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Single-Stage Operational Transconductance
Amplifier Design in UTBSOI Technology Based on
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Abstract—The downscaling of complementary metal-oxide-
semiconductor (CMOS) technology is approaching its limits
imposed by short-channel effects (SCE), thereby multi-gate
MOSFETSs have been proposed to extend the scalability. Ultra-
thin-body silicon-on-insulator (UTBSOI) transistor is one of the
dual-gated devices which offers better immunity towards SCEs.
In this paper, two designs have been proposed for single-stage
operational transconductance amplifiers (OTA) using the CMOS
and UTBSOIL. The CMOS based OTA (CMOS-OTA) has been
designed where sizing (/L) of the constituting MOSFETSs have
been evaluated through g,,/I; methodology and the same OTA
topology has been simulated using UTBSOI (UTBSOI-OTA)
considering the same 1/ L. The DC simulation is carried out over
the BSIM3v3 model to store the operating point parameters in
the form of graphical models. The mathematical expressions for
performance specifications have been applied over the graphical
models to evaluate the required /L. Individual comparisons
between the two proposed designs have also been carried out for
further applications. Based on simulation results at the schematic
level, the UTBSOI-OTA has higher DC gain of ~ 33.26% and
lesser power consumption of ~ 2.81% over the CMOS-OTA.
Moreover, comparative analysis of performance parameters like
DC gain and common-mode rejection ratio (CMRR), have been
compared with the best-reported paper so far. In addition to
this, the UTBSOI-OTA has been applied to practical integrator
circuits for further verification.

Index Terms—BSIM-IMG, g.,/I; methodology, single-stage
OTA, UTBSOI.
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[. INTRODUCTION

HE demand for analog integrated circuit (IC) design

will never diminish since the input signals fed to the
transducers of any systems are analog in nature. CMOS analog
design is a skill that develops upon experiences and intuition
as there exists no specific set of rules which can be followed
to design some analog blocks like OTA. In OTAs, the W/L
of constituting MOSFETs moderately depend upon its perfor-
mance parameters like DC gain, unity-gain bandwidth (UGB),
slew rate (SR), input common-mode range (V;carr), common-
mode rejection ratio (CMRR), and power. Conventional sizing
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Fig. 1. Schematics showing 3-D view of the UTBSOI transistor.

procedure [1] calculated the W/ L using the square-law model
which was a tedious hand calculation design approach. On
the other hand, more accurate and complex models [2] have
been incorporated in the modern simulators. There exists
a huge discrepancy between square-law and the models in
simulators which prevents the possibility to meet the desired
performance of the circuit. Though many advanced topologies
for the single-stage OTA [3]-[10] have been reported so far
but their sizing (W/L) procedure has not been discussed. In
brief, although the circuit analysis for the OTAs is available, an
elaborate description of the sizing procedure is lacking in the
literature. The transconductance-to-drain current ratio (g, /I4)
methodology [11] is an effective sizing procedure which can
be applied to design any analog circuits.

Moreover, the process variation parameters of the non-
classical MOSFETs have become a major cause in degrading
the performance of such analog circuits. The short-channel
effects (SCE) are becoming prone as the device dimension is
scaled down to the nanoscale regime [12], [13]. Thus, a large
abnormality is observed in the circuits produced by the present
manufacturing process. Thereby, multi-gate MOSFETs like
double-gate MOSFET, FinFET, and ultra-thin-body silicon-
on-insulator (UTBSOI) have been proposed to overcome the
limitations of SCEs [13]. The UTBSOI MOSFET as shown
in Fig. 1 is a dual gated transistor has better scalability
and superior controllability of gates over the shorter chan-
nel region. The superior gate controllability increases the
transconductance, results in higher current drivability which
in turn enhances the device speed. The UTBSOI also offers
the flexibility of multiple threshold voltage control through
its back-gate bias [14]. In low-power and high performance
systems, the MOSFETs with different threshold voltages are
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Fig. 2. Design of single-stage OTA using (a) CMOS, (b) UTBSOIL.

required in the same circuit. The multiple threshold voltages
in classical MOSFETSs were achieved through using different
channel doping concentrations. Whereas, in the UTBSOI, the
same can be achieved by the use of back-gate bias instead of
channel doping [15]. To utilize the benefits of UTBSOI, an
accurate and fast computation model for device is required.
BSIM-IMG [16] is the industry standard model for the UTB-
SOI which have been validated with the hardware silicon
based data from multiple technologies. However, the layout
of UTBSOI is not possible till date due to the non-availability
of the process-design kit in present simulators like Cadence-
spectre [17].

