Journal of Renewable Energy and Smart Systems  Vol.1, No.2 2024: 97-106

i“f Renewable Energy and Smart Systems

RTEST

Journal homepage: https://sanad.iau.ir/journal/res

Design of a Sample & Hold Circuit Using a Two-Stage Class-AB operational

transconductance amplifier

Shahrbanoo Ghorbanzadeh

!Department of Electrical Engineering, Aliabad Katoul Branch, Islamic Azad University, Aliabad Katoul, Iran

Article info

Abstract

Keywords:
OperationalTrans-Conductance
Amplifier

OTA specifications

unity-gain bandwidth

Figures of Merits

Article history:
Received:
Accepted:

This paper presents a DC-gain enhancement technique for a Class-AB Operational
Transconductance Amplifier (OTA). In the proposed design, active load structures
and a recycling folded cascode technique are employed to improve the DC gain of
the OTA by approximately 17 dB compared to a conventional two-stage OTA.
Notably, this gain enhancement is achieved without degrading key performance
parameters such as unity-gain bandwidth (UGBW), stability, power dissipation, or
output voltage swing. To further improve the dynamic performance of the amplifier,
anonlinear current mirror (NLCM) is incorporated into the second stage of the OTA.
This configuration increases the output stage current, resulting in a significant
enhancement of the slew rate (SR) while maintaining efficient power consumption.
The Class-AB operation ensures a favorable trade-off between static power
dissipation and large-signal performance. The proposed OTA is applied to a flip-
around sample-and-hold amplifier (SHA) to evaluate its performance in a practical
analog signal processing application. Simulation results show that the output
spectrum of the SHA exhibits a total harmonic distortion (THD) of only 0.0023%,
demonstrating excellent linearity and signal fidelity. Post-layout simulations and
Monte Carlo analyses are performed to assess the robustness of the proposed design
against process variations and mismatch effects. The results confirm that the
proposed OTA achieves superior performance compared to state-of-the-art designs
in terms of gain, linearity, and dynamic characteristics. All simulations are carried
out using a 0.18 um CMOS technology with a 1.8 V supply voltage. The
comprehensive simulation results validate the efficiency and effectiveness of the
proposed DC-gain enhancement technique, making the OTA a suitable candidate for
high-performance, low-voltage analog integrated circuits.

1. Introduction

Operational trans- conductance amplifier (OTA) are an
essential component in the modern mixed-signal
systems [1-3]. High-gain and high-speed OTA can be
used in the various applications such as high-resolution
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analogue-to-digital converters and digital-to-analogue
converters, bandgap voltage references and sample-and-
hold amplifiers (SHAs) [4-6]. Designing a OTA that
combines both high DC gain and high slew rate (SR) has
proven to be a difficult task, especially in low-voltage
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circuits. Bulk-driven methods can also be used for gain
enhancement in low-voltage processes [7—14]. The
major disadvantage of a bulk- driven MOS device in
CMOS technologies is that bulk-source trans-
conductance is smaller than the gate-source trans-
conductance and may not be enough in some
applications [15]. In addition, this method has some
problems such as degradation of the phase margin of the
amplifier compared with the conventional amplifier due
to non-dominant poles effect which is caused by the
added current mirrors [16]. In [17, 18], a method based
on positive feedback has been introduced to increase the
DC gain of the op-amp by about 18.5 dB. However, in
this technique chip area has been increased drastically.
In other methods [19, 20], DC-gain enhancement is
obtained with the cost of UGBW decreasing. In [21], a
folded cascode op-amp has been proposed which
improves DC gain using positive feedback technique.
However, this method is sensitive towards process
variation. Combined method using the bulk-driven and
positive-feedback techniques is proposed in [3]. An
OTA with bulk-driven input stage is proposed in which
bulk trans-conductance is improved using the positive-
feedback. But, some specifications such as input
referred noise may not be desirable. To dominate the
deficiency of the class-A OTAs, the class-AB OTA can
be helpful [12]. Several techniques for class-AB OTAs
have been reported in the literatures [7-21]. Class-AB
OTAs suggested in [7] have high values for current
efficiency (CE) factors. This improvement in CE is
obtained by increasing the maximum value of the
signalcurrent both in the input and output branches.
However, these methods suffer from low open loop
gain. A technique to achieve class AB operation is
suggested with the cost of increasing the power
consumption and silicon area of the circuit [8]. Some
class-AB techniques have been applied to the recycling
folded cascode (RFC) OTA [9-10]. But, the OTAs need
additional local common-mode feedback loops at the
active load of the differential pair which should be
implement by passive or active matched resistors. In
another method [11], adaptive biasing circuit (ABC) for
classic fully differential circuits have been introduced
using dynamically control the bias current of the
amplifier However, circuit area and power dissipation
have been increased due to auxiliary blocks. In [12], a
class-AB OTA based on single-stage topology with non-
linear current amplifiers has been introduced. But, some
target specifications such as DC-gain and SR have not
been improved significantly. Some low-current OTAs
have been suggested in [13-19]. But, technology or
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temperature sensitivity in the proposed class-AB OTAs
are the main drawback of these techniques. In this paper,
a new two-stage class-AB OTA is proposed. The trans-
conductance enhancement of the first stage is achieved
via the simultaneous use of the active loads and the RFC
technique. Therefore, the DC-gain of the OTA is
increased. Enhancement of the SR is obtained using the
nonlinear current mirror (NLCM). The rest of the paper
is organized as follows. In Section 2, the proposed OTA
is introduced. The performance evaluations of the OTA
and comparison results are given in Section 3. Finally,
Section 4 concludes the paper.

