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Abstract

An Operational Transconductance Amplifier (further abbreviated as OTA) is a voltage controlled
current source used to produce an output current proportional to the input voltage. A schematic
architecture for a 180nm OTA is presented in this thesis with the goal of improving the open-loop
gain for a 0.9V supply voltage with a rail-to-rail bulk-driven input stage. Results show an open
loop gain 97.14 dB with a power consumption of 3.33uW. An OTA with over 90 dB open loop
gain and lower power consumption is highly suitable for low-voltage applications. The slew rate
of the OTA is 0.05V/uS with a unity-gain bandwidth of 8.4MHz. A 10uA ideal bias current

reference is utilized for the design. The phase margin is around 49.2 degrees.

The threshold voltage for a 180nm N-channel Metal Oxide Semiconductor (also known as NMOS)
device is around 400mV which restricts the low voltage applications in most amplifier circuits.
The fourth terminal (bulk) of the MOS device is utilized to optimize the voltage headroom (V).
The bulk terminal uses a much lesser source to drain voltage than the gate-driven transistors, and
the transistors remain ON with an input voltage as low as 0.1V. A bulk-driven input stage ensures
the amplification in the subthreshold region (input signal less than the threshold voltage of the
MOS device). However, even with the bulk input MOS device, a rail-to-rail input stage is
employed to improve the dynamic range for the input signal from 0V to 0.9V with a supply voltage
of 0.9V. The fluctuation in open loop gain concerning the change in input signal in the published
research is because of the constant instability in the intrinsic transconductance of the input devices.
A possible solution is presented in this thesis by adding a second dominant pole to the circuit (i.e.,

second stage for the OTA), which reduces the dependency of intrinsic transconductance (bulk-



driven device) on the total open loop gain of the amplifier. Thus, a significant gain of 97.14 dB
with minimal fluctuations is achieved. Furthermore, adding a second stage improves the gain by
distributing the dependency of the gain due to the first stage to both poles in the circuit. Hence, the
problem of fluctuating transconductance of the input stage is resolved by the constant intrinsic

transconductance of the MOS near the second pole (M19).

To improve the gain, a folded cascoded amplifier connected with the input stage results in a better
impedance (in the first stage) known as the gain stage. In the second stage, a large PMOS common
source amplifier gives a good output current compared to the input stage to enhance the output
swing and drive a purely capacitive load of 0.5pF. Furthermore, a miller capacitance is used to
compensate for the frequency between the first and the second stage and improving the unity-gain
bandwidth. An additional biasing circuit in the second stage amplifies the current output of the
first stage and thus improving the slew rate of the entire device. In addition, the biasing circuit
resolves the biasing issues for the second-stage common-source amplifier. It improves the output

swing of the device to obtain a clean/undistorted output waveform.

All the simulations are carried out in the LTSpice simulation tool to test the waveforms and bode
plot for open loop gain and phase margin (49.2 degrees) at different processes (slow, typical, and
fast), input voltages (0-0.9V), supply voltage (0.8V, 0.9V, 1.0V) and temperatures (-10 to 100

degree C).



DESIGN OF TWO STAGE BULK-DRIVEN OPERATIONAL TRANSCONDUCTANCE
AMPLIFIER (OTA) WITH A HIGH GAIN FOR LOW VOLTAGE APPLICATION

by

Pushkar Nath Mishra

B.E., BMS College Of Engineering, 2019

Thesis
Submitted in partial fulfillment of the requirements for the degree of
Master of Science in Electrical Engineering.

Syracuse University
December 2022



Copyright © Pushkar Nath Mishra 2022

All Rights Reserved



Acknowledgements

It gives me immense pleasure to convey my heartfelt gratitude to my thesis supervisor Prof. PK
Ghosh, for allowing me to pursue my thesis on a topic of my choosing and interest. His
suggestions, constant guidance, motivation, and patience helped me get through my thesis
successfully. Besides my advisor, | would like to express sincere thanks to the rest of my thesis
committee, Professor Pankaj Jha, Professor Younes Radi and Professor Sara Eftekharnejed for
taking out time from their busy schedule to review my thesis. | thank my fellow friends for their

great input, persistent encouragement, and unwavering support during my journey.

I would like to express deep appreciation towards my parents for their unending and unconditional

support, love and for encouraging me throughout my graduate program at Syracuse University.



Table of contents

AADSTFACT........ce bbbt bbb bbb [
ACKNOWIBAGEMENT ...ttt et et e s e sbeesteeseesbeebeaneenreas v
TabIE OF CONTENTS ...ttt Vi
LLEST OF FIQUIES ...t bbbttt ettt bbbt viii
LEST OF TADIES. ...t bbbttt Xi
Chapter 1: INTrOAUCTION ......ooiiii ettt e e sreeeeenes 1
1.0 LITEIATUIE SUINVBY ...ttt ettt bbbttt ettt b et b et e nn e 3
1,27 TRESIS OULINE ..ottt 11
Chapter 2: Background KNOWIEAQE .........cocoviiiiiiee et 12
2.12 TV CRATACTEIISTICS . ... vttt bbbttt 12
2.2: Single Stage @MPIITIEIS ..ot 13
Chapter 3: Method and approach ... 25
3.1: Understanding the working of generic OTA ... ..o 25
3.2: BUIK driVen INPUL STAGE .......oiuiiiiiiiiiiie ettt 27
3.3: Folded cascOded Qain STAQE ........ccuiirieierieie ettt 31
3.4 Second Stage TOr OT A ... oot e et e e e b e e be e reeeree e 33
CRAPTEE 47 ANAIYSIS....ciiiiiie et e et e et e e et e b e e e ra e nar e s 38
A1 INTFOAUCTION ... bbbttt bbbt bt e b nnas 38

Vi



4.2: Small-signal analysis and transfer TUNCLION ..........c.cccovviie e 39

4.3: GaIN OF the OT A . ettt b e r e e anes 46
4.4: Gain-bandwidth product and phase MAargin ..........ccccereriiirininieeieee e 48
A.5: SIBW LR ...ttt bbb bttt 51
4.6: Aspect ratio (W/L) Of the tranSiStOrS........couiiiiiiiiesie e 52
Chapter 5: LTSPICe SIMUIALIONS .........ocieiircicciece et ae e 58
5.1: DC characteristics of 180nmM teChNOIOQY .........cccooiiiiiiiiiiine e 58
5.2: Variation of transconductance With input VOITAge ..........ccceeiiiiiiiiiieiece e 61
5.3: Operating points fromM LTSPICE ....c.ccviiieieiie et sre e 63
R S = 1ol [N o] [ A TS A1 - T =) OSSPSR 66
5.5 PRaSE MAIGIN ...ttt bbbt 67
5.6: BOde PIOt (SECONT STAGL) .....eveiveeiieiieiesie sttt bbbt 68
5.7 SIBW TAE ..ttt bbbttt bbbt 69
5.8: Variation in SUPPIY VOIAGE .......covveieiiecieee ettt 71
5.9: Variation in iNPUL VOITAGE...........coviiiiiccece e 72
5.10: Effect of different temperatures 0N OTA ......coioiiiiciece e 73
5.11: POWET CONSUMPTION ...ttt sttt sttt ettt bbbt b et nnes 74
Chapter 6: Conclusion and fULUFE WOTKS .........ccooiiiiiiiieie e 76
6.1 CONCIUSION......eiitiiieee bbbttt b bt b e 76
6.2: CONIIIDULION ...ttt et bbbt b e e e 77



B.37 FULUIE WOTK .ottt et e e e e e e ettt e e e e e e e e ee e eeaeeeaans 80

Bibliograpny/REFEIENCES ......ccviiiiieii ettt sbe e sae e reenae e 82

Vita (DIographical data) ...........cccovveiiiiiiie et 87

List of figures

Figure 1.1: Gain boosting ampPliTIer........ooieiiiiee e 8

Figure 2.1: Cross-section of @) NMOS b) PMOS ... 12

Figure 2.2 a) Circuit diagram of 180nm NMOS b) Simulation for DC characteristics in LTSpice

........................................................................................................................................................ 12
Figure 2.3: a) Common-source (CS) amplifier with resistive load b) AC analysis..........c.cccc...... 14
Figure 2.4: Diode connected @) NMOS D) PMOS .........ooiiiiiiiiiiiieee e 15
Figure 2.5: a) CS stage with diode connected load circuit b) AC Circuit ..........cccoevveveiiieieennnn, 16
Figure 2.6: a) Circuit for CS stage with current source load b) AC analysis ...........ccccccvevveieenenn. 17
Figure 2.7: Complementary CS STAQJE ......coveiiiiriiieieieie ettt 18
Figure 2.8: a) Small-signal analysis for complementary CS stage b) Equivalent circuit .............. 19
Figure 2.9: CS stage With triode 10ad............ccooiiiiiiiiii e 20
Figure 2.10: a) CS stage with source degeneration b) AC analysiS.........cccccvvveviieiiieiiiecieeseeene 21
Figure 2.11: a) Source follower configuration b) AC analysiS........cccccoevveiiiiiiiiie i 23
Figure 2.12: Source follower with cONStant CUITENT SOUICE ..........coeririeieieie e 23

viii



Figure 2.13: a) Common-gate Circuit b) AC analySiS.........ccceiverieiiieiiieresie e 24
Figure 3.1 1/O characteristics 0f generic OTA ... ... e 26

Figure 3.2 a) NMOS input OTA b) PMOS inPUt OTA ... 26

Figure 3.3 a) Bulk-driven NMOS b) Gate-driven NMOS c) I/V characteristics of bulk-driven

NMOS d) I/V characteristics of gate-driven NMOS e) Operating point of m1 and m2 in LTSpice

........................................................................................................................................................ 29
Figure 3.4 Input common mode range for PMOS and NMOS bulk-driven input stage................ 30
Figure 3.5 Folded cascoded OTA with @) NMOS input b) PMOS input..........cccccoevveiiiieieenenn, 32
Figure 3.6 Folded cascoded OTA with bulk-driven rail-to-rail input............ccccooeveiieiiiiciienen, 33
Figure 3.7 Common-source amplifier using a) PMOS b) NMOS ..., 34

Figure 3.8 Second stage for the OTA using a PMOS common source configuration with current

SOUICE JOAD ...ttt bbbkt s et e bbb bbbt n e e 35
Figure 3.9 Biasing circuit for the second stage OTA........ooi it 37
Figure 3.10 2-stage bUIK-Ariven OTA ... ..ot ae e 37
Figure 4.1: Block diagram of the 2-stage OTA .......coiiiiiie e 38
Figure 4.2: Circuit diagram of the first stage 0f OTA ..o 39
Figure 4.3: Small-signal analysis of the first Stage ..ot 40
Figure 4.4: Small-signal analysis of the 2-stage OTA without the miller capacitance.................. 40
Figure 4.5: Problem for gain and phase without compensation Capacitor.............c.ccoovvvvvriveieennn, 41
Figure 4.6: Miller-effect in the two Stage OTA ..o s 42



Figure 4.7: Small-signal analysis of the 2-stage OTA with the miller capacitance...................... 43

Figure 4.8 a) Half equivalent circuit for gain stage b) G, calculation ¢) R, calculation d)

Equivalent circuit for calculation for gain in Second Stage..........cccovevvereiiieieeie e 47
Figure 4.9: Simplified circuit during the positive and negative SIewing ............cccocvivrininienennn, 51
Figure 4.10: Equivalent circuit for ICMR™ calculation ...........ccccovrvivieeeiiniiseeeesse e 54
Figure 4.11: Equivalent circuit for ICMR™ calCulation ............ccocviiiiiiiiiiie e 55
Figure 5.1: a) Circuit for DC analysis of a single NMOS b) Operating points ...........c.cccceeveiene. 58
Figure 5.2: DC sweep for threshold voltage in gate driven NMOS............ccccoeiviieiiciecceceen, 59
Figure 5.3: IV characteristics of the NIMOS ... 60
Figure 5.4: DC sweep for bulk driven NMOS .........cooiii e 61
Figure 5.5: Variation of transconductance over the input common mode range..............ccccueeue... 62

Figure 5.6: Operating points for variation in the values of g,, and g,,, over different input

voltages a) at OV b) at 0.2V C) 8L 0.4V ..o 62
Figure 5.7: Bode plot for gain and phase of first Stage.........cccccvevviieiieie i, 66
Figure 5.8: Phase margin for the proposed OTA ..o 67
Figure 5.9: Bode plot for gain and phase 0f Second Stage ...........coouviririeiene i 68
Figure 5.10: POSITIVE SIBWING......coiiiiiiiiiiiieie ettt bbb 69
Figure 5.11: NEQatiVe SIBWING .....c.viiiiiiiriiiiesiisieeee ettt 70
Figure 5.12: Effect of variation in supply voltage on gain and phase ..........cccccovvvviieeiieciieevneene, 71
Figure 5.13a: Effect of variation in input voltage on gain and phase...........ccocvvvrenenenienierienn, 72

X



Figure 5.13b: Magnified Version for 5.13a ........ccccciiieiieiiiiese e 73

Figure 5.14: Effect of variation in temperature on gain and phase...........cccceevveveeveieereereseeenen, 73
Figure 5.15: Effect of variation in temperature on SIEW rate ...........cceoveiiieieiiniieneeeeeee 74
Figure 5.16: POWET CONSUMPLION .....veutitiiiiiitistieieeie ettt bbbt 75
List of tables

Table 4.1: Aspect ratios of MOS devices for the proposed OTA ..o, 57
Table 5.1: DC Operating points for the NMOS devices inthe OTA........cccocveievieve e 63
Table 5.2: DC Operating points for the PMOS devices inthe OTA .......ccccevveienieneeie e 64
Table 5.3: Expected and simulated phase margin for the OTA ..., 68
Table 6.1: Expected and simulated results for the OTA ... 76
Table 6.2: Comparison for results in similar research ............cccooeiievieiie i 79

Xi



Chapter 1: Introduction

Portable electronics are becoming increasingly popular amongst many users in different
application areas. Wearable intelligent devices make life hassle-free in terms of domestic
applications (such as smart-ring, smart glasses, and smart earplugs) as well as biomedical
applications like pacemakers, hearing aid for hearing-impaired individuals, blood pressure
monitoring systems and other biosensors (Electrocardiography or ECG monitoring systems). In
wireless body sensors, ECG amplifiers occupy a large proportion of chips in ECG monitoring
systems [1]. For example, every small rhythm in your heart has hidden information regarding the
health of a person. Sometimes these electrical activities can be significantly smaller, beyond
imagination (as low as 0.001V), this calls for employing an addition amplifier circuit for observing
every minute details of those electrical activities for understanding the depth of a person’s health.
An Operational Transconductance Amplifier (OTA) plays a significant role in amplifying the
signals from the sensors (body sensors and intelligent sensors for low voltage applications) and
further processing [2] the amplified signal to transmit the desired result through the communication

channel.