In this paper, the g¢,,/Is methodology has been adopted
to design the single-stage OTA as shown in Fig. 2(a). This
methodology considers intrinsic-gain (¢, /gas) versus g, /Ia
and normalized drain current (I;/W) versus g¢,,/I; graphs
as the fundamental design tools to precisely calculate tran-
sistor’s W/L [18], [19]. The relationship between g¢,,/gas.
I4/W and g.,/I; are obtained by solving the mathematical
expressions of performance parameters. The presented work
in this paper improves the OTA designed in [19] with new set
of specifications especially in terms of DC gain, PM, UGB,
and CMRR. In addition to this, the UTBSOI- OTA [Fig. 2(b)]
has been simulated at schematic level by utilizing the BSIM-
IMG model. The design process has been performed in two
phases: 1) The operating points parameters of both n- and p-
type MOSFETs (BSIM3v3) obtained through DC simulation
in spectre are stored in the form of a database, 2) This database
corresponds to distinct parameters like drain current (),
Im/9as>» La/W with respect to g¢,,/I; and have been used
in MATLAB in the form of graphical models [Fig. 3—5]
to calculate the /L. The OTAs are simulated in Cadence-
spectre using the generic process design kit (gpdk) 180-nm
technology to extract the performance parameters. The use
of UTBSOI in OTA has resulted improvements in terms of
higher DC gain by ~ 33.26% and reduced power consumption
by ~ 2.81% over that of CMOS-OTA.

II. PROPOSED DESIGN PROCEDURE

A single-stage five transistor OTA has got many uses
in complex, analog, and mixed-signal systems. Despite its
simplicity, the OTA has the frequency response in a desired

TABLE I
DESIRED SINGLE-STAGE OTA SPECIFICATIONS

Specifications Value
Technology 180 nm
Supply voltage 1.8V
UGB 20 MHz
Open-loop DC gain (A,g.) 40 dB
PM 90°
CMRR 90 dB
SR 20 V/us
VieM,min 0.1V
‘/iC]\/I,macc 0.8V
Reference current (I,.¢ f) 20 pA
Load capacitor 5 pF

limit. The transfer function of the OTA is expressed in terms
of the operating point parameters as [21], [22]

gml.,QRo
1+ sCLR,

where g.,,1,2 is transconductance of the input pair (M 2), Cr,
is the load capacitance, and R, =1/(g4s3 + gas4) is the output
resistance. The OTA has only one left-half plane (LHP) pole
and no zero which ensures stability of the circuit. The PM is
90° due to a single pole.

The design procedure begins with information like power
supply, technology, temperature, and the desired specifications.
The required information, as given in Table I, have been
taken from different sources [1], [19] and the g,,/I4 method-
ology has been employed to evaluate the sizing of such
OTA. The DC simulation is performed on both n- and p-
type MOSFETs where the drain-to-source voltage (V) is
set to (Vgq — Vss)/3 and gate-to-source voltage (Vys) sweep
from —0.6 to 1 V is used. Since it is customary to use
large channel width (W) in analog circuits, so the W is kept
constant at 10 ym [19] and generally OTAs use long channel
length (L) in order to achieve high DC gain [20], so parametric
sweep of L = 180 nm to 2.58 pm has been used.

Ay (s) = (H

A. Design Procedure of Input Pair (M »)

The transconductance of the input pair (g.,1,2) is calculated
from the UGB and C'f, specifications as follows [1]

9m1,2

UGB =
27TCL

@)

The OTA’s internal capacitance is neglected as the load ca-
pacitance is much larger than the lumped parasitic capaci-
tance [21]. Substituting the required values from Table I in (2)
yields g,1,2 =~ 628.31 uS. Since, the desired SR is 20 V/pus,
the current consumption of the OTA will be

I;s = SR x Cf, 3

where 15 (= 100 pA) is the current flowing through Ms. 15
divides equally between M7 and Ms i.e. I3 = Izo = 50 pA.
The g, /14 of the input pair is calculated as

(%’”) ~ 13 S/A @)
d /1,2
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Fig. 3. Different parameters versus g, /I of n-type input pair My, M2 as
a function of channel lengths (L = 280 nm: 200 nm: 2.88 pm) (a) intrinsic
gain (gm/gqs), (b) normalized drain current (I5/W), (¢) Vip, (d) Vys.

