experimental frequency response of the
PRP-AB-VF, CNV-AB-VF, and CNV-VE. Fig. 22 shows the
experimental transient response of the CNV-VF, CNV-AB-VF,
and the PRP-AB-VF for a 1-MHz (500-mV peak-to-peak
amplitude) input pulse. The PRP-AB-VF has an experimental

BW value BWprp_ap—_vr = 50 MHz with C; = 50 pF, while
the BW of the CNV-AB-VF is BWCNV—AB—VF = 18 MHz.
The BW of CNV-VF is 3.4 MHz. From the experimental
transient response, it can be observed that the PRP-AB-VF
has the highest negative SR compared with the CNV-AB-VE.

At the value of Ry, 1 kQ (gnRr = 0.8), the CNV-
AB-VF has a maximum positive output current and a low
negative current [shown in Figs. 13 and 14(b)] and the BW



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

PAUL et al.: ANALYSIS, COMPARISON, AND EXPERIMENTAL VALIDATION OF A CLASS AB VOLTAGE FOLLOWER 9

TABLE 11
PERFORMANCE COMPARISON OF CNV-VF, CNV-AB-VF, AND PRP-AB-VF WITH OTHER CLASS AB VFS IN LITERATURE

Parameter CNV-VF Ref [4] Ref[10] Ref[16] Ref[17] Ref Ref[6] | Ref This work
Fig.1 (CNV-AB-VF) [18] [19] (PRP-AB-
Fig.2b Fig2c | VF)
Fig. 2¢
Exp Exp Exp Exp Sim Simulated | Exp Simulated | Exp Exp Exp Exp
AB#1-3 | InRef[6] | In this by by
work authors authors
Process CMOS CMOS | ALDI106 | CMOS CMOS | CMOS CMOS | CMOS CMOS | CMOS | CMOS | CMOS
technology 0.13um 0.5 pm Tran. 0.13um 0.5 0.13 pm 0.35 0.13 0.35 0.18 0.5um | 0.13um
Array pm pm pm pm pm
Supply (V) +0.6 +1.65 2.7 +0.6 +1.5 +0.6 3 +0.6 33 +0.9 +1.65 +0.6
Ipias  (MA) 50 10 55 50 30 50 10 50 500 30 10 50
Load Cap (pF) 50 30 280 50 10 50 20 50 12 50 30 50
BW(MHz) 34 8.4- 2 18 70 46 5.8 6.16 87 32 13.1 50
134
L™ (mA) 0.95 0.6- 0.92 0.9 0.850 2.1 1.62 3.1 24 1.3 0.75 0.975
0.87
Lou™™ (mA) 0.075 0.51- 0.54 0.16 0.525 1.7 1.67 32 NA 1.01 NA 1.33
1.05
SR™(V/uS) 19 20-29 3.75 18 85 60 79.4 62 200 25.6 25 19.5
SR(V/uS) 1.5 17-35 1.82 32 52.5 35 83.6 64 NA 20.1 NA 26.75
Input noise | 18 30-55 NA 16 NA NA NA NA NA NA 40 16
spectral density | (simulated) (simulated) (simulated)
@1MHz
(nV/\Hz)
Silicon 0.002 0.014- NA 0.0067 NA NA 0.014 NA 0.0097 | 0.013 0.011 0.0074
area(mm?) 0.025
Quiescent power | 60 165- 148.5 60 198 168 243 486 3300 229 99 60
PO(uWatt) 198
FOMcg= 1.5 10-145 | 9.8 32 7.5 12 20 8 2.4 8 25 19.5
Loumax/Towtat
FOMpw= (BW * | 2.8 1.5- 3.77 15 3.53 13 0.47 0.62 0.32 7 3.96 41.6
Cp)/PQ 2.03
[(MHZ)pF)/ pW
FOMgLg= 2.04 3.87- 6.07 6.9 5.14 12.8 3.06 222 0.87 7.5 9.94 28
 FOMpwFOM¢g 5.43

is also less than the PRP-AB-VF (shown in Fig. 12). Hence,
the experimental transient and frequency response validate the
theoretical claim.

The simulated input noise spectral density of CNV-VE
CNV-AB-VF, and PRP-AB-VF is given in Table II. The
PRP-AB-VF has 16-nV/,/Hz input noise spectral density.
Fig. 23 shows settling the response of the PRP-AB-VF at
different capacitive loads. A 50-mV amplitude and 1-MHz
step signal is applied at the input of the PRP-AB-VF to
observe the settling performance of the PRP-AB-VF. For C
of 50 pF, the settling time is 22.4 ns (2% of its final value).
From Fig. 23, it can be observed that the transient response
has a peak overshoot for a load Cr, = 5 pF. Hence, for that

load, the damping ratio ¢ is less than 0.7. It can be asserted
that from the settling time response of the PRP-AB-VE,
the minimum load capacitance C; of 10 pF it can drive
without overshoot in the output response. Fig. 24 shows
the simulated transient responses of the CNV-VE,
CNV-AB-VE, PRP-AB-VF, and FVF [9] for an input
triangular pulse with 900-mV peak-to-peak amplitude and
100-kHz frequency. This exhibits that the AB-FVF of [9]
has a serious swing limitation. The PRP-AB-VF has 900-mV
output swing, whereas FVF [9] provides only 373-mV output
swing.