The constant need for advancement in solid-state electronics forces researchers to optimize the
device performance, reduce the cost, boost device speed, reduce area, lower power consumption
and, most importantly, increase the battery life. The device's size is a significant factor when
designing any analog circuitry. In such applications, reducing the device size optimizes most
aspects, such as speed of operation, portability, economic feasibility, and user accessibility.

Reducing the size of the battery (supply voltage) is the most common way to reduce the overall



footprint and weight of the device. Reduction in supply voltage reduces the power consumed by
the amplifier and improves the device's battery life. However, with a reduction in supply voltage,
comes the biasing issue because the threshold voltage of a 180nm MOS device used in this design
is around 400 mV. This is where we utilize the bulk-driven functionality of our MOS device, hence
bypassing the threshold voltage requirement of a transistor to turn ON. Several designing
techniques [3], around low voltage analog design can be found in the literature, such as using the
MOS in the sub-threshold region (poor gain-bandwidth product), floating gate MOS (increased
cost and lower gain), and self-cascaded MOS devices (does not provide many advantages for low
voltages). Hence, bulk-driven MOS device is beneficial for low-voltage applications. The main
disadvantage of a bulk-driven device is that the intrinsic transconductance of the bulk-driven
device is much lower than the gate-driven device, which lowers the total DC gain of the amplifier.
To improve the overall gain of the OTA, a gain stage is added to the input stage bulk-driven

transistor. This two-stage process improves the gain at the lower voltages.

In addition to reduced size, there is a need to maintain a balance between the stability and the
dynamic range of the device to obtain uniformity in the device's operation. Improved dynamic
range allows the use of maximum voltage headroom available in the supply using a rail-to-rail
input stage described in detail, in Section 1.1 and Section 3.2. Moreover, adding a second stage to
the device can improvise the frequency response, bandwidth, and common-mode gain. Higher gain
reduces the dependency of the total open loop gain on the bulk-driven input. However, with an
improved gain, the power consumption should also be balanced for the device allowing it to work
in low power consumption levels. The uniformity in the device operation makes the device more

reliable for adverse conditions such as under different Process, Voltages and Temperatures (also



known as PVT corners). To ensure the conformity with the expected results, the schematic design
of the circuit is simulated in LTSpice tool using 180nm product design kit [4] (abbreviated as
PDK), to avoid the leakage current as we reduce the chip size further. This improves the device
performance by reducing the power consumption, leakage current, and hence improving the device

speed.

1.1 Literature survey

The ever-rising popularity of OTA, in the field of low voltage application ushers the way for more
research and development in the basic structure of amplifiers which desires an improved
optimization in gain. A TSMC 0.35 um MOS technology [5] was designed with a dual bulk-driven
input at 0.9V supply voltage and reduced power consumption. The amplifier's open loop gain is
62 dB, where the input stage is rail-to-rail. The paper also includes a shut-down circuit which
avoids the leakage current, and the risk of latch-up, making it highly suitable for the portable
biomedical monitoring system and battery power devices. The input common mode range is not
rail to rail, restricting the usage of the amplifier from many applications such as a rail to rail 1/0
swing described in [6]. A topology that combines the bulk-driven differential pair with dc level
shifters with the transistors working in the weak inversion region. The circuit works on a 600-mV
supply voltage which is even below the threshold voltage and provides a rail-to-rail input voltage
swing, opening a completely new horizon in the field of Medical Electronics. Furthermore, it uses
a set of passive elements designed to work in low-power, low-voltage applications with a gain of

69 dB [6].



To understand the application of an Operational Transconductance Amplifier (further abbreviated
as OTA) in biomedical application [7] [8] [9], a PMOS input stage transistor operating in the
subthreshold region [7] has proven to be more suitable than gate-driven or bulk-driven input stages.
Nevertheless, biasing the input transistor in the subthreshold region can be problematic when
implementing the circuit for adverse conditions where the supply voltage varies frequently. It can
move the input MOS in the saturation/strong inversion region, which defeats the purpose of
obtaining high transconductance necessary to obtain the required gain. The proposed circuit in [7],
contains a pre-amplifier and low pass filter for attenuating higher frequency components which
helps flatten the gain in the passband and attenuate the high-frequency signal with a cut-off of 100
Hz suitable for the ECG signals [7]. However, the unity gain bandwidth [7][8] is low for such a
high gain application and makes the gain unstable at different process and temperatures. With an
improved unity-gain bandwidth [9], the gain can be stabilized at higher temperatures. In addition,
the frequency response is unsuitable for high-frequency operations such as the constant
transconductance input stage [10] which affects the irregularity in total open loop gain of the

amplifier. The transconductance depends upon the effective Vg of the device as described in the

equation below:

w
8m = uncovags—effective

Hence Vgs_eftective 1S kept constant for the NMOS and the PMOS input stage to achieve a balanced
rail to rail input stage. To satisfy this criterion, [10] compares different type of devices that can
keep the effective gate-source voltage constant using an ideal diode pair, and an Electronic Zener.
An ideal diode conducts only in forward biased condition while an electronic Zener conducts in
both forward and reverse biased conditions. An ideal Zener diode has a constant voltage V.. and it

is placed between the NMOS input pair and the PMOS input pair because it satisfies the given



criterion [10] to keep the Vgs_efrective CONStant and hence a constant g,,,. Instead of an ideal Zener

diode (not used in practical applications), a diode pair can also be used to control the g,,, using two
diodes connected between the input pair. The aspect ratios are maintained significantly large
(around 6 times the input stage transistors for the device) [10] to give voltage equal to that of the
Zener voltage. The current in the diode reaches an estimated value of three-times the reference
current while the input devices have a current of I..;. This ensures the constant overall
transconductance with approximate 23% variations [10] with the variation of the common mode
input voltage. It is observed that the variation in transconductance of the input stages in the two-
diode architecture is because of the transconductance (g,,) dependence on the current (I.¢f)
between them. This issue is resolved by increasing the gain of the input Zener using MOSFETS,
mitigating the dependance of current variation on the g,,. This yields a better result and a more

stable transconductance with a lesser deviation of 8% [10].

A similar architecture using a cost-effective 0.6um CMOS process with a gain of around 65.8 dB
[11] and a rail-to-rail gate-driven input stage with lower power consumption can also be used for
higher input common mode range. The proposed architecture provides constant transconductance
over the common-mode range with a 6.5% variation like reference [10]. Two MOS devices
connected in series in which one acts as a current source and another as a current sink [11]. The
device that carries a higher current enters the triode region, and the lower current device remains
in saturation. The device with lower current conducts, and the other one remains off or has the
nominal value. The constant fluctuation in the total transconductance of the MOSFET is often
observed because of the dependence of g,, on the difference in mobility of electrons (u,) and

mobility of the holes (u,,), which can be further improved by selecting W/L ratios of the n-channel



and p-channel MOS such that the beta values become equal (8, = B, = ) [11]. Width of the

MOS devices can be modified in such a way that the ratios of W, to W}, should be equal to Z—” if
P

the lengths are matched. The circuit works with the least variation in the total transconductance.
As depicted in [11], when current entering through any device goes to its nominal value, the
transconductance shoots above the average value affecting the overall gain to a negligible value.
This mostly happens due to the low input impedance (increased demand for bias current at the
input) and one of the devices entering the triode region. The amplifier's input impedance is low,
which limits the gain-bandwidth product and the overall gain. Therefore, an additional gain stage

can further bolster the gain and the output voltage swing.

According to the rail-to-rail OTA described in [12], there can be three possible rail-to-rail OTA
designs. We can either process the input stage close to the ground or positive supply voltage or
both. To implement an input stage to reach the positive rail or the supply voltage, an N-channel
MOSFET must be used, followed by fixing the drain voltage close to the given supply voltage.
The input common mode voltage ranges from the VBS and VDSAT above the ground to the supply
voltage Vpp. A negative/ground rail input stage for an OTA using a P-channel MOSFET should
be implemented while fixing the device drain close to the ground or VSS. The input common-
mode voltage ranges from ground to a voltage level which is VBS and VDSAT below the positive
supply voltage V. The above two topologies of input stages can be combined to form a complete
rail-to-rail input stage which will work simultaneously even if one of the stages do not get enough
input common-mode range. The only drawback in implementing a proper rail-to-rail input stage

over the entire range of operation from ground/VSS to supply voltage/V,, is the fluctuating



intrinsic transconductance of the transistors. The input transistors' transconductance varies in most
cases, giving different gains at different input voltages which can be fixed by the topologies
described [10][11]. Also, the gain of the amplifier can be divided into two stages to split the

dependance of gain on the intrinsic transconductance of the input pair.

A 3-stage OTA operating on a supply voltage lower than the threshold voltage (around 0.25V rail-
to-rail) [13] is designed for smartphones and wearable electronics with improved gain and the least
power consumption using asymmetric self cascoded transistors which increases the output
impedance with the help of source degeneration using the lower MOS device in each pair. The
improved gain on a subthreshold supply voltage is a proficient way to design the circuit for low

voltage applications but the number of transistors and their sizes shown in the paper [13]

(W /Lyqz = % = 2,666) are massively larger than usual transistors, which consequently makes
the chip area larger and not suitable for applications where size is the main factor. gain can also be
increased with a technique called gain-boosting [14][15], which is responsible for increasing the
output impedance by adding a feedback loop, followed by the gain. The feedback amplifier is used
to increase the gain by 1 and the drain-source voltage is kept as stable as possible. The amplifier

increases the output impedance to a significant value using a feeder of one plus the loop gain as

shown in fig. 1.1.
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Figure 1.1: Gain boosting amplifier [14]

Rout(S) = Ima-Tas1-Tasz (1 + A(S))

Vo(s) _

Gain of this stage is given by 4,(s) = o

—9m1 - (Ro (S]] %). Since the output impedance
L

is increased by a factor of (1+A(S)), therefore the gain of conventional cascoded amplifier will also
increase significantly. To further enhance the gain, a parallel combination of several gain-boosting
amplifiers can be cascaded, called Repetitive gain-boosting amplifiers [16]. Nevertheless, while
designing an amplifier for low voltage applications one needs to consider reduction of the number
of transistors between the two rails. To design a buffer amplifier for the NMOS and PMOS the
number of transistors increase almost to the double of a conventional cascoded amplifier which
gives rise to the depletion of voltage headroom required for biasing of each transistor at a low
supply voltage thus causing the transistors to go in triode region. Hence, this type of design is good
for 3V [15] and 5V applications [16] but not suitable for, which is the aim of this work, V,, = 0.9

V.



A Gm-C filter is designed using 180 nm CMOS bulk-driven OTA with a THD (total harmonic
distortion) of 0.057% [17]. The input common mode range is better than conventional amplifiers
because of the bulk-driven input stage but the g,,, variation with varied peak to peak input voltages
and frequency variation is more than desired. The output frequency can still be improved by using
a folded cascoded structure or a gain boosting technique [14]. A 14 dB OTA described in [18] is
designed for medical applications on a 1V rail to rail supply. All the transistors used are bulk-
driven and bulk to channel junctions are reverse biased so that the voltage between them control
the current flow from source to drain hence it works on a very low voltage and low power
consumption. The input common mode range achieved is the maximum but the effective intrinsic
gain (g,p) of a MOSFET is much lower than the intrinsic gain (g,,,) of the gate driven MOS giving
a lesser gain compared to the conventional amplifier. The paper [18] was reviewed to understand
the working of a bulk driven MOSFET in an amplifier. Bulk-driven input stage is also used in
Analog-to-Digital converters [19] where power consumption and low supply voltage is the main
requirement. The input stage also provides a wide range of common mode input voltage using a
supply voltage of around 0.8 V peak-to-peak. The gain stage uses a coupled differential pair to

improve the gain 26.53 dB and reduce the power consumption to 0.44 mW [19].