2. Proposed OTA

The conventional two-stage class-AB OTA is shown in
Figure 1 [22]. Figure 2 demonstrates the circuit
configuration of the proposed class-AB OTA. In this
Figure, o and vow indicate the output voltages of the
first and second stages, respectively. In Figure 2, a
flipped voltage follower (FVF) [23-24] including the
transistors (M, ,, My, M, ,, My, .My, My,) are utilized as

an ABC. When a large differential input signal is applied
to the OTA, the FVF can deliver more current than the
quiescent current. Therefore, it operates in class-AB and
this characteristic can be useful for low-power
applications. The RFC block is also shown in Figure 2.
Input signals are applied to the split transistor sets
My, Myp) and (M., M,,;) which have the same aspect

ratio. My, My, and M,s :M,s, with a ratio of 1 are

used as current mirrors. To improve matching,
Mys,,:M 3, are employed to maintain the drain potentials

of My, My, and Mys My, equal [20]. The Source of
(M,,.M,,) is connected to the drain of M3, and to the
gate of M, . similarly, Source of (M,,.M,,) is
connected to the drain of M3, and to the gate of M.

Therefore, the class-AB operation can be obtained for
the active load transistors My and M related to the

common-gate transistors My and M.
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Fig. ): The conventional two-stage class AB OTA [22].

In this circuit, the gate of My and M, are connected
to the input stage using the FVF. It is illustrated in
Figure 3 that gate-source voltage of Mg is Vy, =V,/2

. Therefore, the trans-conductance of the input stage is
obtained as follows:

®i=s.. {—VE —V_,,}

hd e B
) @®i.=zg.k (VE +V, )

Fig. ¥: calculating trans-conductance of the input stage with Small-
signal model

The Solar cogeneration system with several desalinat As can be
seen from e (1), the input trans-conductance is higher
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than the methods proposed in [20, 22, 23]. For a better
explanation, the input stage trans-conductance of the
proposed OTA and existing OTAs are summarized in
Table 1.

Table 1:. Comparison of the input stage trans-conductance of the
proposed OTA and the existing OTAs .

Method Input Stage Trans-conductance
[20] Zpag (14K

[22] Em1,278m9,10

(23] Em1,2%8m9,10

The Proposed OTA Emag 10489 10

The NLCMs have been used for the output active loads
including  transistor  sets  (M).M3,M;5.M7)  and
(M9.M 4. M, Mq) . To active the NLCMs, the gates of
M,; and M, are connected to the first stage outputs
V,. and ¥, _, respectively. The transistors M;5 and

M, are biased near the triode region so that their drain-

source voltages are a bit higher than Vpg g, [12]. In

following, it shows that for a large V';; the output

current increases proportional to le , that would
1

enhance the SR of the OTA.

2-1. DC-gain
The DC-gain of the proposed OTA can be calculated as
follows:

A=A, (2
A= e 1Rourt 3
where

Rour1= m7rds7rds9”(gm5rd95(rds4aHrds24a)) @)
4, is the DC-gain of the second stage as follows:

Ay = g9 R o )
Rouaas17Vas1olVas21 (6)

In the above equations, r

. and rR - represent the

output resistance of the first and second stages,
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respectively. The drain-source resistor of the relevant
transistor is shown by 7, .

