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ABSTRACT 
 
In this paper, a low power bulk-driven quasi-floating gate MOSFET based Miller compensated 

Operational Transconductance Amplifier (OTA) is proposed required particularly in design of Gm-C filter. 

The analysis of amplifier is compared with low power bulk-driven technique. The performance comparison 

indicates that bulk-driven quasi floating gate configuration offers better performance. In this configuration 

the combination of bulk-driven input with quasi-floating gate results in improved transconductance and 

hence results in high gain and UGB of the OTA. Moreover, simulation of the bulk-driven quasi-floating 
gate OTA does not suffer from DC convergence problem. A voltage mode multifunction 2nd order filter 

design based on proposed BDQFG OTA is also presented. The analysis of all the circuits have been carried 

out in industry specific node UMC 0.18 micron technology with the help of HSpice simulator. 
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1. INTRODUCTION 

 
The design of low power, low cost and maintenance free medical equipments has become 

essential for long-term monitoring applications implemented in deep submicron technologies. The 

downscaling of CMOS technology in nanometre regime is easily accomplished in digital circuits 

but not so easily adopted for analog circuits. The short channel effect resulting in offset and 
decreased output impedance are serious issues in the design of analog circuits. The scaling down 

of supply voltage for achieving low power dissipation also has the limitation that threshold 

voltage of a MOS transistor is not scalable [1]. Many circuit design techniques such as bulk-
driven (BD), sub-threshold operation, level shifter, floating-gate (FG) and quasi-floating gate 

(QFG) have been reported to achieve low power dissipation [2-4]. The design of OTA [5], op-

amp [6, 7], linearized OTA for bio-medical application [8, 9], self-biased cascode current mirror 

[10] etc using bulk-driven technique have been reported in literature.  
 

Even though the bulk driven technique have been used in the design of various circuits due to its 

simple architecture the technique suffers from low gain due to body transconductance and also its 
large sensitivity to device mismatch and process variations. To increase the effective 

transconductance partial positive feedback at input stage has been employed [11, 12]. However 

due to the sensitivity of bulk-driven circuits to device mismatch and process variation the positive 
feedback results in reduced stability and also degrades the frequency response. The wide band 

QFG transistor based circuits operating at low supply voltage have been reported [13]. A 

combination of BD and QFG techniques has been reported recently (BDQFG) [14]. The circuits 

realized using this technique offer larger transconductance and bandwidth as compared to the BD 
and QFG based circuits. The capacitive voltage divider network used at gate input in QFG 
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transistors results in improved linearity of QFG transistor. This feature of QFG MOS transistor 

has been used in the design of highly linear programmable CMOS OTA [15], tunable MOS 

resistor [16], GM-C filter [17], current conveyor [18], current mirror [19, 20] etc. The 
experimental verification has proved the QFG to be a better choice for the design of low voltage 

low power circuits [13]. Though QFG MOST has several advantages the DC convergence has 

still been an issue since the currently available spice simulators do not converge for capacitive 

networks for DC analysis. The use of BDQFG transistor DC convergence problem does not arise 
because under DC conditions the transistor works as simple BD while under AC conditions the 

transistor works as BDQFG. 

 
The paper presents two-stage miller compensated OTA designed with BDQFG MOS transistors. 

The performance of the proposed OTA is compared with conventional miller OTA designed with 

BD transistors. A voltage mode multifunction 2
nd

 order filter using the proposed miller 

compensated OTA has been designed. The simulation results indicate that the BDQFG is a better 
option for high frequency low power applications. The paper is organized as follows: section 2 of 

the paper presents a brief discussion on BDQFG MOSFET followed by the analysis of BDQFG 

based miller compensated OTA in section 3. The design of the multifunction filter has been 
presented in section 4. The simulations results for the proposed OTA and the filter circuit have 

been presented in section 5. The paper is concluded in section 6. 