The following relation gives the DC gain of the OTA [1]

Avge = — 12 5)
9ds2 + 9ds4

Substituting g,,1,2and A, q.in (5), the upper bound for the

output conductance of M5 and M, is obtained

gds2 + gasa < 6.28 pS (6)

The inequality (6) splits equally between My and My, which
implies ggs2 = gasa < 3.14 uS. The following equation gives
the lower limit of intrinsic gain of input pair

(gm) > 200
9ds 1,2

The graphical model in Fig. 3(a) shows the ¢.,,/gas VS gm/Iq
plots for different channel lengths. At (g,,/I4)1,2 = 13 S/A,
the plot for Ly o = 880 nm gives (¢im/gas)1,2 =~ 214.9 which
satisfies (7). For the selected Lo (880 nm), the Wi is
calculated from the I;/W vs g./I; plot [Fig. 3(b)]. The
current density (I4/W)12 = 291 pA/pm will give the
required value of Wi o from the following relation

N

Igi2
Wia :

= ——" =~ 17.07 um
27 T/ W) .

®)

B. Design Procedure of Current Mirror Load (M3 4)

The p-type MOSFETs, M3 and M, are matched pair, so
the output conductance of current mirror load are equal.

(©))

In order to use the ¢m/gas VS gm/Iq graph, a large
value of (gm/I4)s34 is required which is also essential
from the power-efficient point of view [18], [20]. Selecting
(9m/Ia)3,4a = 15 S/A results in ¢34 = 750 p and thus the

9ds3 = Jds4 < 3.14 ;LS
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Fig. 4. Different parameters versus gm /Iq of p-type current mirror load
M3, My as a function of channel lengths (L = 180 nm: 200 nm: 2.98 pm)
() intrinsic gain (gm/g4s), (b) Vys, (c) normalized drain current (I4/W).

lower limit for intrinsic gain of current mirror load is obtained
as

(gm) > 938.8
9ds 3.4

From Fig. 4(a), the plot for L34 = 980 nm satisfies the
condition (10). The (g,,/l4)3,4 is also constrained by the
maximum common-mode input (V;car,maz) specification [1].
Applying KVL across the series of branch (Ms5-M;-Ms) of
Fig. 2(a) will generate the constrained equation

VYiC]VI,mam < Vdd + VgsS,4 + ‘/thl,Q (11)

Vini,2 is extracted from the Vi, vs gy, /Ig plot shown in
Fig. 3(c), which is ~ 0.4915 V. Substituting Vg4, Vip1,2, and
Vics,maz in (11), the lower bound of V3 4 is found as

Vyssa > —0.591 V

(10)

(12)
By using Vs vs gm/I4 plot in Fig. 4(b), the valid range of
(9m/Id)3,4 due to the Vicarmae specification is found as

<gm> >11.39 S/A (13)
I 3,4

d
As a compromise, (g, /I4)34 = 15 S/A is selected which
satisfies (13) with adequate margin. W34 is selected from
the Iy/W vs gm/Is plot shown in Fig. 4(c), where
Lg/W)s.4 = 0.3185 pA/pm, thus Ws 4 ~ 156.96 pm.

C. Design Procedure of Biased Current Sink (M5 g)

The CMRR and minimum common-mode input (V;c s, min)
specifications decide the W/L of the biased current sink [1].
The CMRR is given by

CMRR(dB) = Ayac(dB) — Avac,om(dB)

where A,q4c,cn is the common-mode DC gain. Substituting
the required values in the following relation will give the limit

of 9ds5 []9]

(14)

2gm1,29d35

. < —50 dB
29m1,2 + Gdss

15)

