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Abstract

Biomedical signals are very small amplitude and lowrequency signals. Hence they require
high gain, high CMRR and low noise amplifiers for pocessing. This paper presents Telescopic, Two
stage and Folded cascode operational transconductas amplifier (OTA) topologies. The proposed
OTA topologies employ a biasing, using constant ctent source with current mirror. The design of
OTA is targeted for an implementation in biomedicaldevices. The proposed OTAs were designed in
180nm CMOS technology. Based on the simulation reks, Telescopic OTA has high DC gain, wider
bandwidth, lowest power dissipation and better seling time. Folded cascode OTA has moderate DC
gain, wide bandwidth, lower power dissipation, higer CMRR and slew rate .Two stage OTA has
moderate DC gain, low bandwidth with high power disipation.
Keywords: Telescopic, Folded cascode, OTA, Two stage, current mirror.
I. Introduction

The miniaturization of electronic devices is duesémiconductor transistors, whose size has been
decreasing drastically beyond Moore’s predictione Bensity of transistors on an IC has increasedau
the scaling of the feature sizes. Technology sgakauces the delay of the circuit elements, imgsahe
performance and enhances the operating frequenay €. Due to advances in technology it is pdssib
to implement on the same IC, analog and digitalesys using the same technology. The whole world is
analog in nature but the signal processing is be@wpmmore and more digital. Digital circuits are
advantageous than anlog circuits since they asedessitive to disturbances, easy to design, nuirest
in supply and process variations. The analog ssgaeduisition and its processing require analogtfemd
(AFE). The block diagram of front-end for biomedisggnal acquisition is as illustrated in Fig.1mainly

consists of electrodes, amplifier, filter and ADC.

Bio-

potential |:‘> Electrod » Filter :> ADC Digital
Signal s Output

Fig.1. Block diagram of Biomedical signal acquisibn
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The bio-potential signal will be converted into alectrical signal by an appropriate sensor or

transducer. The electrodes acts as transducer tandignals are usually appended with unwanted
interferences. In order to amplify, only the bioneadl signals by reducing the common mode noisgh hi
gain, high CMRR and accurate amplifier is requifEld. The unwanted signal is then filtered and agxgpli

to ADC circuit for obtaining the digital values ahalog data. The biomedical signal recording is @ne
the challenging task, since the biomedical sighal¢e weak amplitude and low frequency, usually the
amplitude varies between millivolts to microvoltsdathe frequency is below 1kHz. Table | shows tioe b
potential signals with their typical ranges of aityole and frequency [2].

Table | Typical amplitude and frequency ranges of B-potential signals

Bio-potential signal Amplitude in mV FrequencyHiz
ECG (Electrocardiogram) 0.05 — 3 0-(300
EEG(Electroencephalogram) 0.001 -1 0.1 —100
EOG(Electrooculogram) 0.0+ 0.3 0.1- 10
EMG(Electromyogram) 0.001- 100 50 501

Operational amplifier circuits are the basic builgliblock required for the design of many analog
and mixed-mode circuits such as data convertelggersi amplifiers, portable devices, medical
instrumentation and solar powered systems. The poaduction in portable devices that are battery
operated like data converters and implantable naédievices is of concern. To reduce the amount of
power dissipation usually on chip amplifiers areAORn op-amp without output buffer is OTA and it is
voltage controlled current source, as it convelffer@ntial input voltage into an output currents ®TAs
are smaller in size with simple design, they arefgred than op-amps .So, they are used in the
applications where only capacitive load has torfped, since it cannot drive resistive loads dusrtaller
currents. The commonly used CMOS OTA topologies B stage, Telescopic and Folded cascode. The
selection of an OTA topology is dependent on theud application and desired performance. Theudtisc
consisting of OTA are affected by its specificaiguch as bandwidth, output swing, DC gain, settlin
time, linearity and power consumption. This papeoiganized as follows. Related work is descrilmed i
Section Il. Implementation of different OTA topoleg is explained in Section Ill. Measured resutts a
rendered in Section IV and Conclusion in Section V.