Since the papers discussed earlier show that a bulk driven MOSFET provides a better common
mode input range but has a lower intrinsic transconductance, therefore it is important to implement
an additional gain stage differential pair for getting a better gain and output impedance. This stage
can be included using a folded cascoded OTA with an additional gain of 42.78 dB [20] and a power

consumption of around 13.64 uW. The amplifier can be designed based on any technology with
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supply voltage of 1.8V or lower. It is observed that the folded cascoded amplifier can further give
a higher gain by increasing the channel length and width proportionately taking into consideration
the Channel Length Modulation effect. The increase in length of the channel will decrease the
drain current and further increase the output resistance of the MOS to improve the overall gain of
the circuit. This brings to the fact that one can does not achieve all the parameters simultaneously,
there will always be a trade-off between gain, bandwidth, and supply voltage of the circuit. If we
increase the gain, bandwidth will deteriorate. On the other hand, if we reduce the supply voltage
for low voltage applications, it will be hard to achieve higher transconductance values from smaller

transistors with a perfect biasing.

In contrast to the work [10][11], in this research, an attempt has been made to achieve a rail-to-rail
OTA with the supply voltage as low as 0.9V and a gain as high as 97dB while maintaining an
output gain which varies only 4.1% as a function of input voltage. This stable operation is achieved
without the need of stabilizing the bulk transconductance of the input MOS pair. Moreover, a
moderately good gain-bandwidth product of 8Mhz is achieved. With low voltage, the power
consumption is also optimized for the OTA to work on lower power consumption levels. However,
when scaling down the technology, the subthreshold leakage, and the gate leakage current
increases [26] which further increases the power consumed by the device. To elaborate, static and
dynamic are the two types of power consumptions in a MOS circuit. Static power consumption is
the power consumed by the subthreshold leakage current which should be minimal. Dynamic
power consumption keeps changing with the device parameters and this is the power consumption

which should be more than the static power consumption [27] to minimalize the leakage current
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and redundant power consumed by the circuit due to leakage. Therefore, 180nm technology is used

rather than other available technologies (45nm, 65nm).

1.2 Thesis outline

A brief explanation of the principle of operation of MOS transistors is described in Chapter 2,
which includes a variety of configuration techniques for single-stage amplifiers using NMOS and
PMOS transistors. Chapter 3 states the method and approach of this thesis to overcome the issues
of gain in bulk-driven OTA for low-voltage applications. Moreover, an explanation to understand
the basics of generic OTA is provided with an approach to produce high open loop gain with the
lower supply voltage and a better dynamic range. Finally, an additional circuit architecture is

proposed for biasing of the second-stage OTA to improve the output swing.

The calculations for designing a 2-stage OTA to produce a gain-bandwidth product of 8 MHz and
a slew rate of 0.05 V/uS are shown in Chapter 4. In addition, the calculation includes the derivation
of the formulae for the transfer function, open-loop gain, phase margin, slew rate and aspect ratios
of each MOS transistor. The dynamic range is further calculated using the results from calculations
and LTSpice simulation. Chapter 5 shows all the simulations and compares the results from the
calculations (in Chapter 4). Moreover, operating points are presented to confirm the expected
results with the obtained simulations. Finally, Chapter 6 summarizes work done and its potential
contribution towards the practical applications of OTA with low voltage low power applications
compared to the earlier research in similar designs, including the future scope and advancements

of this research.
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Chapter 2 Background knowledge

2.1 IV characteristics of the NMOS

We start with a brief description of the DC characteristics of the NMOS to elaborate the impact of

the change in drain to source voltage V5 on drain current I, with different values of V.

VDS > VGS - VTH VDS < VGS - VTH
VGS > VTH

ﬁ VGS < VTH
= —_ = -
- L L =

N-Channel A

77777777777 D

P-Channel
VDS = GND

VDS = GND
VDS > VGS - VTH

VDS < VGS -VTH

Figure 2.1: Cross-section of a) NMOS b) PMOS [36]

Figure 2.1 shows the cross-sectional view of (a) NMOS structure with the inverted layer (n-

channel) and (b) PMOS structure with the inverted layer (p-channel).

ld(M1)
Iy Id
.inc 180nm_bulk.txt

+Triode Region
.dcVDS020.01VGS00.90.1

Saturation Region

|
M1

| NMOS

+ ) (" ) VGS =04V
Tn.g T2

VGS=03V

vDs
VGs=02V

Figure 2.2: a) Biasing of 180nm NMOS b) Simulation for DC characteristics in LTSpice

The NMOS is operating in the saturation region when the drain current becomes almost

independent of the drain-to-source voltage and starts acting like a constant current source, whereas
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in PMOS, the voltage relation Vs < Vs — V;, needs to be satisfied for it to operate in saturation
region. In the proposed circuit, all the MOS devices are operating in the saturation region for
amplifier application with a certain intrinsic gain and output resistance. The triode and saturation
regions are shown in Figure 2.2, for the 180nm technology used in this work. We have analyzed
the output current magnitude with different input voltages (Vs = 0.2-0.6 V) and a fixed drain to
source voltage (V). In the next section, different existing configurations are shown for a MOS to

work as a single stage amplifier.

2.2 Single stage amplifier

A single MOS transistor can be used either as a voltage controlled current amplifier (in Saturation
region) or a resistor (in triode region). There are three basic types of configurations for a MOS
device to amplify an input voltage signal: Common-source (CS) amplifiers, Common-drain
amplifier, and a Common-gate amplifier. A CS amplifier can be designed with a resistive load, or
a diode-connected load, or a current-source load, or an active load, or a triode load or a source-

degeneration resistor.

2.2.1 CS stage with resistive load

As illustrated in Figure 2.3a, M1 is Off initially. As V;,, increases from 0 (V,,,,; = Vpp) till the input
voltage reaches a threshold at this point V,,,; is maximum. When V;,, approaches Vy;, V,,,; starts

drawing the current from the resistor (R), and the transistor is said to reach the saturation region
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where drain current becomes independent of the input voltage V;,, (= V). The output voltage is

formulated by applying KVL to the circuit shown in equation 2.1.
1 w 2
Vout = Vpp — IpRp = Vpp — Rp EunCoxT(Vin = Ven) (2.1)

If we keep increasing V;, further, the V,,, draws more current from Rj, and the V,,; keeps

lowering (i.e., Vip1 = Vour + Vin)-
Vini = Ven = Vpp — RD .un ox (le - Vth)

Further increasing V;,, > Vi1, M1 goes to the triode region where V,,,,; is represented by:

Vour = Vpp — RD .Un ox [Z(Vm = Ven)? Vour = Viuel (2.2)
VDD
RD
- Vour vout

e Qe e

Figure 2.3: a) Common-source (CS) amplifier with resistive load b) AC analysis [36]

Small signal gain of the CS amplifier (fig.2.3b) with a resistive load amplifier is shown below:

av,
A, = ﬁ: —RpinCox (Vln Vth) = —9mRp (2-3)
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Therefore, V,ut = —gmViRp (2.4)

The transistor has an intrinsic output impedance (r,) that impacts the intrinsic gain of the device,

Ay = —gm(Rall7) (2.5)

Instead of gate terminal, if the bulk is controlling the channel, i.e., if the input is applied on the

bulk rather than the gate, then gain of the device, A, = —gmuRp (2.6)
Iy = Gmp-Vin (2-7)

It can be observed that as input voltage increases, drain current also increases and the output
voltage V,,; keeps decreasing. Hence, for the MOSFET to operate in saturation region for

amplification, the input voltage should be in the range of V,j, to V.t + Vip.

2.2.2 CS stage with diode connected load

' S
D
G

NMOS PMOS
D

Figure 2.4: Diode connected a) NMOS b) PMOS

In a diode-connected stage, the gate and drain of the transistors are shorted together to operate as
a small signal resistor. This forces the transistors to be in the saturation region as the gate and drain

terminals are at the same potential. We already know that V;, should be greater than or equal to
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Vys — Vi, for the device to be in saturation region. If Vs = Vs, Vgs will always be greater than

Vys — Ven- According to the AC circuit of diode-connected load in fig. 2.5,

Vi= TV,
Vs
I, = E'l' ImVx
Ve
Impedance = -* = Vg M~ g
VoD, — ‘
o . 1
L L vl (l)gm_vl ro Q)gmb;vbs
I{Eﬁ_ﬁ _
—J‘ [o}
- Ix
o)
+
Vx Vx
Figure 2.5: a) CS stage with diode connected load circuit b) AC circuit [36]
With the body effect:
Vi= =V, = Vps
Ve
Impedance = * = 1/gm + gy llTo = 1/gm + g (2.8)

2.2.3 CS stage with current source load

To obtain a large voltage in a single step, we need to increase the load impedance of the common

source stage. In the previous two configurations, increasing the load resistor translates to a drop of
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dc voltage across the load, which limits the output voltage swing. This phenomenon occurs due to
ohms law. Hence, a CS stage with the current source load is suggested because both devices do

not follow ohms law. According to Figure 2.6,

Total impedance = 1,1 ||7y2

Gain, Ay, = —Ggm1(To11752) (2.9)
[Vpsmin| = Vasz = Vinal (2.10)
Lambda, 1 « 1/, (2.11)
T, o L/,d (2.12)

VDD

W i
= w2 (enaa]|

+
Vout |
D Vout

—
G
O
Vin +
M1
Vin Vesl (l)gml.\/gsl rol

o

— S

Figure 2.6: a) Circuit for CS stage with current source load b) AC analysis [36]

For low voltage applications, Vpsmin, €an further be minimized by simply increasing the width of
M2. If r,, is not high enough, then the length and width of the transistor M2 should be increased

to achieve smaller lambda (maintaining the same overdrive voltage). If L1 is scaled up, the W1

should be scaled up proportionately because Vygq — Vipy —— Hence, if the L and W are

Jwi/L1’
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not scaled up together, the overdrive voltage can increase, limiting the output voltage swing.
Compared to a resistive load, a current source load provides a minor voltage swing, but one can
achieve a higher gain by increasing the L1 and L2. This configuration is suitable for designing the

second stage of an OTA which is discussed in section 3.4.

2.2.4 CS stage with active load (complementary CS)

Instead of using PMOS as the current source load in the previous configuration, we can apply the
input voltage to the PMOS and convert it to an Active load (shown in Figure 2.7). Suppose both
transistors are in saturation, V;,, increases by a change in the output voltage. As I, increases, V,,;

drops because M2 injects lesser current in the output.

VDD

—

Vout

{ .

Figure 2.7: Complementary CS stage [36]
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[

i _t Vout

- E—] = E
gm2.v2 ro2 (em1+gm2).Vin ’—Q

* |:> vin rol||ro2
———oVout ‘

<
N
+

gml.V1 rol

)

I | o
=
Il

(@) (b)
Figure 2.8: a) Small-signal analysis for complementary CS stage b) Equivalent circuit [36]

Applying KVL to fig. 2.8:

Vout = —(Gm1 + Gm2)-Vin- (Mo11702) (2.13)
Therefore,

H Vou
Gain, 4, = V_t = _(gml + gmz)- (7"01”7”02) (2-14)

mn

Compared to the previous configuration, this has the same output impedance but a higher
transconductance. This is a good configuration when size of the chip can be large because the
number of transistors can be sufficiently large in design of a second stage OTA. Moreover, bias
current is a vital function of the PVT variations. According to the figure 2.7, V5, + |Vg52| = Vpp-
Therefore, Vs will vary if the Vj,,, fluctuates which leads to a change in the drain current. This

makes the circuit unstable for any change in the supply voltage due to any fluctuation in process

or voltage.
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2.2.5 CS stage with triode load

VDD

Vout

M1

Figure 2.9: CS stage with triode load

In this configuration, the PMOS is kept in the triode region to act as a resistive load. The gate of
M2 is biased to a sufficiently lower level to ensure that the load is in the triode region for the entire

output voltage swing. The channel resistance of a MOS in triode region is represented as:

Ryp = 1 (2.15)

Wz
tpCox,; (VDD = Vp — [VTHPI)

Ron depends on the p,,C,y, V3, and Vi, that varies with the process and temperature. Moreover,
for keeping M2 in triode region one needs to generate precise value for V,, which needs an
additional complexity in the circuit. This is challenging to design in the practical application for

smaller number of transistors, making the circuit less popular in the field of OTA design.

2.2.6 CS stage with source degeneration
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The non-linear dependence of drain current (I5) on the overdrive voltage (Vs — V) introduces a

nonlinearity, making it desirable to soften the device characteristics. CS stage with diode
connected load allows post-correction of this nonlinearity. A "degeneration™ resistor in series with

the source terminal of the MOS is another way to make the input device more linear.

Vout

VDD
o
Rd ‘
Vin Vi Q) gml.vl Rd
» Vout ‘
Vin M1 — ?
Rs
Rs
1L ==

Figure 2.10: a) CS stage with source degeneration b) AC analysis [36]

+

As V;,, increases, the drain current I; and voltage across R, increases simultaneously. Therefore, a
fraction of change in the input voltage appears across the resistor rather than the gate-source
overdrive. This softens the device characteristics by adding negative feedback to the circuit making

a smoother variation of /.