Avde,om = %
m3,4
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Fig. 5. Different parameters versus gm /I4 of n-type biased current sink Ms
as a function of channel lengths (L = 180 nm: 200 nm: 2.98 pm) (a) intrinsic
gain (gm/gas), (0) Visat, (¢) normalized drain current (I5/W).
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= Gdss < 4.76 (16)
Similar to Section II-B, a large value for (g,,/I4)s = 15 S/A is
assumed which results in g,,5 = 1500 S and g.,,/gas > 315.
From Fig. 5(a), choosing Ls = 1.38 um satisfies this require-
ment. The Vicar,min that can be applied before driving the
M into saturation region is constrained by

‘/iCM,min > Vgsl,Q + VdsatS + Vss

A7)

Substituting the required values in (17), the constraint on
Visats 18 obtained as

Visars < 0.213 V (18)
By using Visat VS gm/Ia plot in Fig. 5(b), the valid range of
(9m/Ia)s due to the Vicar,min specification is obtained as

(gm> >9.14 S/A (19)
i),

As a compromise, gm,/Is = 15 S/A is selected which
satisfies (19) with a desired limit. The Wy is se-
lected from I;/W vs g¢,,/I4 plot in Fig. 5(c), where
Ig/W)s =~ 1.321 pA/pm, thus, W5 =~ 75.66 pm and
Wes =~ 75.66/5= 15.13 pm.

TABLE II
SUMMARY OF TRANSISTOR’S SIZING AND CURRENT FLOWING THROUGH
EACH OF THEM

Transistors L (um) W (um) CMOS- UTBSOI-
OTA (uA) OTA (nA)

My, M2 0.880 17.07 49.19, 49.20 47.77

M3, My 0.980 156.96 49.19, 49.20  47.77

Ms, Mg 1.38 75.66, 15.13  98.40, 20.0 95.66, 19.88
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Fig. 6. Simulation results of the open-loop configuration of CMOS-OTA
(a) DC gain, (b) phase, (c) CMRR, (d) output-voltage swing

III. RESULTS AND DISCUSSIONS

Table II summarizes size of the MOSFETs and current
flowing through each of them. The CMOS and UTBSOI-
OTAs have been simulated under a supply voltage of 1.8 V
Vaa =09V, Voo = —0.9 V) and characteristics of the open-
loop and unity-gain configurations [1] are examined.

A. Simulation Results

Fig. 6 shows the simulated results obtained from the open-
loop configuration of CMOS-OTA. Through the AC anal-
ysis simulation, the DC gain and UGB are ~ 41.61 dB
and 20.42 MHz, respectively as per the specified requirements.
The other extracted parameters from AC analysis are PM
and CMRR, simulated as 80.49° and 85.97 dB, respectively.
The output-swing and power consumption have been ex-
tracted from DC analysis. The valid range of output-swing
is =~ —0.58 to 0.85 V as shown in Fig 6(d). In UTBSOI-
OTA, the back gates of p- and n-type devices are connected
to Vyq and Vg, respectively [Fig. 2(b)] so as to obtain static
threshold voltage. The DC gain, UGB, PM, and CMRR of
UTBSOI-OTA are simulated as 55.45 dB, 18.61 MHz, 74.6°,
and 85.2 dB, respectively [Fig. 7]. The DC gain has seen to
be improved in case of UTBSOI-OTA, whereas the UGB, PM,
and CMRR are degraded within a tolerable limit. The valid
output-swing is obtained as —0.73 to 0.86 V as shown in
Fig. 7(d). The power consumption in case of CMOS-OTA is
obtained as 0.213 mW and that of UTBSOI-OTA it is obtained
as 0.207 mW.

The SR and V;carr have been extracted from the unity-
gain (buffer) configuration. The valid buffer input range for
the OTAs is obtained from the V,,; vs V;, plots shown
in Fig. 8(a) and (b). The SR of both the OTAs have been
calculated from the unity-gain transient response as shown in
Fig. 8(c) and (d). The SR is calculated using the relation:
(SRy + SR_)/2 which are obtained as 16.13 V/us for
CMOS and 15.74 V/us for UTBSOI-OTAs. A summary of the
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Fig. 7. Simulation results of the open-loop configuration of UTBSOI-OTA
(a) DC gain, (b) phase, (c) CMRR, (d) output-voltage swing
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simulation results of the OTAs is listed in Table III. Various
performance parameters like DC gain, UGB, SR, PM, and
power consumption are compared with prior reported works.