2.2. Common-mode gain

Analysis of the common-mode (CM) gain is performed
for the proposed OTA. It should be noted that decreasing
the RFC output current, Zag kD in the common-mode

compared to g _, (k+1)in the differential-mode, leads to

méa
a reduction in the common-mode gain (See Figure 4).
The common-mode gain can be calculated as follows:

_ (gm4a(k_1)+gm9,10)Rout1 ¢ R (7)
M 1284 6D 800 10g530. " 12

il = gmukVFM
B

IZ = gmclbkv(‘vf

Fig. 4: RFC output current in the common-mode.

2.3. Power supply rejection ratio

Power supply rejection ratio (PSRR) analysis is
performed for the proposed OTA to evaluate the effect
of power supply voltage variations on the output nodes.
The voltage source Vdd(ac) indicates the power supply
variations. The PSRR is calculated as below:

A (®)
/Vdd(ac)

Vout /Vid

Vout ! Vdd (ac) Vaut

PSRR=

_ ~

(gm3a (kfl)/2+gm9 )Routlgm19Rout2

2.4. Input-referred noise
The input-referred noise of transistors can be calculated
as below

2 [gm4c ]2 2 (9)

Vni,M4c: ><Vn,4c
Emeff'1
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- 2 (10)
[gm25aJ <V
ni,M25a g n,25a
meff'1
. : (11)
_[ngSbJ 2
ni,M25b g ,25b
meff'1
2 (12)
2 _[ Em9 J <2
ni,M9 g . n,9
meff'1
By substituting Vﬁi M=4kT ” in the above equations, the
Mg,

mi
OTA total input-referred noise voltage per unit

bandwidth is given as follows:

2 _ S8kIy 2 2
Vni,pm* 2 gm4b(1+k )+(gn125a+gm25bk )+gm9
& meff1

Therefore, increasing Emefr1 CAN significantly reduce the

(13)

total input-referred noise voltage of the proposed OTA.

2.5. Input offset

The mismatch between MOS transistors can be defined
as a function of device areas, distances, and orientations
[25]. Tt has been demonstrated that the difference of an
electrical parameter P between two rectangular devices
is modeled by the following equation

(14)

2 4p 2o
o?apy=rFisin?

where Ap is the area proportionality constant for P, W
and L represent the width and length of the transistor,
and SP is the variation of P under the device spacing Dx.
The input offset variance of the proposed OTA is ca

2 2, 2 2 2 2 22
2 [ &Pap 04 L& m2savIN & masK Ay
Waplap "a541254 Wasplask

(15)

are the area

2 _
o (VO ) 3 L
& meff1

In the above equations, 4;p and 4y

proportionality constant for threshold voltage of PMOS
and NMOS, respectively.

2.6. Output current of NLCM

Here, an equation for the drain current of M;g in terms
of V.,is presented. It should be noted that the transistors

Mgand Mg should be biased in the vicinity of the

triode and saturation region, respectively. As a result,

the current through Mg is given by

2 (17)
. As 1,

187,

2112 1

3
fia Y6h16(Vpa"m) A6
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where gg=u,C, . (W/L)¢ , 4 is the modulation parameter

and v, represents the threshold voltage. The current
through M, is given by
(18)

Ap 2 Ao 2
ha=5"Ves12V )" =" Vpp Vo V)

The voltage V,,_ of this node can be obtained as below

(19)

Via
Vo-:gnze["flTRoutl+VCMOl
where ¥, is the first stage common-mode output
voltage. Substituting (18) in (19), the drain current of
M, is obtained
(20)

&y Vid 2
12755 VDD 8y = Rourt Vemor V)

Finally, using (19), (20) the current through M, is

calculated:
2
Ao, Vid , ;2
JZ‘T”DD'gmurf 3 RourtVemor Vi)
B
P Aa
1875, A, Via . .2
25D g™ Rout Vemor ")) 1 (21)
;
A16816(Vha~Vin) A6

From (21), it is obvious that for a large 7;; the output

current increases proportional to Vf{ .
1

FOMS:UGBWCL (22)
T
FOM L:SRI'CL (23)
T

3. Simulation Results

To verify the performance of the proposed two-stage
class-AB OTA several simulations are performed in a
0.18 ym CMOS process with 1.8V supply voltage

using Cadence software. The specifications of the
elements and bias voltages of the proposed OTA are
reported in Table 2. The frequency responses of the
proposed OTA are shown in Figure 5. According to the
simulation results, The DC-gain of the OTA is 95 dB.
UGBW and phase margin of the proposed OTA is 340