According to KVVL in Figure 2.10a,

Output VOItage, Vout = VDD - ID'RD (216)
. f . Vout dlg

Non-linearity dependence of I; on V;,: = — = —-Rp (2.17)

Equivalent Transconductance, G,, = dlg _ __9m (2.18)

aVin 1+9gm-Rs

If R increase, G,, becomes a weaker function of g,,, and Ij,.
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Gain, 4, = —Imfo. (2.19)

1+ gmRs
Applying KVL to the small signal circuit in fig. 2.10b, V;,, = V; + IR (Where, I3 = g,V1)

Hence, most of the change in V;,, appears across the R, and the drain current is linearized at the

cost of lower gain and higher noise.

2.2.7 Source follower (Common-drain stage)

The common-source stage is suitable for achieving a high voltage gain with a limited supply
voltage and an enormous output impedance. But a common-drain stage is used to drive a low
impedance load with negligible reduction in gain. It is often used as a buffer placed after the

amplifier to drive a low impedance.

Applying KVL to fig. 2.11:

Vin = V1= Vour

Vs = —Vour

ImV1 = GmpVour = Vg:t

Gain, A, = 22 - ___9mRS (2.20)

Vin 1+(gm+gmb)Rs
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VDD

Vs Cl)lgm.\fgs o Q)gmb.\fgs :

L » Vout

(@) (b)
Figure 2.11: a) Source follower configuration b) AC analysis [36]
According to the gain equation, even if Rs = infinity, the voltage gain of the source amplifier is

not equal to 1. The resistor is replaced with a constant current source shown below to overcome

this problem.

voD

Vin
M1

Vout

o :><P

Figure 2.12: Source follower with constant current source

Hence, a source follower exhibits a high input impedance and a moderate output impedance at the

cost of nonlinearity and voltage headroom limitation.



2.2.8 Common gate stage

VDD

24

vout
o

Rd +
vout __L Vgs gm.vgs

ro Q)gmb.Vbs Rd

()

(b)

Figure 2.13: a) Common-gate circuit b) AC analysis [36]

A common-gate stage senses the input at the source and produces the output at the drain. Gate is

connected to a DC voltage to ensure proper biasing such as a current mirror, voltage level shifter

or any external DC biasing circuit. Gain of the device is positive, and the input impedance is

comparatively lower than the CS stage and source follower stage. Although the input impedance

of the CG stage can be increased by applying a bigger load resistor.
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Chapter 3: Method and approach

3.1 Understanding the working of a generic OTA

An Operational Transconductance Amplifier (OTA) is the building block for many Analog and
mixed-signal systems. The main feature of a transconductance amplifier is to convert the input
voltage into a current output. The different levels of complexity in the design of an OTA are used
to realize functions ranging from high amplification to a significant slew rate and smaller chip area
[22]. The juxtaposition of different features of an OTA (like high gain, high slew rate, lesser chip
area, higher input common-mode range) leads to a constant room for research and development in

this specific area of Analog circuit design.

A traditional OTA design comprises two input voltages, an amplifier responsible for the
transconductance (Gm) and an amplified output current. Output current is directly proportional to

the difference in the two input voltages.

Iour = G- (Vi — Vi) (3.1)

General input-output characteristics of an OTA are shown below. In a generic OTA, the width of
the linear region is inversely proportional to the amplifier's transconductance. Thus, higher the
transconductance, the lower the width of the Linear/Ohmic Region (Fig. 3.1). Ideally, an OTA
should have infinite input impedance for maximum utilization of input voltage by the OTA, and

infinite output impedance allows an efficient transfer of output current to the load.
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Larger gm

Vin = Vin

Smaller gm

Figure 3.1 1/0O characteristics of generic OTA [22]

> " in1 vin2
m3 mé
vin2
ml m2 }7
:1 ——» vo2

(@) (b)
Figure 3.2 a) NMOS input OTA b) PMOS input OTA
Figure 3.2 illustrates the two standard topologies of OTA. First one is the NMOS input and the
second one is the PMOS input. The common mode range in an NMOS input can go as high as Vpp

but it has problem in going low towards Vss. While in an PMOS input OTA the input common

mode range can go even below low as Vg but have problem to go higher voltage level towards
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Vpp. At the same circuit configurations, the first one has the advantage over the PMOS input OTA

in terms of high gain.

App = gmn(rozllrml) (3.2&)

App = gmp(rozllrm}) (3.2b)

As we know that intrinsic gain (g,,) of NMOS is larger than the PMOS because of higher electron
mobility, thus A,, > A,,. Hence, we choose the NMOS input transistor for better gain with a
lower input common mode range while we use PMOS input pair for the device to operate on a low
input voltage and a much better input common mode range. To run the device on low supply
voltages we often use bulk-driven MOS transistors [1] which gives a comparatively lower gain but
can operate on the input voltage as low as 0V. A bulk-driven transistor operation is discussed next

in the section 3.2.

3.2 Bulk-driven input stage

In a conventional OTA, we mainly use a gate-driven input stage to achieve better performance
with the least complexity in the circuit. In medical applications, OTA is designed to operate under
low bias and with lower supply voltage. The bulk terminal is often ignored in circuit design
because it is tied to the source terminal to avoid the Body Effect; it is because of the change in
threshold voltage when there is a potential difference between the source and body terminal. This

phenomenon has been exploited in many gives’ applications utilizing the bulk terminal as another
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gate terminal with the intention of changing effective device threshold voltage (V). The equation

[18] represents this effect:

VT = VTO + Y[\/ZQ)F + VBS - \/ZQ)F] (33)

Where v is the body bias factor, Vg, is bulk to source voltage and @ is the surface potential of the
device. According to the above equation, one can easily control the device using the change of
body to source voltage. Vi is directly proportional to the device's V, i.e., the MOSFET's threshold
voltage will change according to the applied input voltage at the bulk of the device. This topology
allows the input voltage to be as minimal as possible to work in the strong-inversion region
(saturation). In bulk driven MOSFET, the gate of PMOS is connected to the ground, and the gate

of NMOS is connected to the positive supply voltage.

The simulation in figure 3.3 shows the DC characteristics of both the gate-driven and the bulk-
driven input stages. According to the observation, the gate-driven NMOS enters the saturation
region after a threshold of around 0.5V on a given power supply of 1.8V, which causes a limitation
in the application of a low input voltage circuit application. For this purpose, we use a bulk-driven
input stage which enters the strong inversion region on input as low as OV producing a massive
output drain current (around 9.09e-04 A) as compared to the former (around 6.33e-04 A). Bulk-
driven MOS (g, = 7.15e-05) is much less than the gate-driven MOS's transconductance (g,, =
5.80e-04) shown in Figure 3.3e. The difference in the g,, of M2 and g,,;, of M1 proves that bulk-
driven devices are not the best suited [25] for acquiring a high gain with a least leakage current
[27]. Hence, for obtaining higher gain a gate driven gain stage [25] is designed to further optimize

the gain [28][29][30][31].
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Figure 3.3 a) Bulk-driven NMOS b) Gate-driven NMOS c) I/V characteristics of bulk-driven

NMOS d) I/V characteristics of gate-driven NMOS e) Operating point of m1 and m2 in LTSpice
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A bulk-driven input stage can have either PMOS as the input or NMOS. Both has their advantage
when one wants to increase the input voltage range as shown in the Fig. 3.4. A PMOS input stage
gives a voltage headroom from ground to Vg4 + Vs below the supply voltage while the NMOS
input stage acts in a reverse manner and only allows Vs, + Vgg above the ground to the supply
voltage. To design a rail-to-rail circuit, both the above-mentioned input stages are clustered
together to achieve the best possible input range and voltage headroom from ground to V. The
combination of NMOS and PMOS input stage improves the input dynamic range [25] and the
intrinsic bulk-transconductance of the devices. In the mid-input range (between Vpgar + Vg above
the ground and V547 + Vi below the supply voltage) both the devices are in active which ensures

a better g,,;, for the input transistor and further increases the gain of the first stage.

VDSAT
CD i

VBS VCM
walof) ke
—

|
VIN1 Vo2

>
vol
»

[
VIN2
‘ ‘ M1
VS M2
VoM

CD 2
VDSAT

A

GND

Figure 3.4 Input common mode range for PMOS and NMOS bulk-driven input stage
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Hence, in this thesis bulk-driven device is used only as an input stage [32][33], making the circuit
work on a very low input voltage, ideal for low voltage applications. In addition, there can be
several types of gate-driven differential pair amplifiers which can be connected to the bulk-driven
input pair to get a folded cascoded amplifier with a minimal input voltage to gain a much higher

output impedance and in turn increase the total gain of the first stage.

3.3 Folded cascoded gain stage

The generic OTA discussed in section 3.1 is good for gate driven input stage but gives a poor gain
when the device is bulk driven because of the low output impedance. Folded cascoded amplifier
[8] is a very good approach in designing an amplifier to achieve a massive gain even if the input
stage is not efficient to give a high intrinsic transconductance. In a folded cascoded amplifier, the
gain depends on the intrinsic gain of the input stage and the output impedance of the gate-driven

transistors of the OTA. Output impedance of an NMOS is calculated by the following equation:

Un.Cox W
AT (Ves— Vrn)?

Ip >

Vps

T, = = Ip= (3.4)

Vps

Since the g,,, for input stage is comparatively lower than the g,,, we increase the output
impedance of the transistors by increasing the W/L ratio of the transistors. Using the equation of
ro, we can easily tweak (increase) the width of the transistor to increase the ro and hence the gain
of the first stage. Figure 3.5 shows the cascoded differential pair with a NMOS input and a PMOS
input for application in different input common mode range. Improved gain also improves the
operating frequency and unity gain bandwidth of the amplifier. A proper calculation of gain and

output impedance is shown in section 4.1.
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Figure 3.5 Folded cascoded OTA with a) NMOS input b) PMOS input

Fig 3.6 shows the bulk-driven rail-to-rail input stage with a folded cascoded gain stage amplifier
which ensures low voltage operation of the OTA with a larger gain as desired. R1, R2, R3, R4 can
further be replaced by MOS devices acting in saturation region and the current sources can be
replaced by constructing current mirror using NMOS and PMOS. M1, M2 are responsible for the
upper half of the input range amplification while M3, M4 are used for amplification in the lower
half of the input voltage. Since M1, M2, M3, M4 play a crucial role in gain, the W/L ratio of the
MOS is kept massively large to get an intrinsic transconductance like that of a gate-driven MOS.
As a result, the input devices conduct from ground to Vp, achieving a high gain with the least

variation in the transconductance.
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Figure 3.6 Folded cascoded OTA with bulk-driven rail-to-rail input

3.4 Second stage for OTA

As discussed earlier, gain of the single stage op-amp is solely dependent on the intrinsic
transconductance of the input pair and the output impedance of the folded-cascoded amplifier
limiting the gain and the output swing which is not adequate for high gain applications of the op-
amp. The second stage of the amplifier is implemented to further increase the gain and give a better
output voltage headroom. As discussed earlier in chapter 2, common source amplifier is more
suitable for designing the second stage of the OTA to improve the output voltage swing. Fig 3.7

shows a generic common source amplifier using a PMOS and an NMOS.



VDD

Vbiasl | |¢
m19

R1

(@)

Figure 3.7 Common-source amplifier using a) PMOS b) NMOS

VDD

R2

vol

Vhbias2
L{ m20

(b)

vo2

34

The output swing of the second stage is totally dependent on the overdrive voltages of the

transistors in the cascoded differential pair from the first stage.

Vpp — Overdrive voltage of the transistor

To elaborate, let’s compare the overdrive voltages of CS amplifier using NMOS vs PMOS,

1 w
Ip = E.un,pcoxf(VGS - Vth)2

21p

Voo = Vgs = Vi = W
Hn,pcoxf

(3.5

(3.6)

According to the equation above, overdrive voltage is dependent on the W/L ratio of the device

which is more in case of PMOS device. Hence, PMOS common source amplifier gives the least

overdrive voltage giving a higher voltage swing. Therefore, using an NMOS CS amplifier is not
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suitable for this type of cascoded circuit as it gives lower output swing as compared to PMOS CS
amplifier. As illustrated in Fig. 3.8, the PMOS M19 can be used with an NMOS as a current source
load M20. If the output resistance (ry,0) is not high enough, then the length and width of the

transistor M20 should be increased to achieve smaller lambda, maintaining a good overdrive

. 1 .
voltage. L20 and W20 be scaled up proportionately as Vs — Vy, h « Nz Hence, if the L and W

are not scaled up together, the overdrive voltage can increase, limiting the output voltage swing.
Hence the W/L ratio of M20 is designed to scale up the current in the branch and produce a good
overdrive voltage for an optimum voltage swing. Gain of the second stage is dependent on
transconductance of M19 in figure 3.8 which requires the transistor to be larger than the transistor

used as a current source load.