[I. Related Work

In [3] authors have designed cascoded telescommppcircuit to enhance differential gain and
bandwidth, with additional two load capacitors. Toad capacitors were designed with optimum vataes
reduce the power consumption. Telescopic opampessgded based on MOSFETs zero temperature

coefficient (ZTC) [4]. Two circuits were used foemgrating currents one with positive and other with
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negative temperature coefficient. ZTC current mfee is used for biasing the amplifier circuit. The
circuit is designed with MOSFETSs, BJT and resistotsch occupies more area. Fully balanced OTA is
designed by using dynamic threshold MOS (DTMOShwidlaptive biasing [5]. DTMOS transistors were
used for primary stage implementation of OTA antivadoads. In order to provide low power dissipati
with improved slew rate, adaptive biasing circuitass reference side is implemented using NMOS
transistors. Comparative analysis of opamp witfed#t current mirror circuits such as Wilson miimg,
Wildar mirroring and cascode current mirroring @nd in [6]. Wildar mirroring opamp circuit has low
gain and consumes more power, whereas cascode ppasrhigh gain. OTA is designed with two stages
[1], first stage consists of folded cascade witlstack of 3 transistors followed by common source
amplifier. Input is applied for PMOS differentiahip and cascaded with second stage to achieve rhighe
gain with maximum output swing. MOSFETs can beegithulk-driven MOS or gate-driven MOS .For
low supply voltage, bulk-driven MOS are preferalitan gate-driven MOS, has it is independent of
threshold voltage. But the main drawback of bulik<ein MOS is low DC gain. High gain is one of the
amplifiers important specifications. For examplegan of 70-80 dB is required in switched capacitor
integrators used in Sigma-delta modulators in otdeteduce phase error and nonlinearities. In [@h h
gain two stage amplifier is proposed and uses ipestapacitive feedback for frequency compensation.
One of the advantage of the designed circuit doés not use common mode feedback circuit. To btai
larger output gain, folded cascode topology [8mplemented with nmos input transistors. The lergjth
all the transistors in the design is set to threed more than the minimum channel length in otder
reduce the channel length modulation. The desigpginp is used for pipeline ADC applications. In
MOSFETS, bias point is set by a stable dc draimeciirand dc drain-to-source voltage which ensures t
operation of transistor in the saturation regiogquieed for faithful amplification, for all the appt input-
signal levels. The effective technique used fosinigg MOSFET amplifier is constant-current sourcéhwi
current mirror is implemented in this paper. Cutremrrors replicate the current from one device to
another. Irrespective of the load conditions, thpot current remains constant as current mirrangeh
high output impedance. It provides the active lcaus bias currents to the circuits. This paper sarizes
the comparison of Telescopic, Folded cascode and $tage OTA topologies design with their
performance parameters implemented in 180nm CM&8$t#ogy.
l1l. Implementation of OTA topologies
A. Telescopic OTA

The schematic of Telescopic OTA is illustrated ig.E. Transistor M1, M2 are nmos input devices

and M3, M4 are nmos cascode devices.M5, M6, M7M8dire pmos cascode current sources. Telescopic
559
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cascade OTA has high gain due to stacking of cast@mhsistors. Transistors Mbl and M9 form the

current mirror pair.

- —

Fig.2. Schematic of Telescopic OTA
The designed OTA consists of differential amplifiacross the input and the transistors of
differential pair carry equal currents. The supghtage applied to differential cascode OTA is 18\ a
current source of 30uA is applied to bias the dirciach cascode branch of OTA carries half oflilaes
current. The length of all the transistors is k&gahe, in order to reduce the errors due to thedsftiesion
of the source and drain areas. Table Il summatiresdevices sizes of Telescopic OTA.

The transconductance of each transistor is caklas,

2x1
8m = Vof 1)

and the width of each transistor is calculated §ipgicurrent equation in saturation.

Ib=2K (T) (VesVin)® 2)
(0)=evn ®

For NMOS transistor K isjCoxand for PMOS transistor K is,{iox
The bias voltage for M3 and M4 is calculated as,

Ve = Vas3ztVourtVove (4)

The gain of the circuit is obtained as,

Ay= Gm X Rout ®)

Where G, is approximately equal targand Rout= [(Omarostor) || (Gnstosto7)] (6)
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Table 1l Device sizes of the Telescopic OTA

Transistor | Win um | Ipsarin A | gmin mA/V
M1,M2 15 15.41 .269
M3,M4 20 15.41 219
M5,M6 40 15.41 .283
M7,M8 40 15.41 217
Mb1l 15 30 448
M9 15 30. 89 458

AC analysis of Telescopic OTA is as shown in Fig:8r G=1 pF the obtained values of Open
loop DC gain, unity gain bandwidth and phase magg® 92.07dB, 972 MHz and 64%@spectively.

Fig.4. shows the transient analysis for Vin=1mV @Hz.