 

2. BDQFG MOSFET  

The conventional MOS transistor is a four terminal device whose bulk terminal is usually 
connected to the most negative/positive supply voltage for N-channel/P-channel MOS transistor 

respectively. If the signal input is applied to the bulk terminal the signal amplitude need not be 

larger than the threshold voltage in the transistor as required in case of gate input circuits. 
Therefore in this mode the input signal is not constrained by the threshold voltage limitation and 

even very low amplitude signals can be used at the bulk input. Based on this, BD technique was 

first reported in [21]. The operation of the transistor in this mode is similar to that of a junction 
field effect transistor (JFET).  The schematic of BD technique is shown in Fig. 1 (a). The dc bias 

voltage 
b ia s

V  applied at gate creates the channel whereas the input applied at bulk modulates the 

drain-to-source current even with very small amplitude of input signal. The most significant 

drawback related to the bulk-driven MOS transistor is its small body transconductance  m b
g and 

degraded frequency response [22]. The body transconductance  m b
g is related to gate 

transconductance  m
g  as  

2 2
m b m m

f S B

g g g

V





 



                                                                      (1) 

where    is the body effect co-efficient,
f

  is the fermi-potential, and 
S B

V is the source-to-bulk 

potential. The normal range of varies from 0.2 to 0.4. The low transconductance results in poor 

open-loop gain and bandwidth. As discussed, BDQFG offer significant advantages over BD. The 
schematic of BDQFG MOSFET is shown in fig. 1 (b) where the bulk is tied to the gate input 

terminal of QFG MOS transistor M1. Under DC analysis it works as simple BD MOST whereas 

for AC analysis it combines the effect of BD and QFG MOS transistors. The result is an 
improved frequency response. The BDQFG MOS transistor has been used in the design of 

differential difference current conveyor [23], high bandwidth self-cascode current mirror [24]. A 

recent research paper [25] has reported experimental evidence of using BDQFG for realizing low 
power circuits. 
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Figure 1. N-Channel: (a) BD, and (b) BD-QFG MOS transistor 

 

3. PROPOSED MILLER OTA 

 
OTA is the voltage-controlled current source device, used as versatile building blocks which offer 

wide bandwidth for many types of amplifiers. The ideal characteristics of OTA are high 
bandwidth and high input and output impedances. The conventional bulk driven OTA as 

discussed in literature has limited linearity, low gain and bandwidth. The conventional bulk-

driven miller compensated OTA referred in this paper is shown in Fig. 2 [26]. The combination 

(M3, M4) and (M5, M6, M7) are simple current mirror architectures. The MOS transistor M5, 

M6 and M7 is also used for providing the biasing current  b ia s
I  to various branches of the 

amplifier. The miller compensation is done via 
C

C  which improve the phase response of two-

stage amplifier.  But due to feed forward path via miller capacitor a zero is created in right half 

plane which degrades the phase shift of amplifier and cause stability issues at high frequency. In 

order to reduce the zero effect a nulling resistor  C
R  is used in series with miller capacitor. The 

use 
C

R  introduces an extra pole and its appropriate selection cancels the zero effect preventing 

instability issues at high frequency. Though the differential pair being used in bulk-driven 

consumes low power the OTA has poor gain and low bandwidth due to body transconductance of 
input MOST. In context to this, the BDQFG technique solves the BD body transconductance by 

boosting it by transconductance of QFG MOST i.e. 
, ,m B D Q F G m b m Q F G

g g g  . Based on BDQFG 

technique the schematic of proposed miller compensated OTA is shown in Fig. 3. The proposed 
OTA uses BDQFG input differential pair which results in enhanced transconductance of OTA 

and also improved UGB product.  
VDD

Ibias
M3 M4

M6M5 M7

M8
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VDDVDD

Iout

VSS  
 

Figure 2. Conventional BD Miller compensated OTA 

 

 



Electrical and Electronics Engineering: An International Journal (ELELIJ) Vol 4, No 3, August 2015 

58 

 

VDD

VSS

Ibias
M3 M4

M6M5 M7

M8

M2M1

Rc Cc

C1 C2

MN1 MN2

Vin- Vin+
Iout

 
 

Figure 3. Proposed BDQFG Miller compensated OTA 

 

The equations for current, transconductance and output resistance of saturation mode N-

channel/P-channel MOS transistor are given as 
 

(i) Drain-to-source current: 

(ii)  

2

, , ,

1

2
D S sa t n p o x e ff n p

W
I C V

L


 
  

 

                                                                                          (2) 

 
(ii) Transconductance:  

 

,
2

m n p o x D S s a t

W
g C I

L


 
  

 

                                                                                     (3) 

 
(iii) Output resistance 

 

0
1

D S sa t
r I                                                                                                (4) 

 

where
, ,e ff n G S th n

V V V 
, ,eff p SG th p

V V V  . Assume all the MOS transistors used for OTA design 

in Fig. 2 and Fig. 3 are operating in saturation region except MN1 and MN2 of Fig. 3. The small-
signal model for calculating transconductance of proposed miller compensated OTA is shown in 

Fig. 4.  