VDD

VDE_
vb4
M11
VIN1
4‘ M19

Vout

vb3

M6

vb2

M5

M20

-
-

First Stage Second Stage

Figure 3.8 Second stage for the OTA using a PMOS common source configuration with current

source load



36

It can be seen in the equation below that high current (I5,, = Ip19) in the branch and larger size
of the transistor (M19) will increase the intrinsic transconductance g,,; to a sufficiently larger

value which will further increase the gain and output swing of the 2-stage OTA.

nCox W

Ip = ”T-f-(Vgs — Vin)? (3.7)
ol w

Im = W; = .un-Cox-T- (Ves — V) (3.8)

w
Im = ’21D-:uncox-? (3.9

Since M20 is used for current scaling to maintain high current in the branch, therefore it is very
important to find the suitable node from which M20 can get the required biasing gate voltage (VB).
There are several ways of biasing a transistor [29][32][33] but in case of low voltage application,
it is important to consider the fact that gate voltage should not be greater than Vjg,, which will
force the transistor to operate in triode region. This can be done by adding a biasing circuit in the
second stage that includes a series connected NMOS and a PMOS as shown in the figure 3.9.
Biasing circuit consists of a PMOS M21 which is biased according to M11 and an NMOS provides
a good biasing condition for M20 to be in saturation region using a current mirror. Current scaling
is a very common technique to regulate the current flow in the branch using the concept of current
mirrors. Hence, current I,, can be scaled using the formula below and the same current can be
mirrored into the CS amplifier circuit to increase the flow of charge in the output branch. As
illustrated in Fig. 3.9, the current in the output branch can be scaled “m” times the current in the

current in the first stage.

Ip21 W/L21 .
= e (3.10)

Ip11 W/L11
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Figure 3.9 Biasing circuit for the second stage OTA

Equivalent circuit of proposed 2-stage OTA can be designed by combining the topologies

described in sections 2-4, shown in fig.3.10.

VDD

ICMR + 1

M17 m18 M12 Vb4 M11
Vba
X M21 M19

‘}7 Vout
| L
VIN1

7 vina
Vll\ljllz }7 GND } ':T;I‘z v j }74‘ I%MS CLT

J H w0 g

\ circuit

Bulk driven input Stage Cascoded amplifier Second Stage

Figure 3.10 2-stage bulk driven OTA
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Chapter 4: Analysis

4.1 Introduction

We started with the design of the first stage. We have used a differential amplifier to improve the
gain. Next, is the design of the second stage which is a common-source amplifier for the maximum
output voltage swing. The block diagram of the two stage OTA is shown in Figure 4.1 where a
compensating capacitor (explained in section 4.2) is placed between the dominant pole of the first

and second stage for frequency response.

Compensation
Capacitor

Bulk driven Output

input Stage stage for
" with a gain voltage
stage {A1} swing {A2}

Load Capacitor

First Stage Differential Amplifier Second Stage CS Amplifier

Figure 4.1: Block diagram of the 2-stage OTA

Figure 4.2 shows the circuit diagram of the first stage which has been used for the calculation of
aspect ratios of different NMOS and PMOS transistors using respective functionalities. For
instance, the bulk driven input MOS transistors (M1, M2, M3, M4) are used to define the gain-
bandwidth product of the first stage. Similarly, M14 and M18 are a part of the input current mirror
and work alternatively in triode and saturation region to give a rail-to-rail input voltage headroom

for the input MOS transistors (as explained earlier in Section 3.2). Hence, M18 and M14 is
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responsible for the input common mode range (ICMR™*,ICMR~ respectively). To explain the

working of circuit, we derive the transfer function of the first stage as shown in the next section.

VDD

ICMR +

- j }7 s GAIN B.?:NDWIDTH PIRODUCT MlZFl ﬁ -

i IREF
VOUT1
—
M3 a“ GND_| M4
HT

vine  —| VINZ

S I P e R

ICMR - \ -
L Pt f

Bulk driven input Stage Cascoded amplifier

Figure 4.2: Circuit diagram of the first stage of OTA

4.2 Small-signal analysis and transfer function

To derive the transfer function for the first stage, AC analysis is done for the proposed circuit
architecture to understand the dominant poles (responsible for transconductance, g,,;) in the
circuit. Here, all other insignificant poles are ignored because their absence do not affect the

transfer function. Fig. 4.3 shows the small signal equivalent circuit of the first stage.



40

Vi vol

V1 gmbn.Vin gmbp.Vin rout —T— Cl

Figure 4.3: Small-signal analysis of the first stage

Vi Vo1 V1 Voz

—0o 5 °
+
Imo-Vin Tor = Ry c1 Im-Vin To2 = Ry Cc2 T
-1 VO”T
Vin l
- 5 o

Figure 4.4: Small-signal analysis of the 2-stage OTA without the miller capacitance

Fig. 4 shows the small signal equivalent circuit of the second stage. The circuit in Figure 4.4 has

two dominant poles:

1

P, = (4.1a)

T R1.Cy

1

p, = (4.1b)

T Ry.Cy

P; is the dominant pole of the first stage whereas P, is the pole in the second stage. R; is the
equivalent output resistance of the gain stage (first stage). Similarly, R, is the equivalent resistance
of the second stage CS amplifier. Value of these equivalent resistances will be derived later in
Section 4.3. C; is the parasitic capacitance of the NMOS and PMOS devices near the first dominant

pole in the cascoded differential amplifier. C, is the gate capacitance of the PMOS (M19) in the
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second stage. Before deriving the transfer function, we should also observe that in practical
applications, the circuit is designed for a purely capacitive load. Hence, C, is parallel to the load

capacitance (C;) which is significantly larger than the gate capacitance of M19.

A

Open-loop
DC Gain -20 db/decade
(db)
-40 db/decade
P2 —» Unity-gain Bandwidth

«P1

®

Phase Margin
(PM) = 0°

-90°

-180°

Figure 4.5: Problems for gain and phase without compensation capacitor

As illustrated in Figure 4.5, the bode plot for open loop gain with respect to phase shows a poor
phase margin in the absence of compensation capacitor (C). The first pole can give a phase margin
of around 90° but as the slope of open-loop gain after the second pole falls to -40dB/decade, the
phase margin at the unity-gain bandwidth can be as low as 0°. This poor phase margin can be
improved by adding a large capacitance in parallel to the parasitic capacitances of the first stage
(C1) to push the first pole towards the left of the bode plot. According to equation 4.1, increasing
C1 will decrease the pole frequency (P1) and move the pole towards the left in the graph. Similarly,
the pole P2 can be moved towards the right of the bode plot to achieve the desired phase margin.

Either a compensation capacitor [34] or a or Feed-forward compensation technique [35] can be



42

used in this type of topology. Adding a large capacitance to C1 increases the chip area and the
power consumption, hence the concept of Miller effect [34] compensation method can be used to

increase the capacitance.

Figure 4.6 shows how the miller effect increases the capacitance without using a big capacitor. If
we add a small capacitor (C.) as a feedback loop of the second stage OTA (Fig. 4.6a), the
equivalent circuit looks like Fig 4.6b, where the effect of the capacitor C. is multiplied by one plus

the gain of the second stage. This makes capacitor C1 big compared to before.

Pl = L = ! =~ = (42)

T R1.C1 | Ry[C1+C.(1+42)] | RiCc

C2

> ”
I
Cc1 Cc(1 4+ A2) Ce(1 +E)

ol !

(b)

I.1.
[

Figure 4.6: Miller-effect in the two stage OTA
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According to Fig. 4.7, transfer function is calculated by the ratio of output voltage to the input

voltage:
Yo _ Your V1
Vin Vi .Vin

Next, adding the miller capacitance as shown in Figure 4.7 and applying Kirchhoff’s Current Law

(KCL) to the first and the second stage in the small signal model, we find:

vl Vo1 | | Ce vl Vs

e | ‘ [ )
"
Imv-Vin To1 = Ry c1 Im-Vin Toa = R; c2 T

Figure 4.7: Small-signal analysis of the 2-stage OTA with the miller capacitance

Loop 1: First stage

Vi V1 Vi—-Vo _
1 +R_+gmb1'Vin+T_O
sCq 1 sC¢

Vi Vi Vi Vo _
Tt T 71 = —9mp1-Vin
/5C1 1 /SCc /SCC

SC1R1V1 +V1 + SCCR1V1 - SCCRlllo = _gmbl-Rl-Vin

VO'SCC'RI - gmblRle
1+ SRl(Cl+CC)

v, = (4.33)

Loop 2: Second stage

Yo
1
/SC2

Vo—V1
T =
/SCC

Yo
+ R_ + gm19-V1 +
2
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1
Vo[g + s(C,+C)] = Vi (s.Cc — Gmio)

Substituting the value of V/; from Loop1:

Vo-SCc.R1 — gmb1-R1Vin R
Ry (5.Cc = Gmao)

‘/0 [1 + S.Rz(CZ + CC)] = 1+ SR1(C1+Co)

— Imb1R1R2Vin(sCc— m
Vo[l + SRo(C; + C) = SCRiRy(SC, + Gpuyo)] = —Lmtiaieminlie-Sms) (4.3b)

Substituting the value of V/; from equation 4.3a in equation 4.3b, we get the transfer function:

sC,
Imb1-Imio-R1-R2.(1 —"7¢

2o = Im1s (4.3c)
Vin SZ[Rl.Rz( Cl.Cz + Cl-CC + Cz.CC) ]+S[ RZ(CZ + CC) + Rl(Cl + CC) + Cc-gm19-R1-R2] +1

4.2.1 Simplification of the transfer function:

Equation 4.3d shown below is the standard transfer function for 2-stage system where A is the
open loop DC gain of the OTA, “s” is the frequency dependent parameter at which the gain is
calculated (for DC calculations s = jw = 0), “z” is the zero for the amplifier (explained later in

section 4.4), P; and P, are pole frequencies of the first and second stage respectively.

Vo Apc(1—5/7)

Lo _ 4.3d
Vi (1+5/p )1 +5/p) (4.3d)
Vo Apc(1 - S/Z)

Jo — 4.3e
Vin s2 (P11P2) + s(% + %) +1 ( )

Since P, (C, is larger compared to the gate capacitance of M19) is very large, therefore, Pi ~0in
2

equation 4.3e and neglected for further calculations.
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ﬁ — ADC(l - S/Z) (4 3f)

Vin  s2(=— )+s(%)+1

P1P3

Comparing the general equation for a two-stage system (equation 4.3f) with the calculated transfer
function in the equation 4.3c. We achieve the following values for zeros and value for the pole

frequency at the dominant poles of both the stages:

— 9mio
= fmso (4.9)

Next comparing the coefficients of “s” and "s2" from the transfer function we get the value of both

the poles in this system:

1

P = —— (4.5a)
R1R29m19C2
R4R C,
P2 — 1829mi19Cc (4.5b)
R1R3(C1C2+C1Cc+C2Cc)

C1 is the parasitic capacitance of the first stage so it is smaller than C2. Hence,

P, = 2 (4.5¢)
Apc = Gmb1-Imio-R1- Rz (4.6)

Equation 4.6 shows the open loop DC gain of the OTA, where g, and g, are the
transconductance of the respective transistors, R1 and R2 are the equivalent resistances of the first

and second stages respectively.
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4.3 Gain of the OTA

The open loop gain of an ideal operational amplifier is infinite which is practically not possible,
hence, the gain of a practical amplifier is kept sufficiently large (around 80-100 dB) to ensure a
stable operation. For achieving such high gain, in this work a 2-stage OTA is used instead of a
single stage. This is because single stage amplifier is not sufficient for achieving such high gain
around 80-100 dB. Introducing a second stage adds a better intrinsic transconductance and output
impedance to the proposed OTA. Gain of a single stage is calculated by the product of intrinsic
transconductance of the input MOS and the total output impedance (g, Ro.¢) as formulated in

equation 4.6.
The total gain of the two-stage amplifier:
A, = Gain of the First Stage * Gain of the Second Stage = A,1 * Ay 4.7)

By inspection, it can be observed that the folded-cascoded stage is responsible for the R,,,; of the
first stage as shown in the half-equivalent circuit (Figure 4.8). Since the M4 and M10 are parallel
to each other, therefore the equivalent resistance on the source of M8 will be 7910 || 794. In Figure
4.8b, the current coming from the output short circuit is equal to the drain current of M8 and
impedance looking into the source of M8 is (gms + 9mps) ! || og Which is much lower compared

t0 1910 || 704- HENCE, Gy = Gmpa-
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VDD

vb3 ¢ VDD
M12 VDD
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vb2 VDD Vin -« VIN1 i1o
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"
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v l
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Figure 4.8 a) Half equivalent circuit for gain stage b) G,,, calculation c¢) R,,,; calculation d)

Equivalent circuit for calculation for gain in second stage
According to Fig. 4.8c.:
Rop = (Gm7 + Gmp7)-To7-To12
Rout = Rop || [(Gms + Gmps)-Tos- (Mo10 || To4)]
Rout = [(Gm7 + Gmp7)-To7-To12] || [(Gms + Gmbs)-Tos- (To10 || 704)] (4.89)
Substitute the values of the G,,, and R,,,; to obtain the open loop gain of the first stage,

Apr = Gmba-Rout = Gmpa -{ [(Gm7 + Gmp7)-To7-T012] || [(Gms + Gmbs)-Tos- (To10 || 704)] 3

(4.8b)

Similarly, one can calculate the gain of the second stage using the same procedure. The input
transistor for the second stage is M19 and the total impedance seen from the output node in Figure

4.8d is the parallel combination of output impedances of M19 and M20.
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Gm = Imio Rout = (To19 |l T020) (4.8¢)