B0V o'}
3.98107kHz
79.639dB

168 10t 1¢° 1
freq (Hz)

10t 1¢ 3500 400 4500

Fig.3. Frequency response of Telescopic OTA
B. Folded Cascode OTA
Fig.5. illustrates the schematic of Folded Casacdd@. It has NMOS input devices and PMOS cascade

Fig.4. Transient response of Telescopic OTA

transistors. NMOS input devices have larger gaantf®MOS input devices. In the designed OTA
topology, the mirror circuit provides the gate agls to the cascode load. The values of thesegesita
ensure that the transistors operate in the sataragigion. MOSFETs M11 and M12 provide the DC bias
voltages to M3-M6. M1 and M2 form differential arfigr circuit. The amplifier is applied with ap¢ of

1.8 V and a current source of 30pA is applied &shhe circuit. Table 11l summarizes the devicessiof
Folded cascode OTA.

The transconductance of each transistor is cakxlias,

_ 2*ID

8m = Voy 7)(
and the width of each transistor is determined as,
W _ Z*ID
(f) T KeVoy2 (8)
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For NMOS transistor K is{Coxand for PMOS transistor K is,{fox

Resistance looking into drain of M6,R= Gnelos (fos || o2) 9)
Resistance looking into drain of M8y4R= gnsroslio (20)
The output resistance 2= Ryp || Rin (12)
The DC gain of the circuit is given by,

Ad=0gm1 Rout (12)
The output voltage of the OTA iso¥= gnVin Ro (13)

Vin+ M1 M2 Vin- | | |
M9 | | M10

Fig.5. Schematic of Folded cascode OTA

Table Ill Device sizes of Folded cascode OTA

Transistor| Win um | bga in HA | gn iIn MA/V
M1,M2 15 15 .107
M3,M4 7 30.105 136
M5,M6 7 15.105 .094
M7,M8 1.5 15.105 107
M9, M10 | 1.5 15.105 .108
M11 7 30 .136
M12 7 30 129

AC analysis of Folded cascode OTA is as shown m6iFor @=1 pF the obtained values of
Open loop DC gain, unity gain bandwidth and phasegin are 82.26dB, 17MHand 83 respectively.
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Fig.7. shows the transient analysis for Vin=1lmV @OHz. The advantage of folded cascode over

telescopic is higher overall voltage swing, thendkecks are higher power dissipation, lower voltggem
and higher noise.
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Fig.6. Frequency response of Folded Cascode  Fig.7. Transient response of Folded Cascode
OTA OTA
C. Two stage OTA

Fig.8. illustrates the schematic of two stage OTAansistors M1-M4 forms the first stage of
differential amplifier stage with transistors M3dakl4 that forms a current mirror. The inverting arah-
inverting input is provided at M1 and M2 respedyv@ he differential currents and the output resise
of first stage provide single-ended output voltdgat drives the second stage. The second stagépsov
an additional gain which consists of PMOS currenirse load, M6 and NMOS common source amplifier
M7. Coupling capacitor, Cc provides stability teethircuit. It does not affect gain but it affectai
Bandwidth product. The supply voltage applied to stage OTA is 1.8V and a current source of 30uA is
applied to bias the circuit.

—l—VDD

M3 % 4 M4 C1 M6

il 0 vou

onl :

Cu

.||_| —

M1 M2 Vin+

- . an
0 & 5

__VSS

M8

Fig.8. Schematic of Two stage OTA
The aspect ratio of M8 transistor is calculatedibyg current equation in saturation given by,
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Ipg = 5 MnCox (%)8(VGSVth)2 (14)
w

|D5 = AL/ |D8 (15)
(T)e

Ip1=lp2=1p3= lpsa= Ips/2 (16)

To ensure symmetry, P4 = |Vosd = [Vosd (17)

Gain bandwidth expression is given by, GB\@%“E&C- (18)

Aspect ratio of M1 and M2 is given b@’\%’)1= (%)flfm*i; (19)

Aspect ratio of M3 and M4 is given t@%’)g: (%)4:14 T ID—5|vt5 TET (20)

P INmax max tlmin
Aspect ratio of M6 is given b;(,%)e =G’¥6) (%)3 (21)
D3

W

Ipe=lp7= IDS@

L

Table IV Device sizes of Two stage OTA

Transistor Winpm | gegin A | gnin mA/V
M1,M2 3 15 151
M3,M4 15 15 15

M6 100 103.26 1.09

M7 14 103.26 .862

M5, M8 4.5 30 .266

AC analysis of two stage OTA is as shown in Fig&. G =1 pF the obtained values of Open loop
DC gain, unity gain bandwidth and phase margin &&&3dB, 8.1 MHz and P4espectively. Fig.10.
shows the transient analysis for Vin=1mV @ 100Hz.
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Fig.9. Frequency response of Two Stage OTA Fig.10ransient response of Two stage OTA
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IV. Measurement Results