MHz and 64°, respectively. For the slew rate
calculation, a square wave, 1 Vpp at 5 MHz was applied
to the OTA and the result is given in Figure 6. The
common-mode rejection ratio (CMRR) and PSRR of the
proposed OTA are shown in Figure 7. Table 3 shows the
OTA specifications in the three processes and
temperature corners. As seen from the results, the OTA
presents high DC-gain. Also, the proposed OTA is
stable in the three processes and temperature corners.
Furthermore, the proposed OTA- is employed in an 80
MS/s flip-around SHA (Fig. 8a).The SHA samples from
a sinusoidal input signal with the input frequency of 2
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MHz and amplitude of Ain,diff=0.4 Vpp. The fast
Fourier transform (FFT) of the SHA output is shown in
Fig. 8b using 256 points. Accordingly, the calculated
total harmonic distortion (THD) is about 0.0023%.
Monte Carlo (MC) simulations are done by considering
both process and mismatch variations. Figure 9
demonstrates the MC histograms of the proposed OTA
using 1000-run simulations. The vertical axis represents
the histogram count. The horizontal axis in Figures a to
d represents the DC-gain, input offset, phase margin and
UGBW, respectively. The results are also summarized
in Table 4. As can be seen from the results, under the
process and mismatch variations the OTA specifications
are not degraded significantly. The physical layout of
the proposed OTA is shown in Figure 10. The layout
area is 131umx142um.The proposed OTA simulation

results are compared with the existing methods in Table
5. The results indicate that the proposed OTA has the
highest DC-gain compared to the other techniques. It
has the lowest input-referred noise due to the improved
input stage trans-conductance. To compare the other
performance parameters, the traditional couple of
figures of merits in (2Y), (2¥) which for a given load
indicate a trade-off between speed performance and
total bias current (/;) are utilized [26-27]. As can be

seen from Table 5, the proposed OTA has proper values
for both of FOMs and FOM.
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Tables 3: Specifications of the proposed OTA. —The Proposed OTA
25.0
Parameter Value Parameter Value
WD o XIum0Isum Mg [x1Spm/0.1 E g
Wyao,  1X25um/0.18p (W/L),,,  145um/0.18um 770 \
Wy sy 2x25um/0.18y (W/L)yy,  1x15um/0.1 5500
WM 1x12.50m/0.10 C,,C;  2.1pF & \\
(W/L)s .6 Ix15um/0.18y  C. 10 pF i R a0
WLy, 1x30um0.18y ¥, 063V \
-125
0 1ol 102 103 10% 10° 10° 107 108 109
(W/L)g 19 1x30um/0.18y V¥, 0.77V 1Y 10l 102 10 Frelqouer&[omz)10 107 108 10
(WL, 2x15um/0.36p VW, L.15V —The Propased OTA
(W/L)131415,1. 2x10um/0. Vs 0.77v hed
(W/L)19.20 2x40um/0.36L V0, 115V 1.0 f f
(W/L)zl’zz 2>< 10“11]/036ly VCMOZ 09 V 75
= /
5 .5

g \
i i

o
— The Proposed OTA =0
8] 100 200 300 400
100 Tirme (hs)
™
80:0 \ Fig. 6 Large signal step responses of the OTA
. N\ 150
) \ CMRR
gz Tl
5 40.0 N 5
i it PSRR \
[ W]
2 20.0 \ & 100
N = \\
o} o 750
ol \
o \
g 50.0 ™

-20.0 : i
109 10! 102 10° 104 10° 105 107 109 10% \

Frequency (Hz) k
13

(a) 25.0

0

109 101 102 103 10 105 105 107 108 10°
Freguency (Hz)

Fig. 7 CMRR and PSRR of the OTA.