Gain=A4,2 = gmio-Rout = Gmio- (019 || 7020) (4.8d)

Hence, the total gain can simply be calculated by multiplying the independent gain of the two

stages.
A, = Ay x Ay,

= Gmpba -1 [(Gm7 + Gmp7)-To7-To12] || [(Gms + Gmbs)-Tos- (To10 | 704)] } * Gm1o- (Mo19 || T020)

(4.8e)

4.4 Gain-bandwidth product and phase margin

Gain and bandwidth of an amplifier are inversely proportional to each other i.e., if the gain is
increased, the bandwidth decreases. Low gain with a large bandwidth ensures the stability of an
amplifier. Gain-bandwidth product (GBW) is the product of DC gain and bandwidth at which the
gain of the OTA is calculated. Unity-gain bandwidth (UGB) is the bandwidth of the amplifier
when the gain approaches unity. GBW is equal to the UGB if there is a single dominant pole in
the circuit as there is only one constant slope of -20dB/decade which makes both the factors equal.
In a 2-stage amplifier, there are two dominant poles which gives two different slopes of the bode
plot for gain, here the slope fall -20dB/decade every time a new dominant pole is added. Hence,
the unity gain bandwidth shifts more towards the right in the bode plot and the gain bandwidth
towards the left. It is also observed that some amplifiers are observed to be unstable with higher

gains at the unit-gain bandwidth [21]. In this work, the gain-bandwidth product is calculated from
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the total DC gain of the OTA and the pole(P1) at the first stage achieved from the transfer function

calculated in Section 4.2:

_ _ 9Imba-9mio-R1-R2 _ Gmba
GBW = Ay * P, = m = (4.9
R1.R2.9m19-Cc Cc

For ideal cases, the slope of the gain in Bode plot drops -20dB/decade for every stage. In case of
second stage the slope will fall -40dB/decade after the second pole and goes back to OdB/decade.
This point is known as zero for the OTA (denoted by Z). We assume Z to be significantly larger
than GBW (or UGB). Here, for simplification, zero (Z) is assumed to be greater than or equal to

10 times the GBW.

Z > 10.GBW (4.10)

Vo _ Apc(1-2)

Vin  (A+S/p)1+5p) (411)

Phase Margin (PM) = L= = —tan"'% — tan 1 ¥ — tan 1< (4.12a)
Vin z P1 P2

When the frequency is equal to the unity-gain, it is considered as GBW. Hence, Replace the

frequency (w) by GBW and Z by 10.GBW.

_1 GBW _1 GBW _1 GBW

PM = —tan — tan™"—— — tan (4.12b)
10.GBW P1 P2

Substitute the value of P1 from the equation 4.5a in the equation above:

PM = —tan~ 'L — tqn-19dmpsdmpoRiReCe _ pp -1 GBW (4.12¢)
10 Ce P2 '

PM = — tan_lli0 — tan " Apc — tan"l% (4.12d)
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For a maximum gain, replace tan™1(4p¢) by 90°

—1 GBW

—180 + PM = —=5.71 — 90 — tan o

PM = 84.29 — tan-l% (4.12¢)

Now let’s calculate P2 for a good phase margin of 60° :

= . — tan " —— .

60 = 84.29 1 GIfZW 4.13
P, > 2.2 GBW (4.14)

Imis 9o Jmbe (4.15)
C, Ce

Since z = 10.GBW

—g*gcl" = 10.—9?54 => gmio = 10.Gmps (4.16)

Substituting the value of g,,, from equation 4.16 in equation 4.15, we find the value of the

compensation capacitor (C.) with respect to the load capacitor (C;):

C.> 022C, (4.17)
Let’s take C;, = 0.5 pF

C.> 0.22C, = 0.22 % 0.5pF = 0.11 pF = 110 fF (4.18)

This is an important relation for tweaking the unity-gain bandwidth regardless of the transistor
sizes. Increasing C., will move UGB to the left of the bode plot (according to equation 4.9) and

vice versa.
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4.5 Slew rate

To estimate the slew rate of the proposed circuit we have used the simplified circuit shown

below in Figure 4.9.

VDD

Vba ‘ -

L I Positive e
v Slewing

j—Q i

Iy SRt

IREF ! # Cc
v 4] [} Vout
v M3 jl GND l|& w4 vy Ip i Ip+1, | 1
VIN1 VINZ cL T
VINL ‘}“ ’—‘ [ vinz M8 :‘ M5 !
M2 GND [ = L v (1]
N _| . ‘ L M22 }74”_;“170
‘ Ip+1,
v
Ml}il l:mm ! M]oJ}ig‘t M2
|
GND

Figure 4.9: Simplified circuit during the positive and negative slewing

Slew rate is the rate of change of an amplifier’s output voltage with a change in input signal. Figure
4.6 explains the slewing operation in the proposed OTA as the rate of change of output voltage

signal varies from 10% to 90% of the magnitude.

Att =0, if V;, experiences a large positive signal M1 and M4 turns off. Here the slope of the
waveform is towards the positive edge of the signal. This is known as positive slewing, where the
compensation capacitor C. is charged by a constant current, I, (neglecting the parasitic

capacitances at C, due to M19 and M20). The node at the gate of M19 becomes a virtual ground

due to the gain of the second stage (i.e., SR = IO/C = ID“/C ). In addition, the PMOS M19
c c
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should be wide enough (large W/L ratio to amplify the current in the branch) to withstand both the
currents (I, + Ip,o) simultaneously. Similarly, for the negative slewing, I5,, must accommodate
1, and Ipq9. If In,0 = I, then the potential of node at the gate of M19 will increase, turning off

M19. Moreover, if I, is less than I,, M18 enters the triode region.

— lo _Ipis
SR = o= (4.19)

4.6 Aspect ratios(W/L) of the transistors

For calculation of the MOS sizes, we assume the GBW to be large to achieve maximum gain which
cannot be achieved because of limitations in intrinsic transconductance of the bulk driven input

MOS at a fixed V. Therefore, we assume GBW =~ 30 MHz

4.6.1 Calculation for M1, M2, M3, M4
9ma = GBW x C.* 21w = g’éﬂ * C, * 2m = 30 MHz * 800 fF 2w = 160u (4.20a)

From simulation, u,C,, = 26 and p,Coy = 67u

Wo_ _Oms  _ _ 9me _ (60 g0 9Bu_ W (4.200)
Lg ﬂp.Cox.2.1D4 ﬂp-Cox-IREF 26u.10uA lu L3

Similarly,

K = gg’” = 912n4, = (160 #)2 = = —38u = K (4 ZOC)
Ly Un.Cox-2.ID2 Un.CoxIREF 67u.10uA 1u L1

Drain current to a bulk driven MOSFET is formulated by [17]:



53

nCox W
Ip = 2% = (Vos = Vro — ¥ /2|¢f| ~ Vps + y/216,1)° (4.22)

When VBS is forward biased, the transconductance of the bulk driven MOS can be more than

transconductance of gate driven MOS [19]. Transconductance in the strong inversion [20] is given

by:

gmo = ys = 1 Vos = Ve (= 552) = 9o (=572 (4223
As we know that,

Vi = Vo + v[2.0r + Vgs — /2.05 ] (4.22b)
ZZZ; - zﬁ- (4.22¢)
Imb = 77757 Im [14] (4.22d)
According to [19]:

Imps = (0.2 t0 0.4). gima (4.22¢)

In this design,

Imba = (0-3)- Ima

4.6.2 Calculation for M17 and M18 using ICMR™
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‘ VD18 / V54

e

Figure 4.10: Equivalent circuit for ICMR* calculation

To calculate the W/L ratios of all the transistors, it is crucial to understand each transistor's
contribution to the amplifier's operation. M18 is connected to the positive power supply, and the
other terminal is connected to the input bulk-driven stage; therefore, it defines the positive half of
the input common-mode range (ICMR*). Hence, by the following formulae, one can calculate the
W/L ratio of M18. M17 and M18 are designed to be equal to obtain current mirroring without any

mismatch. For M18 to be in saturation, Vp15 = Vg1 — Vrnis

When we increase Vgz(V;y) then the Vs,/Vp15 Will decrease because Vg5 is kept fixed by M17.

Therefore, M18 can enter triode region. Let us calculate V¢, for M18 to stay in saturation region.

VIN_max 2 VBS4 + VDSAT18

ICMR(+) = Vgsamax + Vpsaris (fixed) (4.23q)

21 21
ICMR(+) = [ / 324 + |Vt4|] + Vpsaris = BT + |Vea max| + Vpsaris (4.23b)
max
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21
Vpsaris = ICMR(+) — ﬁ’T — |Vea_maxl (4.23c)
. . w 98u
From simulation, u,,C,, * Ta B =26ux* ™ and Vig max = —0.219V
2*5UA

Vpsar1is = 0.8 — LT |—0.518V| = 0.219V = 219 mV
Wx—

lum

For transistor 18, u,C,, = 95u

(%)18 = 2Ib1s _ — 2194 ~ 3

2
UpCoxVpsaT1s

3u

(%)17 = (%)18 - 1

4.6.3 Calculation for M13 and M14 using ICMR™

VIN1/ VB2 VDD
M2

VD14

| T
\

|| e { ICMR -

l

Figure 4.11: Equivalent circuit for ICMR~ calculation

The NMOS M14 works as a current source between the ground and bulk-driven input stage;
therefore, the Vps4r 0f M14 will define the input common-mode range on the amplifier's negative
half (ICMR™). The aspect ratios(W/L) of M13 and M14 should be equal for copying the current

from the reference current source.
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When we decrease Vg, (V;y) then Vp,, also decreases as V14 is fixed by current mirroring with
M13. Hence, M14 can go in the triode region. To prevent this issue and maintain the transistor in

the saturation region, we need to fix Vpsari4a-

ViN-min = Vis2 + Vpsaria

ICMR(=) = Vgsz max + Vpsaria (fixed) (4.24a)
21 21
ICMR(-) = [ ,322 + |Vt2|] + Vpsaria = /ﬁ + [Vi2 max| + Vpsaria (4.24D)
max
20ps
Vpsar1ia = ICMR(=) — 5 |Viz max| (4.24c)

From simulation, for Vin = 0.8V; u,,C, * %2 = B =67ux* 918—; and Vi max = 0.321V

Vosaria = 0— [—=E4 __10.321| = —0.383V = —383 mV

67u

lum

For transistor 14, u,,C,, = 307u

w 2.01p14

V4= ———= 0444 =~ 1
( L 14 UnCoxVhsar1a

w w 1u

(D1z= (D=

4.6.4 Calculation for M19

For phase margin of 60°, z = 10.GBW

=> g_,gclg = 10-_9?:4 => Gmi9 = 10.Gmps (4.25)
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As calculated before gppse = 160u => g,,19 = 1600u. However, from the simulation of the
first stage, gmpa = 27.5u. Hence, the transconductance of M19 of the second stage using equation
4.24 will be gp,19 = 275u. Using the formula use in Equation 4.20b and 4.20c, the aspect ratio of
M19 is 64u/1u. As we can observe in the table below, the transistor sizes obtained for a few MOS
devices are big. Hence, W and L can be reduced to half of the original sizes calculated
simultaneously maintaining the same W/L ratios. This can be done without affecting other
significant parameters as the required length (L) for 180nm devices should be greater than two

times Lyin. {L = 2. Lypin, = 2 * 180nm = 360nm = 0.36u (Hence, L = 0.5u)}

Functions MOS WI/L ratio
Bulk-driven input NMOS M1, M2 38u/1u = 19u/0.5u
Bulk-driven input PMOS M3, M4 50u/1u x 2 =50u/0.5u
Cascoded NMOS M5, M8, M9, M10 20u/1u | 40u/2u
Cascoded PMOS M6, M7, M11, M12 10u/1u | 30u/2u
Current mirror for ICMR™ M13, M14 1u/lu
Current mirror for ICMR™* M17, M18 3u/lu
Second stage input PMOS M19 64u/lu
Second stage current bias M20 25u/1u
Biasing circuit M21 60u/1u x2
M22 25u/1u x2

Table 4.1: Aspect ratios of MOS devices for the proposed OTA
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Chapter 5: LTSpice simulations

5.1 DC characteristics of the 180nm technology

Name : ml
Model: nmos
Id: 1.20e-04
Vgs: 9.00e-01
%— Vds: 9.00e-01
M Vbs: 0.00e+00
| NMOS Vth: 4.46e-01
.inc 180nm_bulk.txt 4 VBS VDS g,d,fat ) i :;};Z-gi
.y ./ cds: 7.72e-06
.step param VBS 0 0.9 0.1 {VBS} T 0.9 Gmb 1.51e-04
op Chd: 0.00e+00
Cbs: 0.00e+00
Cgsov: 2.73e-15
Cgdov: 2.70e-15
Cgbov: 0.00e+00
(@) (b)

Figure 5.1: a) Circuit for DC analysis of a single NMOS b) Operating points

The 180nm technology used in the design of the operational transconductance amplifiers and the
PDK (product design kit) is imported from online sources [24]. LTSpice tool is used for schematic
design and simulation for the circuit analysis. The supply voltage for 180 nm technology is kept
low (around 0.9V) for low analysis of the amplifier in low voltage application. To understand the
working of a PMOS and NMOS device in low voltage, we need to analyze the DC characteristics

of the device.