The proposed OTA circuits were simulated at 180nM#0OS technology with 1.8V power supply
and targeted for its implementation in biomedicavides. The performance comparison of OTA
topologies is tabulated in Table V. From the perfance analysis of different OTA topologies, it is
observed that each topology has its own advantageslisadvantages. For biomedical applications, OTA
should provide a gain of 60dB and the phase mamngist be larger than 45 degrees to ensure stabiliy.
single stage telescopic amplifier consumes low poveampared to other two topologies, hence can be
used for low power applications. Telescopic OTA hagh DC gain, wider bandwidth with lowest power
dissipation, whereas folded cascode OTA has mceldd& gain, wide bandwidth with lower power
dissipation .Two stage OTA has moderate DC gaiw, b@andwidth with high power dissipation. The

differential gain of OTAs is as shown in Fig.11lraifisient response forinc1mv @ 100Hz is as shown in

Fig.12.

Table V Performance comparison of different OTA tomlogies
Parameters of OTA Two stage | Telescopic Folded Casi®
DC Gain(dB) 84.636 92.073 82.26
Bandwidth(Hz) 460.87 972 1279
UGB(MHz) 8 30 17
Phase Margin(deg) 74 64.57 85
Power dissipation(juw) 294 109 162
CMRR (dB) 92.596 135.97 165.59
Slew Rate (v/ns) 0.05 0.023 0.022
Settling time (ns) 154.07 56.73 82.153
Squared output noise 11.11 2.11 44.183
(mv?/\Hz)

— 100

— 90.0

— 80.0
— 70.0
— 60.0

— 50.0

V (dB)

— 40.0
7—30‘0
7—20‘0
— 10.0
:0.0

;—10.0

— -20.0

7|—30.D

-Hl dB20 - Telescopic
‘Bl dB20 Two Stage

Bl dB20  Folded Cascode

I T TTTTT] T T TTTTTI T T T TTTITI]
10t 107 10? 1a?

Fig.11.Comparison of DC Gain and UGB of Telescopid@wo stage and Folded cascode OTA.
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Fig.12. Transient response of Telescopic, Two stagad Folded cascode OTA for Vin=1mV,
fin=100Hz.

CMRR is an important specification of OTA which gtifies the rejection ratio of common-mode
signals. It is a significant parameter in noisaeuctbn, which is larger for folded cascode OTA.Skate is
the rate at which the output responds to the clsanmgéhe input. Higher slew rate is preferable @nd
achieved in Folded cascode OTA. Settling time esdlosed-loop parameter and it is the time takethby
output to settle from the time of application céstinput. The settling time depends on slewing biela
and bandwidth. Telescopic OTA has better settlingt Fig.13. lllustrates slew rate and settlingetiof
OTAs. Fig.14 shows the step response in a unity ganfiguration for 1V input signal. Fig.15 showet
input referred noise as a function of frequencye Theasured performance of OTA topologies are

summarized in Table VI, with comparison to otheblghed work.
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Fig.13. Output waveform illustrating slew rate andsettling time of Telescopic, Two stage and Folded

cascode OTA.
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Fig.15. Input referred noise as a function of freqency.

Table VI OTA Performances and Comparison

References [1] [3] [5] [6] [8] This work
Technology(nm) 180 180 180 180 130 180
OTA topology Folded | Tele Two |Two |Folded | Two | Tele | Folded
cascode scopic | stage | stage | cascode stage | scopic| cascode
Supply voltage(V) 1 1.8 1 1.8 1.8 1.8 1.8 1.8
Load Capacitance(pF) 8 10 1 1 1 1
DC gain(dB) 67.81 43.41 83.56 20 64.5 84.63 92/02.2@
Phase margin(deg) 45.9 91.19 64.08 68.4 74 6453 8
UGB (MHz) .964 820.46| 39.1§ 1.2 695.1 8 30 17
Power consumption(mw)7.243u | .4 .105 50 0.14 .29 .10 .16
CMRR(dB) 104.95| 43.4 86.13 3 41.48 92.59 1359 8%5

V. Conclusion
In this paper, low power and high gain OTA topo&sgiwere presented in 180nm CMOS
technology for its implementation in biomedical @es. In recent years, telescopic and folded cascod
OTAs are preferred due to their higher bandwidthg dow power consumption in data converter

applications. The drawbacks of telescopic cascobl@ pology shown in Fig.1 are limited output swing
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require higher supply voltage and consume moreageltheadroom. In modern circuit design, limited

output swing with high supply voltage is not pre¢er hence folded cascode OTAs are preferred.
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