VA

(Kgm2+gmb2)Vid

r02//r04
Cgs8

Rc Cc

gm8VA

Iout

 

Figure 4. Small-signal model for calculating transconductance of proposed OTA 

At input 

 2 2 6

0 2 0 4

0
/ / 1

CA

m m b id g s A A

C C

sCV
k g g V sC V V

r r sR C
    


     (5) 
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Solving for 
A

V  

     

       

2 2 0 2 0 4

2

0 2 0 4 6 0 2 0 4 6

/ / 1

1 / / / /

m m b C C

A id

C C g s C C g s C

k g g r r sR C
V V

R C r r C C s r r R C C s

 
 

   

   (6) 

At output 

8

1

C

o u t A m A

C C

s C
I V g V

sR C
 


         (7) 

 

Putting (6) in (7) 

      

       

2 2 0 2 0 4 8

2

0 2 0 4 6 0 2 0 4 6

/ / 1

1 / / / /

m m b C m C C

o u t id

C C g s C C g s C

k g g r r sC g sR C
I V

R C r r C C s r r R C C s
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 

   

   (8) 

     
 

       

8

2 2 0 2 0 4 8

8

,
2

0 2 0 4 6 0 2 0 4 6

/ / 1
1

1 / / / /

m

m m b m C C

C m Co u t

m p r o p o s e d

id C C g s C C g s C

g
k g g r r g R C s

C g RI
G

V R C r r C C s r r R C C s

 
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 
  

   

 (9) 

 

Rearranging (9) 

   

 

 

 

 

2 2 8 8

6 8

,

62

0 2 0 4 6 6 0 2 0 4 6

1

1

1 1

/ / / /

m m b m C m

C g s C m C

m p ro p o se d

g s C

g s C g s C C g s C

k g g g R g
s

R C C g R
G

C C
s s

r r C R C C r r R C C

    
        

 
 
   
 
 

   (10) 

At 0s  , the transconductance of OTA is calculated to be 

   , 2 2 8 0 2 0 4
/ /

m p r o p o s e d m m b m
G k g g g r r         (11) 

 

While for BD OTA (Fig. 2)    

 , 2 8 0 2 0 4
/ /

m B D m b m
G g g r r

       
(12) 

 
As seen from (11) the increased transconductance of 1

st
 stage results in enhanced 

transconductance of OTA. The end result of other analytical analysis for referred and proposed 

OTA is shown in following equations: 

 

3.2 Output Resistance 

 
The output resistance is estimated by the equation 

 

 , , 0 7 0 8
/ /

o u t p r o p o s e d o u t B D
R R r r         (13) 

 

Since 2
nd

 stage is identical so no change in output resistance is observed. 

3.3 DC Gain 

The gain of the OTA is given by 

     0 , 2 2 8 0 2 0 4 0 7 0 8
/ / / /

p r o p o s e d m m b m
A k g g g r r r r        (14) 
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While for BD OTA 

      
 (15) 

 

From (14) an increment in gain can be observed as due to enhanced transconductance of BDQFG 

MOSFET M2. 
 

3.4 Dominant pole 

 
The -3db frequency is given by 

 

   
1 , 1 ,

8 0 2 0 4 0 7 0 8

1

/ / / /
p p ro p o se d p B D

m C
g r r r r C

  
       

(16) 

 
No changes occur in dominant pole location as the output stage is identical for both the OTA.  

 

3.5 Unity-gain bandwidth (UGB) 

 
The UGB product is given by 
 

 
 2 2

, 0 , 1 ,

m m b

u p ro p o se d p ro p o se d p p ro p o se d

C

k g g
U G B A

C
 


       (17) 

 
While for BD OTA 

  2

, 0 , 1 ,

m b

u B D B D p B D

C

g
U G B A

C
          (18) 

 

The improved gain of BDQFG OTA results in high UGB product as observed in (14). In 

summary, the proposed BDQFG OTA provides high gain and better UGB product as compared to 
BD OTA and maintains the same level of power consumption. 