After simulation in LTSpice, in Fig. 5.1 it is observed that an NMOS gives a maximum
transconductance (g,,,) of 437 uA/V and g,,, of 151 uA/V. The bulk transconductance (gmp) is
an important factor for obtaining a high gain from the amplifier as the gain of first stage depends

on it (section 4.3).
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To find out the threshold voltage of a gate driven single NMOS for 180nm technology, DC sweep

is shown in fig. 5.2. Input voltage (V) is varied from 0 to 800 mV, to give a drain current ranging

from 0 to 120 uA.

Threshold voltage, V,;, = 446 mV.

1d(M1)

[ 446 00492my vert | 2.2146183uA

VTH =0.446 V

Figure 5.2: DC sweep for threshold voltage in gate driven NMOS

Figure 5.3 shows the output characteristics of the gate driven NMQOS, output voltage (Vps) Vs the
drain current (I). This shows the different regions of operation of the device on different drain to

source voltages. There are three regions of operation of a MOS device:

e Triode or subthreshold region - (NMOS: 0 < V¢ < V43,) and (PMQOS: 0 > Vg > Vi)
e Linear Region — NMOS (Vg > Vi, but Vg < Vs — Vi)

e Saturation Region — NMOS (Vg > Vi, but Vg = Vs — Vyip)
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It can be observed from the simulated graph (Fig. 5.3), the device starts giving a constant current
above the threshold when drain to source voltage is larger than the effective voltage (Vo5 — Vir)
and it has no effect on the current (Ip) i.e., the device saturates. In this thesis we use all the NMOS
and PMOS devices (other than bulk driven input stage) in the saturation region to obtain a constant

current from each MOS.

1d(M1)

/ SATURATION REGION

Figure 5.3: IV characteristics of the NMOS (variation of VDS from 0 to 0.9V at VBS = 0.4V)

For low voltage operation, the gate driven MOS described previously is not suitable as the input
voltage (V) for the device should be much larger than the threshold voltage (i.e., 446 mV). Low
input voltage that is less than the threshold voltage will not turn on the device. Hence, the fourth
terminal is used for the input stage of the OTA to obtain a good output with optimum variation in
the input transconductance (g.5). While in the output characteristics for a bulk driven NMOS, the
input voltage is applied to V¢ and the output voltage is varied from 0 to 900 mV. It is observed

that the device gives an output drain current of 120uA from an input voltage as low as 0V to a
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drain current of 220uA on the maximum input voltage as shown in figure 5.4. This solves the
problem for the need of lower threshold voltage for the device to operate as a constant current

source.

1d(M1)
VARIATION OF VBS FROM 0 TO 0.9 V ATVDS = 0.9 V

Figure 5.4: DC sweep for bulk driven NMOS (variation of VBS from 0 to 0.9V at VDS = 0.9V)

5.2 Variation of transconductance with input voltage

As shown in figure 5.5, the transconductance (g,,;,) of the bulk driven input stage NMOS varies
from approx. 130uS to 250uS by varying the input voltage (Vgs) from 0 to V. The operating
points are also collected from simulation in figure 5.6 at different input voltages (Vzs =0, 0.2, 0.4
V) to obtain different transconductance values (g,, = 164, 201, 245 uQ~1) respectively. It can be

observed from the operating points that g,,;, shows an increasing trend with an increasing input
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voltage. This fluctuation in g,,;, will not reflect significantly on the total gain at the output stage

because of the addition of an extra pole in the circuit.

1d(M1)/V(n001)
Gmb VARIATION FROM GND TO VDD

VDD

V(n001)

Id(M1)

Drain Current (Id)

Figure 5.5: Variation of bulk driven NMOS intrinsic transconductance over the input common

Name :

Model:

Id:

Vgs:
Vds:
Vbs:
Vth:

Vdsat:

Gm:

Gds:

Gmb

Chd:
Cbhs:

Figure 5.6: Operating points for variation in the values of g,,, and g,,, over different input

(@)

O HFMNMWWWOODOER

ml

nmos
.45e-04
.00e-01
.00e-01
.00e+00
.6le-01
.43e-01
.89%e-04
.96e-05
.64e-04
.12e-16
.00e-16

mode range
Name: ml
Model: nmos
Id: 1.82e-04
vVgs: 8.00e-01
Vds: 8.00e-01
Vbs: 2.00e-01
Vth: 3.15e-01
Vdsat: 3.63e-01
Gm: 4.10e-04
Gds: 3.60e-05
Gmb 2.0le-04
Chd: 4.28e-16
Cbs: 8.53e-16

(b)

Name :
Meodel:
Id:
Vgs:
Vds:
Vbs:
Vth:
Vdsat:
Gm:
Gds:
Gmb
Chd:
Cbs:

(©)

voltages a) at OV b) at 0.2V ¢) at 0.4V

Ol N B W NN

ml

nmos

.26e-04
.00e-01
.00e-01
.00e-01
.63e-01
.80e-01
.23e-04
.37e-05
.45e-04
.47e-16
.06e-16
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5.3 Operating points from LTSpice

All the operating points are collected and shown in the following tables (5.1a, 5.1b, 5.2a, 5.2b)
from the LTSpice simulation of the proposed two-stage OTA. The current distribution (I;) in the
circuit, intrinsic transconductances (g,, and g.,p,) and their respective operating regions
(Saturation) are observed carefully. These values are further used to check whether the device is
operating as per the expectations during the analysis of the amplifier (Chapter 4). The recorded

parameters are further compared with the expected values to confirm the authenticity of the design.

Semiconductor Device Operating Points:
--- BSIM3 MOSFETS ---

Name: M22 M20 M13 M14 M2
Model: NMOS NMOS NMOS NMOS NMOS
Id: 7.07E-06 3.64E-06 1.00E-05 9.50E-06 1.35E-12
Vgs: 3.94E-01 3.94E-01 7.17E-01 7.17E-01 -2.83E-01
Vds: 3.94E-01 6.05E-01 7.17E-01 2.83E-01 5.82E-01
Vbs: 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 5.17E-01
Vth: 4.46E-01 4.46E-01 4.46E-01 4.46E-01 3.22E-01
Vdsat: 5.21E-02 5.21E-02 2.40E-01 2.40E-01 3.81E-02
Gm: 1.54E-04 7.95E-05 6.21E-05 5.78E-05 3.74E-11
Gds: 1.05E-06 5.11E-07 8.38E-07 3.44E-06 1.95E-13
Gmb 4.81E-05 2.48E-05 2.01E-05 1.88E-05 8.86E-12
Chd: 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00
Cbs: 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00




Region of

Operation

Saturation

Saturation

Saturation

Saturation

Saturation

Table 5.1a: DC Operating points for the NMOS devices in the OTA

Name: M9 M10 M8 M5 M1
Model: NMOS NMOS NMOS NMOS NMOS
Id: 5.11E-06 5.11E-06 3.98E-07 3.98E-07 1.35E-12
Vgs: 4.25E-01 4.25E-01 3.22E-01 3.22E-01 -2.83E-01
Vds: 1.03E-01 1.03E-01 3.22E-01 3.22E-01 5.82E-01
Vbs: 0.00E+00 | 0.00E+00 | -1.03E-01 -1.03E-01 5.17E-01
Vth: 4.46E-01 4.46E-01 4.53E-01 4.53E-01 3.22E-01
Vdsat: 6.04E-02 6.04E-02 4.21E-02 4.21E-02 3.81E-02
Gm: 1.03E-04 1.03E-04 1.01E-05 1.01E-05 3.74E-11
Gds: 4.42E-06 4.42E-06 3.39E-08 3.39E-08 1.95E-13
Gmb 3.22E-05 3.22E-05 3.02E-06 3.02E-06 8.86E-12
Chd: 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00
Cbs: 0.00E+00 | 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00
Region of
Operation Saturation | Saturation | Saturation Saturation Saturation
Table 5.1b: DC Operating points for the NMOS devices in the OTA
Semiconductor Device Operating Points:
--- BSIM3 MOSFETS ---
Name: M21 M19 M3 M4 M6
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Model: PMOS PMOS PMOS PMOS PMOS
Id: 7.07E-06 3.64E-06 4.71E-06 4.71E-06 3.98E-07
Vgs: 3.12E-02 -1.80E-01 -1.03E-01 -1.03E-01 1.19E-13
Vds: 5.06E-01 2.95E-01 4.32E-01 4.32E-01 4.41E-01
Vbs: 5.06E-01 2.95E-01 6.97E-01 6.97E-01 4.75E-01
Vth: -4.46E-01 -4.46E-01 -5.18E-01 -5.18E-01 | -4.43E-01
Vdsat: -5.25E-02 -5.25E-02 -5.14E-02 -5.14E-02 | -4.39E-02
Gm: 1.58E-04 8.15E-05 1.10E-04 1.10E-04 9.40E-06
Gds: 1.11E-06 6.25E-07 7.42E-07 7.42E-07 3.08E-08
Gmb 4.41E-05 2.27E-05 2.75E-05 2.75E-05 2.61E-06
Chbd: 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Cbs: 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Region of

Operation | Saturation Saturation Saturation | Saturation | Saturation

Table 5.2a: DC Operating points for the PMOS devices in the OTA

Name: M7 M12 M11 M17 M18
Model: PMOS PMOS PMOS PMOS PMOS
Id: 3.98E-07 3.98E-07 3.98E-07 1.00E-05 | 9.43E-06
Vgs: 0.00E+00 -4.41E-01 -4.41E-01 0.00E+00 | -4.50E-01
Vds: 4.41E-01 3.43E-02 3.43E-02 8.14E-01 3.64E-01
Vbs: 4.75E-01 3.43E-02 3.43E-02 8.14E-01 3.64E-01
Vth: -4.43E-01 -4.46E-01 -4.46E-01 -4.46E-01 | -4.46E-01
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Vdsat: -4.39E-02 -5.25E-02 -5.25E-02 -2.57E-01 | -2.57E-01
Gm: 9.40E-06 7.96E-06 7.96E-06 5.04E-05 4.74E-05
Gds: 3.08E-08 6.43E-06 6.43E-06 1.14E-06 1.89E-06
Gmb 2.61E-06 2.24E-06 2.24E-06 1.36E-05 1.28E-05
Chd: 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00
Cbs: 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 | 0.00E+00
Region of

Operation Saturation Saturation Saturation | Saturation | Saturation

Table 5.2b: DC Operating points for the PMOS devices in the OTA

5.4 Bode plot (first stage)

Fig. 5.7 below shows the simulated bode plot for the first stage of the proposed circuit with

12.5% variation with respect to input voltage.

V(n007)

Figure 5.7: Bode plot for gain and phase of first stage
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According to section 4.3:

A1 = Gmpa A [(Gmz + Gmp7)-T07-To12] |1[(Gms + Gmbs)-Tos- (Mo10 17041 }

Or,

Im7t9mb7
Gas7-Gds12

9Ims+9mbs } (51)

Avl - gmb4{ Gdss(Gdslo+Gds4)
Substituting the values from the operating points (Section 5.3):

9.4u+2.6
(3.08+1078)2

10u+3u
3.39x108%(4.42u+0.742 1)

Apy = 27.5.{

} = 2030.9

Gain of the first stage in dB = 4,,; = 20 * 10g(2030.9) = 66.15 db

5.5 Phase margin:

Phase margin is calculated by equating the magnitude of the phase at unity gain in the bode plot

and adding 180.

V(n004)

Phase Margin = P + 180 = (-130.77) + 180 = 49.23

Figure 5.8: Phase margin for the proposed OTA
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PM = P(at unity gain) + 180° = —130.77 + 180 = 49.23° = 50° (5.2)

The estimated and the simulated phase margin is compared as shown in Table 5.3. We observe
some difference. This difference, we think, is stemmed from the limitations of the saturated

intrinsic transconductance of the bulk driven MOS in the input stage with limited supply voltage.

Expected Simulation

Phase margin 60° 49.23° = 50°

Table 5.3: Expected and simulated phase margin for the OTA

5.6 Bode plot (2" stage)

Bode plot for the second stage is shown in fig. 5.9 below.

V(n004)

=4
Cursor 1
V(n00d)
Freq B440313IMHz  Mag
Phase

Group Delay:

Cursor 2
V(n0o4)

Freq 10Hz Mag  97.140019d8
Phase  -1.9537788°
uuuuu Delay

Figure 5.9: Bode plot for gain and phase of second stage
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Gain of the second stage can be calculated using the formulae derived in section 4.3 and

substituting the values from the operating point collected from the LTSpice simulations.

Av1 = gm1s(To19l7020) = gmio L = 71.74 = 20*log (71.74) = 37.11dB

Gas19tGds20 0.625u+0.511u

Total calculated gain = 66.15 + 37.11 = 103.26 dB

5.7 Slew rate

V(n004)
Positive Slewing (SR+) = 52751.7 V/s = 0.0527 Vius

Figure 5.10: Positive slewing

Slew rate shown in the Figure 5.10 (positive slewing) and Figure 5.11 (negative slewing) is

obtained by calculating the slope of the output swing. Formulated as:

_ AVout
SR = 2 (5.3)

where AV,,,; and AT, have different values for positive and negative slewing:
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e AV,,: is the change in the output voltage from 10% of the maximum swing to 90% of the
swing and vice versa for the negative slewing

e AT, can be either AT, in terms of positive slewing or AT, in terms of negative slewing

According to the simulation, SR* is calculated as 0.0527 V/uS and SR~ is equal to -0.043 V/uS.