B. Layout Extraction of the CMOS-OTA

The layout design of the CMOS-OTA is shown in Fig. 9. In
order to observe the impact of the extracted layout parasitics
(resistance and capacitance) on the CMOS-OTA, the open-
loop and unity-gain configurations of the OTA are simulated
accordingly. Some deviations have been observed between the
pre-layout [Table III], and post-layout simulation results, and
the errors have been analyzed. The reason for the errors is
related to inaccuracies associated with the parasitic compo-
nents of the layout. Regarding the post layout simulation of the
CMOS-OTA, the performance parameters like UGB, PM, DC
gain, SR, CMRR, and power are degraded by 2.59%, 0.70%,

TABLE III
PERFORMANCE COMPARISON WITH PRIOR REPORTED WORKS

Specifications [6] [7] [19] CMOS- UTBSOI-
OTA OTA
Technology (nm) 180 180 180 180 180
Supply voltage (V) 1.8 0.36 1.8 1.8 1.8
Load capacitor (pF) 200 - 5 5 5
UGB (MHz) 86.5 0.98 5 20.42 18.61
PM (°) 50 - 90 80.49 74.6
DC gain (dB) 72 18.4 335 41.61 55.45
Slew-rate (V/us) 74.1 - - 16.13 15.74
VieM,min (V) - - 0.14 —0.179  —0.0015
VieMm,maz (V) - - 1.12 0.778 0.997
CMRR (dB) @ DC - - 73.6 85.97 85.2
@ 300 KHz - 453 - 84.04 67.57
Power (mW) 119 0.0154 - 0.213 0.207

VSS

Fig. 9. Extracted layout view of the CMOS-OTA.

TABLE IV
SUMMARY OF POST-LAYOUT SIMULATED RESULTS OF CMOS-OTA

Specifications Pre-layout Post-layout  Error (%)
results [Table III] results

UGB (MHz) 20.42 19.89 —2.59

PM (°) 80.49 79.92 —0.70

DC gain (dB) 41.61 41.49 —0.29

Slew-rate (V/us) 16.13 15.77 —2.23

CMRR (dB) @ DC 85.97 82.81 —3.67

Power (mW) 0.213 0.218 2.34

Area (mm?2) - 2.78%x1073 -

The minus sign (—) shows the decrease in performance values in post-|

0.29%, 2.23%, 3.67%, and 2.34%, respectively as given in
Table IV. The area of the CMOS-OTA extracted from the

layout design is 2.78 <1073 mm?.

C. Applications of the UTBSOI-OTA

The UTBSOI-OTA has been tested by using it in the
integrator circuits. Fig. 10(a) shows a basic integrator circuit
(integrator 1) which is obtained from an inverting amplifier
configuration by replacing the feedback resistor Rr with a
capacitor C'r [23]. The unity-gain frequency of integrator 1 is
fu =1/QwR1CFE), where, Ry = 15.9 k), Cr = 0.01 uF are
chosen so as to generate f, = 1 KHz. The circuit is tested



ELECTRONICS, VOL. 23, NO. 2, DECEMBER 2019 57

Iref Vaa
5600
100kQ ) ¢
02 100pF
CL=r N
5600
Cr 100MQ Vs
T
Vad Irer Vdd Iref
Ry 100kQ
| Vo Vo
: 0
Vin 1 100kQ '
CL Vi + =Co.
"Y100kQ I
VSS VSS
(@) (b)

0 0.01 0.02 0.03 0.04 [ 1

2 3 4 5
Time (s) Time (s)
(a) (b)
3e3 50
o 40
g 2e3 3
D B30
-
P -
o & 20
g le3 g
10
0 N
0 1 2. 3 0 50 100 150
Frequency (bins) _ . Frequency (bins)
(©) @
Fig. 11. Simulation results of UTBSOI-OTA based (a) integrator 1, (b) inte-

grator 2. (c) 32K-point FFT for the output of integrator 1, (d) 128-point FFT
for the output of integrator 2. (The V;,, and V¢ waveforms are represented
by dashed and solid lines respectively).