Fig 5. Frequency responses for both OTAs: (a) magnitude and (b)
phase
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Table 3. Specifications of the proposed OTA

500
Specification Proposed OTA e [ ]
TT(27 C) FF(—40° C) SS(90° C)
Technology 0.18um 0.18um 0.18um 5400
DC-Gain (dB) 95 88 96 300 H
Input-Referred %
Noise@100kHz 021 0.19 030 7200
(uV/~/Hz) 100
Differential output .
Swing (peak to 2.8 2.8 2.8 B3 9 91 92 93 %4 95 9% 97
peak) (V) DC Gain dB)
Phase Margin (o) 64 63 67 @
Power Dissipation
(mW) 3 4.1 2.3
Slew Rate (V/us) 172 252 102
UGBW (MHz) 340 450 230 0 =
Cy (pF) 10 10 10 300
_ 250 ]
é 200 ]
£
Z 150
Z oo 1
v \.7 50.0
v P Cs =
m- ~ ] =
: * 0'0-4 2 0 2 4 5
P1 St Vour- Input Offset (V)
Wi s 2 /o
@1 * Vours
v ? -
fn+ q‘_“\-l C R (b)
0z’
a
0 250
200 |
é 150 il
501 . =
5 100 T
B - —
=] 50.0
‘ -
-100f 1 575 60.0 625 650 675 70.0 725
Phase Margin (deq)
(©
_150 L L L L L
0 8 16 24 32 40
Frequency (MHz)
b

Fig. 8 Flip-around and FFT of the SHA output (a) Flip-around
sample-and-hold, (b) FFT plot of the output of the sample-and-
hold
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a
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o
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Histogram Count
—
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(=)

@
o
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]

o
w1
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275 300 325
UCEW (MHz)

350 375 400
(@)

Fig. 9. Histogram of MC Simulation. (a) Dc Gain, (b) Input Offset,
(c) Phase Margin, (d) UGBW

Table 4. The MC Analysis of the Proposed OTA.

Specification Mean Value | Standard Deviation
DC Gain (dB) 93.5 3.9
Input Offset (mV) 0.02 0.8
Phase Margin ( ° ) 63.6 1.8
UGBW (MHz) 326.5 10.2

Fig 10. Physical layout of the proposed OTA
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This®
work
Technology | 0.18un 0.5pum 0.5pn] 0.18un 0.18pun

[12] | [14] | [17] | [23]®

Supply
Voltage (V) 1.8 1 1 1.8 1.8

DC-Gain
(dB)
Input-
Referred

Noise@100 | 53 144 | 0023 | 144 031
kHz

(uv/~Hz)

Differential
Output
Swing (peak
to peak) (V)
Phase
Margin (°)
Power
Dissipation 3 0.08 0.1 11.9 3
(mW)
Slew Rate
(V/us)
UGBW
(MHz)
Loading
Capacitance 10 80 70 200 1
(pF)
Operating
Mode*

MH~

93.5 30 76.8 72 93

64 90 75.1 50 65

169 0.35 253 74.1 494

334 0.2 3.4 86.5 216

SI SI SI SI SI

FOMg= 2000 200 1190 2613 135

Vp

FOM[ = 1012 350 8855 2239 309

ps.m|

4. Conclusion

In this paper, a new two-stage class-AB OTA in a 0.18
HIM onvoS process with a 1.8 V supply voltage has
been presented. The proposed OTA was based on the
simultaneous application of class-AB operation in both
of the stages. Using active loads and also RFC structure,
the first stage trans-conductance has been increased. The
NLCM in the output stage has been employed to
enhance the SR of the OTA. To evaluate the
effectiveness of the proposed method, several
simulations have been performed. The results indicated
the better performance of the proposed OTA in terms of
DC-gain, UGBW, and SR compared to the existing
methods. The OTA has been employed in an 80 MS/s
SHA. The results showed that the THD was about
0.0023%.
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The specifications of the elements and bias voltages of the proposed OTA are reported in Table.

(W/L)13,14,15,16,17,18

Parameter
(W/L)1a10
(W/L) 34,20
(W/L)3436

(W/L)4a,4b4c,44

(W/L)s.6
(W/L); 3
(W/L)g 10

(W/L)l 1,12

(W/L)19.20

(W/L)2120

Value
1x10pm/0.18um
1x25pum/0.18um
2>25um/0.18um
1x12.5pm/0.18um
IX15pum/0.18um
1x30pm/0.18um
1x30pm/0.18um
2x15um/0.36um
2x10pm/0.36um
2x40um/0.36um

2x10um/0.36pum

Parameter
(W/L) 23,403

(W/L)24a,25a
(W/L) 24y 255
C,.C,

CL

o~

VCMOl

VCMO 2

Value
1%15umy/0.18um

1x45um/0.18um
IX15pum/0.18pum
2.1pF
10 pF
0.63V
0.77v
L15V
0.77v
L15V
0.9V