Table II compares the performance parameters of the con-
ventional, PRP-AB-VF, and several recently published class
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Fig. 22. Experimental transient response of PRP-AB-VF, CNV-AB-VF, and
CNV-VF for 500-mV amplitude pulse at 1 MHz.
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Fig. 23.  Settling time for different load capacitances for PRP-AB-VF for

50-mV amplitude square pulse of 1 MHz.

AB buffers [4], [6], [10], [16]-[19]. “Exp” and “Sim” refer
to the experimental and simulation results, respectively. The
implementation technology and supply voltage can have a
significant effect on the performance of a circuit. In this paper,
references [16] and [17] were simulated by authors in CMOS
0.13-um technology for a fair comparison. From Table II,
it can be observed that the current efficiency figure of merit
(FOMCcg) of the proposed VF is comparable with [17] in
the CMOS 0.35-um technology. However, the small signal
figure of merit FOMpw of the proposed VF is more than
67 times higher than that of [17] in both the technologies and
FOMCcE is less in the 0.13-um technology. Though FOMcg
of [19] is also 1.2 times higher than that of the PRP-AB-
VE, yet FOMpw of PRP-AB-VF is 10 times higher than
in [19]. The geometric mean of the two figures of merit
has been calculated and used as a global speed figure of
merit (FOMgrg = (FOMpwFOMCcE)'/?) to compare recently
reported buffers and the PRP-AB-VF. The PRP-AB-VF has a

IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS

0.8 —---VIN - = = = CNV-VF
CNV-AB-VF FVF

06 \ — — PRP-AB-VF A 4

0.4 ‘\ '/ ‘\ l/

02 ‘\ l/ ‘\ :/

02
&
04 3
=]
= .
0.6 = H}gh ;
g Distortion Time(s)
-0.8
0E+0 SE-6 1E-5 2E-5 2E-5
Fig. 24. Input/output range of the VFs.
ot iy L P AP P e “a;‘i'?;:ht;a\ \‘v‘i-rr .
{ CNV-AB-VF Zjzid =
PRP-AB-VF
““‘ i = 4 é
- x’:‘:j“! ) a A
AL 13334 i e Ry
o L2 2 'f" S ‘gﬁ’s i{,;‘\
;‘f,i?% | 2 P e i
S 15 a e - o3
L Bl 8 Bl | e | g | pER DY
Fig. 25. Chip micrograph of CNV-AB-VF and PRP-AB-VE.

global speed figure of merit FOMgrp = 28, which is the high-
est among all circuits. The chip micrograph of the CNV-AB-
VF and the PRP-AB-VF is shown in Fig. 25. The silicon area
consumed by the PRP-AB-VF is 0.0074 mm?2, and the CNV-
AB-VF is 0.0067 mm?. The CNV-VF occupied 0.002 mm?
of the Si area. The proposed circuit has four times higher
FOMgL B, six times higher FOMcg, and three times higher
FOMgw compared with the CNV-AB-VF at the expense of
only 10% more Si area than the CNV-AB-VE. Compared
with the CNV-VF, the PRP-AB-VF provides 13 times higher
FOMcg, 14.8 times higher FOMpw, and 13.8 times higher
FOMg B.

VIII. CONCLUSION

A simple modification to a CNV-AB-VF has been shown
to significantly improve the positive and negative SRs and the
BW, with the same power dissipation and a small additional
silicon area with respect to the CNV-VF and the CNV-AB-VFE.
This has been demonstrated by performing an analytical and
experimental comparison of the proposed circuit to the above-
mentioned VFs. It has been shown that the proposed circuit
has the highest global figure of merit of all the VFs reported
in the literature. It has 13 times higher current efficiency and
14.8 times higher FOMpw than the CNV-VF with the same
power dissipation.
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APPENDIX
EXPRESSION FOR INPUT IMPEDANCE, OUTPUT
IMPEDANCE, AND Q OF PROPOSED AB-VF

The PRP-AB-VF can be used as an oscillator for low
Cr, values. In this case, C; might not satisfy the condition
Cr > Cgs and the small signal model in Fig. 26 will be used
considering g, >> g,. From this model, the input impedance
Zin of the follower is given by (1A). Z;, has a real component
that corresponds to a negative frequency-dependent resistance
which is important for oscillator applications

mip

(CUZCL CgslP)

_ gm1pgm2p (0> G Cys1pCL)
(—?Ces1pCLGL)? + (0P Cx Cgs1pCL)?
(Cr + Cgs1p)

J(@Cpr CgslP) .

Vout/Vs is a second-order transfer function (not shown here)
with Q given by (2A), as shown at the bottom of this page.

Neglecting body effect and assuming go < gm, Zout 1S
given by (3A), as shown at the bottom of this page.

Here, g;,’llp = gmi+gmip and 1.2¢7 ., = (14+1)g,, p Where
n = 0.2 is the body effect coefficient. From the equation of
Zout, it can be observed that at higher frequencies, the output
impedance Zoyut 1S Zouw ~ Rs which is consistent with
simulations shown in Fig. 15.

Zin(w) ~ —

(1A)
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