by applying a sinusoidal input voltage of amplitude 24 mV
at 60 Hz. Fig. 11(a) shows the output waveform obtained
from the integrator 1. The validity of the OTA has been
further verified by using it in a low-frequency integrator
(integrator 2) [24] as shown in Fig. 10(b). A square wave
voltage of amplitude 4+ 0.5 V at 330 mHz is applied which
generates triangular wave output as shown in Fig. 11(b).
Fig. 11(c) and (d) show the FFT obtained in MATLAB
from the transient outputs of integrator 1 and integrator 2
respectively. From the FFT, the signal-to-noise ratio (SNR)
and total-harmonic-distortion (THD) are calculated to acquire
the signal-to-noise-and-distortion ratio (SNDR) as given in
Table V. The relation used to calculate of the SNDR is [25]

SNDR = —10 log [10*5”/10 T 10*THD/10} (20)

A good integration action is clearly seen from the above results
which imply that the UTBSOI-OTA can be successfully used
to design any analog circuits.

Addition to this, application of the UTBSOI-OTA has also
been extended to active filters [26] in which the OTA is
used for amplification and gain control. Fig. 12(a) shows

TABLE V
CALCULATED SNR, THD, AND SNDR OF THE INTEGRATOR
CIRCUITS [FIG. 10]

Integrator circuits SNR (dB) THD (dB) SNDR (dB)
Integrator 1 7.23 8.33 10.9
Integrator 2 10.34 —4.20 —10.02
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Fig. 12. Application of UTBSOI-OTA in (a) active low-pass filter, (b) transient
response with sinusoidal input voltage of amplitude 50 mV at f = 100 Hz,
(c) gain, (d) phase. (The V;,, and V¢ waveforms are represented by dashed
and solid lines respectively).
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represented by dashed and solid lines respectively).

the first order low-pass filter having cut-off frequency (f. =
1/2nRpCr) of 795.77 Hz with component values R = 20 k2,
Cr = 1 nF, and Rr = 200 k€. The gain vs frequency
plot in Fig. 12(c) clearly indicates the property of a low-pass
filter with gain ~ 19.15 dB which gets reduced by 3 dB
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(b) transient response with sinusoidal input voltage of amplitude 50 mV
at f = 100 Hz, (c¢) gain, (d) phase. (The V;,, and Vi, waveforms are
represented by dashed and solid lines respectively).

(=16.18 dB) at 795.77 Hz. Fig. 13(a) show the UTBSOI-
OTA based first order high-pass filter in which component
values R = 20 k2, C = 1 nF, and Rr = 200 kQ are
chosen to generate f. = 1/27rRC = 7957.77 Hz. Similarly,
the second order band-pass filter in Fig. 14(a) is using the
UTBSOI-OTA with component values R = 10 k2, C' = 1 uF,
Cr = 100 pF and Rr = 100 k2 having the low (f; =
1/2wRC) and high (fg = 1/2nRpCr) cut-off frequencies
of 15.91 Hz and 15.91 KHz. Simulation results of the active
filters [Fig. 12—14] proves the applicability of UTBSOI-OTA
in audio frequency applications.

IV. CONCLUSION

In this paper, single-stage OTA has been designed where the
W/L of constituting MOSFETs have been evaluated mathe-
matically and graphically through g,,/I; methodology. Keep-
ing the transistor’s aspect ratio constant, the OTA has been
designed through UTBSOI transistor. Simulation is performed
in Cadence-spectre where BSIM3v3 and BSIM-IMG models
have been utilized for MOSFET and UTBSOI respectively.
Open-loop and unity-gain configurations are simulated accord-
ingly to show a comparative analysis between the CMOS and
UTBSOI based OTAs. In brief, the performance achieved by
UTBSOI-OTA meets all the desired specifications within a
desired limit. From the simulated results, it is observed that
in sub-micron regime (180-nm), UTBSOI transistor can be
successfully used to design the analog circuits. Advantage of
the UTBSOI has been further clarified from the improvements
of UTBSOI-OTA over the CMOS-OTA in terms of DC gain
and power consumption by ~ 33.26% and 2.81%, respectively,
through circuit simulation at the schematic level. Moreover,
the UTBSOI-OTA has been verified by using it in integrator
and active filter circuits which are able to show the desired
output successfully. Based on the performance improvements
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obtained by applying the g,,/I; methodology to UTBSOI
at the schematic level simulation, it can be concluded that
investing considerable effort into creating a process-design kit
for the UTBSOI technology would be a very welcome step
in enabling further improvements in analog and mixed-signal
circuits results.
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