V(n004)
Negative Slewing (SR-) = -43334.8 Vis = -0.043 V/us

Figure 5.11: Negative slewing
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5.7 Variation in supply voltage

V(n004)
ffect of supply voltage variation on Open-loop Gain and Unity-gain Bandwidth

Gain (VDD = 1V) = 168.6db

M

Gain(VDD = 0.9V) = 97db
Gain(VDD = 0.8) = 80.4db

Unity-gain Bandwidth = 3 Mhz

9 Mhz

10.2 Mhz

Figure 5.12: Effect of variation in supply voltage on gain and phase

Next, we studied the effect of the supply voltage on the circuit operation. Figure 5.11 shows the
effect of variation in the supply voltage from 0.8 to 1V at a fixed input voltage, V;,, = 0.5V. The
major drop in gain from 97dB (at V,, = 0.9V) to 80.4dB (at V,, = 0.8V) is mainly because of the
limited availability of voltage headroom (V) for the NMOS and PMOS devices in the cascoded
gain-stage at such a low potential. However, the significant rise in the gain (at V,, = 1V) is mainly
because of the abrupt rise in the Verrecrive(Vgs — Vin) OF the device, increases the effective
transconductances in both the stages. Similarly, unity-gain bandwidth is dependent on the ratio of
transconductance and the capacitance C.. With even a slight change in g,,,4, the unity-gain

bandwidth will change from 3Mhz to 10.2Mhz as shown in the figure.
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5.8 Variation in input voltage

The effects of input voltage on the device performance while keeping the supply

voltage is studied next.

V(n004)
Input voltage variation(0-0.9V) with a step size of 0.1V

BT Legend

Vinp=0 (Run: 1/10)
Vinp=100m (Run: 2/10)
Vinp=200m (Run: 3/10)
Vinp=300m (Run: 4/10)
Vinp=400m (Run: 5/10)
Vinp=500m (Run: 6/10)
Vinp=600m (Run: 7/10)
Vinp=700m (Run: 8/10)
Vinp=800m (Run: 9/10)
Vinp=900m (Run: 10/10)

Figure 5.13a: Effect of variation in input voltage on gain and phase

To observe the variation in the gain and phase with respect to the change in input voltage signal,
the input voltage is varied from 0 to 0.9V with a step size of 0.1 keeping the supply voltage fixed
at 0.9V. The AC sweep is done from 10hz to 100Mhz at 100 data points per decade. As shown in
Figure 5.13a, the phase remains stable on different input voltages. However, the open-loop gain
has a negligible variation of 4.1% with a change in input voltage from 0V to 0.9V. This is a very
reasonable fluctuation in the gain as compared to the significantly larger variations in the bulk
transconductance of the input NMOS and PMOS transistors with respect to the change in input
voltage (section 5.2). This happens mainly because of the improved gain-bandwidth product which
makes the gain stable with any fluctuation in the input signal. Fig. 13b shows the magnified version

of the important part of the Fig. 13b.



V(n004)

Variation in Open loop Gain
1 Logend x
Vinp=0 (Run: 1/10)
Vinp=100m (Run: 2/10)
Vinp=200m (Run: 3/10)
Vinp=300m (Run: 4/10)
Vinp=400m (Run: 5/10)
Vinp=500m (Run: 6/10)
Vinp=600m (Run: 7/10)
Vinp=700m (Run: 8/10)
Vinp=800m (Run: 9/10)
Vinp=900m (Run: 10/10)

Figure 5.13b: Magnified version for 5.13a

5.9 Effect of different temperatures on the OTA

Work is continued to study the temperature effects on the operation of the designed OTA.

V(n004)

Effects of temperature variation (in Celcius) on the proposed OTA

i |||uuuumsiIilmumuiiiiiiIiIIIIIH|t|lll11l1||ll||l

yqurmi. . . ®
Temp=-10 (Run: 1/15)
Temp=-5 (Run: 2/15)
Temp=0 (Run: 3/15)

+ Temp=5 (Run: 4/15)
Temp=10 (Run: 5/15)
Temp=15 (Run: 6/15)
Temp=20 (Run: 7/15)

. Temp=27 (Run: 8/15)
Temp=35 (Run: 9/15)
Temp=45 (Run: 10/15)
Temp=55 (Run: 11/15)
Temp=70 (Run: 12/15)
Temp=80 (Run: 13/15)
Temp=90 (Run: 14/15)
Temp=100 (Run: 15/15)

T T T T T T

Figure 5.14: Effect of variation in temperature on gain and phase
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V(n004)
Effect of temperature variations on the Slew Rate

1

I R e

Figure 5.15: Effect of variation in temperature on slew rate

Figure 5.14 and figure 5.15 shows the simulation for the effect of temperature variation on the
open loop gain and slew rate of the OTA proposed in this thesis respectively. It is observed that
the amplifier works very well from -10°C to 55°C. The OTA works very well on the typical room
temperature ranging from 20-27°C. However, the OTA is not designed for 100°C because in low
voltage applications, portable electronics or any other device used in biomedical applications work

on the room temperature or below.

5.10 Power consumption

The power consumption of the circuit is important for any applications. We estimated the power
consumption using the simulated results as shown below, Fig. 5.16. The power consumption of
the proposed OTA is calculated by the product of output voltage and the current flowing in the

output branch (i.e., drain current of CS amplifier in the second stage).



Power consumed = V,,,; * I, = 3.33 uW
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(5.4)

Improvement of leakage current reduces the static power (power consumed due to leakage current)

and allows further optimization of the dynamic power (effective power consumed).

3.6uW Power Consumption (in uW) =1d(M18)*V(n004) = 3.33 uW

1.6pW-

-0.3uW.

Output Current Id(M18)

Cursor 1

Id{M18)V(n004)

Hoz | 5.1367188ms Vert[ 33306844
Cursor 2
10(M18)"V(n004)
Horz Sms vert [ -53.047350W
Diff (Cursor2 - Cursor1)
Hoz [ -136.71875s Vert [ -3.33068450W
Freq| 73142857kMz  Siope |  0.0243616
Output Voltage Swing V(n004

900mV- P g g V(n004)

405mV-

-90mV; | \ | \ i | T T T

Oms 1ms 2ms 3ms 4ms 5ms 6ms 7ms 8ms Ims

Figure 5.16: Power consumption

10ms
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Chapter 6: Conclusion and future work

6.1 Conclusion

The proposed OTA architecture works efficiently on both rails of the supply voltages with a very
good dynamic range suitable for low voltage applications. All the simulation results are presented
and compared with the previously expected/calculated values in table 6.1. In the proposed rail-to-
rail OTA design, the simulated values are significantly better than the expectations of this thesis.
However, the gain and phase margin achieved in the simulations are slightly lower than the
expectations. Achieving a gain of 97.14 dB with a moderately good phase margin of 50° is feasible
in low voltage applications. In addition, the unity-gain bandwidth of 8.44 MHz helps to stabilize

the gain achieved throughout the input common mode range of the OTA.

The proposed architecture for the amplifier is rail-to-rail i.e., it should work throughout the
dynamic range of the common mode input on both the rails (V,, and ground). It is observed from
the simulation that the amplifier is stable even beyond the positive rail (V) of the supply voltage
to about 1.2V. As shown in section 2.2.1 earlier, a CS configured MOS input stage can only work
in the range of V, to V;,, + V,, for the MOSFET operation in the saturation region necessary for
amplification. Beyond 1.2V, the input pair enters into the triode region. Hence, the dynamic range

obtained is 0-1.2V compared to the expected range (0-0.9V).

Expected Simulation

Supply voltage (V) 0.9 0.9

Open-loop gain (dB) 103.26 97.14




Gain-bandwidth product (MHz) 5 8.44
Variation in gain with input voltage <6.5% [10] 4.1%
Power consumption (uW) - 3.33
Slew rate (V/uS) - 0.0527

Phase margin 60° 49.23° = 50°
ICMR™ 0.9 1.2
ICMR™ 0 0
Common-mode input range 0-0.9 0-1.2

Table 6.1: Expected and simulated results for the OTA

6.2 Contribution
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The thesis presents a unique architecture for a bulk driven second stage OTA with a reasonably

high gain at a low voltage supply. The designed circuit accommodates rail-to-rail bulk input stage

with a gate-driven cascoded gain stage to enhance the load impedance in the first stage. Addition

of the second stage improves the gain and phase margin to an optimum value without

compromising the stability. The simulated output for all the parameters matches the expected

calculations to confirm the reliability of the design. The number of transistors and their sizes are

designed to accommodate the circuit in smaller chip sizes. A 97.14 dB open-loop gain and 49.23°

phase margin is achieved, which is a good improvement in the bulk-driven devices for 0.9V supply

compared to the existing research [5] [25]. A brief comparison of the results obtained are shown

in the Table 6.2.
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The gain-bandwidth product for this design is optimized to the best possible value to ensure the
least deviation of 4.1% in the output gain. The issues regarding fluctuating gain due to unbalanced
rail-to-rail input stage [10][11], due to the changing transconductance of the input MOS device, is
optimized by adding a significantly higher input impedance and a second stage using a

compensation capacitor of 110fF.

After comparison of the results with other gate-driven applications (low voltage OTA) [1] [6] [9],
it is concluded that the gain of this design is better in terms of stability and power efficiency. An
additional, biasing circuit is proposed in this thesis to ensure a better current and optimum biasing

voltage for the output branch, perfectly suitable for low voltage application.

Addition of an extra stage not only improves the gain, but also improves the dependence of open-
loop gain on the input bulk-transconductances [10][11] without the need of any addition current
injection in the input (to increase the input impedance) and further optimizes the number of
transistors used. Furthermore, with large input transistor sizes and open-loop gain, the circuit is
still able to achieve a good power consumption of 3.3 uW. The OTA is a second stage amplifier
with a very high impedance at the first stage. The device is still suitable for low power consumption
level on a sufficiently small supply voltage. The proposed OTA architecture is designed for a
purely capacitive load of around 0.5pF with a compensation capacitance of 110fF. The slew rate
of the output swing is 0.0527V/uS like the gate-driven OTA suggested in [6] with a much lower
gain. However, with a large gain in the amplifier designed, comes a trade-off of a lower gain-

bandwidth product because of the fixed load capacitance (at 0.5pF) and the saturated bulk
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transconductance of the input MOS. The compensation capacitance is formulated as 0.22 times the
C, (section 4.4) making the gain-bandwidth product much smaller compared to the gate-driven
OTA. It is observed in section 5.2, that the g,,;, is much lower than g, for the input stage MOS
device at a fixed V,s. Therefore, even if one increases the aspect ratio to a significantly higher
value to achieve a higher transconductance, g,,, will saturate after point, limiting the gain-
bandwidth product. However, a UGB of 8.44MHz is a much better value compared to the existing

research [1][5][6][9][25].

This [1] [5] [6] [9] [25]
design

Technology 180nm 350nm 350nm - 45nm 350nm
used
Supply 0.9 2.4 0.9 1 15 0.8
voltage (V)
Open-loop 97.14 66 62 67.81 80 66
gain (dB)
Gain- 8.44 2 0.54 0.964 2 3.4
bandwidth
product
(MHz2)
Power 3.3 2.14 9.9 7.243 26 -
consumption
(uw)
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Slew rate 0.0527 - - 0.052 - 4.7

(VIuS)

Phase margin 49.23° - 52 45.9 50 >80

=~ 50°

Input Bulk Gate Bulk Gate Gate Twin-well
bulk

Common- 0-1.2 - 0-0.9 0-0.854 - 0-0.8

mode input

range

Bias current 10uA 12.5uA 10uA - - -

Table 6.2: Comparison for results in similar research

6.3 Future work

The proposed OTA is highly suitable for low voltage, low power consumption and it can be used

in many Biomedical, Portable electronics applications with a small chip area and low supply

voltage. There are multiple ongoing research on low voltage application with a reduced chip size

due to the rising demands of portable and compact semiconductor technology. Several

manufacturers are moving towards 5nm, 14nm and 45nm technology. As we shrink the

technology, the threshold voltage, and voltage headroom due to higher V¢ also decreases. This

gives more transconductance and a higher intrinsic gain in the MOS device at a sufficiently lower

voltage (around 0.8V) [4]. With a reduced chip area, the total power consumption also decreases.
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Therefore, expected gain due to such small technology will be much more stable with a faster slew

rate, better phase margin, and lower bias current.

Also, the proposed circuit is designed for purely capacitive loading. For a resistive load, the gain
may be compromised with a poor power consumption level. This condition can be improved by
adding a buffer to the output stage or giving a feedback loop, thereby, maintaining the gain and
phase margin. The circuit can also be optimized for variable supply voltages by adding DC level
shifters, for a hassle-free operation with the fluctuating supply voltages shown in the section 5.7.
The slew-rate is lower than expected, to enhance the device speed and slew rate the output current
must be increased further enhanced which is possible in lower technology levels (like 45nm tech.)

with a trade-off for subthreshold leakage and power consumption.
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