 

4. VOLTAGE MODE 2
ND

 ORDER MULTIFUNCTION FILTER USING PROPOSED 

BDQFG OTA 

 
The architecture of 2

nd
 order transconductor-capacitor  m

G C voltage mode multifunction filter 

[27] realization based on proposed OTA (Fig. 3) is shown in Fig. 5. The two OTA used are 

labelled as 
1m

G and 
2m

G along with two external capacitors 
1

C  and 
2

C to realize low pass (LP), 

band pass (BP), and high pass (HP) filter.    
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Figure 5. Voltage mode Multifunction 2nd order filter using proposed OTA 

 
For 1

st
 OTA, 

 1 1 ,

1

,

in B P

m

in L P o u t

sC V V
G

V V





        (19) 

 

For 2
nd

 OTA 

 2 ,

2

1

o u t in H P

m

o u t

sC V V
G

V V





          (20) 

 

From (20) solving for 
1

V  

2 2

1 ,

2 2

1
o u t in L P

m m

s C s C
V V V

G G

 
   

 

        (21) 

 

Putting (21) in (19) yields the output as 
 

2 1

, , ,

2 1 2

2 2 1 2

2 1 2

1
m

in H P in B P in L P

o u t

m m m

G
s V sV V

C C C
V

G G G
s s

C C C

 
  
 


 

  
 

       (22) 

 

Hence, from (22) the -3dB frequency and the quality factor is calculated as 

 

1 2

0

1 2

m m
G G

C C
         (23)  

 

And 

 

1 2

2 1

m

m

G C
Q

G C
        (24) 

 

To realise the filtering responses three conditions arises as:    
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Case (i): when
, ,

0
in B P in H P

V V  the architecture performs 2
nd

 order low pass filtering and the 

transfer function is given as 

 

   

1 1 2

2

, 2 2 1 2 1 2

o u t m

in L P m m m

V G C C

V s G C s G G C C


 
        (25) 

 

Case (ii): when
, ,

0
in L P in H P

V V  the architecture performs 2
nd

 order band pass filtering and the 

transfer function is given as 
 

 

   

2

2

, 2 2 1 2 1 2

1
o u t

in B P m m m

C sV

V s G C s G G C C


 
        (26) 

 

Case (iii): when
, ,

0
in L P in B P

V V  the architecture performs 2
nd

 order high pass filtering and the 

transfer function is given as 

 

   

2

2

, 2 2 1 2 1 2

o u t

in H P m m m

V s

V s G C s G G C C


 
        (27) 

5. SIMULATION RESULTS 

 
The miller compensated OTA of Fig. 2 and Fig. 3 and filter of Fig. 4 has been simulated on 

0.18 m  mixed-mode twin-well technology provided by UMC with the help of HSpice simulator. 

The dimensions of MOS transistors used for OTA realisation of Fig. 2 and Fig. 3 is shown in 

table 1. The values of other parameters assumed for OTA are also listed in table 1. 
 

Table 1. Dimension of MOS transistors used in Miller OTA 

 

MOSFET W  m
 L  m

 MOSFET W  m
 L  m

 

M1 12 0.6 M6 9 0.6 

M2 12 0.6 M7 8 0.6 

M3 12 0.6 M8 23.9 0.6 

M4 12 0.6 MP1 0.24 0.24 

M5 4 0.6 MP2 0.24 0.24 

C
R =10K,

C
C =1pf, 

1 2
C C =1pf,

lo a d
C =1pf , 

b ia s
I =10 A  

 
The plot of effective transconductance of referred and proposed OTA is shown in Fig. 6. From 

the plots it can be observed that for BD configuration the transconductance is very low whereas 

this is not the case with the BDQFG based OTA. The proposed OTA shows boosted 

transconductance by fourfold due to added transconductance of QFG MOS transistor with BD 
MOS transistor. This increased transconductance reflects in gain enhancement by 14dB over 

conventional BD OTA as shown in Fig. 7. As there is no significant impact on output impedance 

and so no change in -3db frequency is observed. The effect of high transconductance is also 
reflected in UGB product which on simulation is found to be enhanced by nine times over BD 

OTA maintaining the same level of power consumption. The output response for input step signal 

is observed by performing transient analysis shown in Fig. 8.  



Electrical and Electronics Engineering: An International Journal (ELELIJ) Vol 4, No 3, August 2015 

63 

 

 
 

Figure 6. Transconductance of BD and proposed OTA 

 

 
 

Figure 7. Frequency response of BD and proposed OTA 

 

 
 

Figure 8. Transient response of BD and proposed OTA 

 

From simulation results, it can be concluded that BDQFG is a better option for realizing high gain 

circuits with low power consumption. The simulation results value has been tabulated in table 2.  



Electrical and Electronics Engineering: An International Journal (ELELIJ) Vol 4, No 3, August 2015 

64 

 

Table 2. Comparative analysis of BD and BDQFG OTA 

 

Parameters BD OTA Proposed BDQFG OTA 

Transconductance  m
G

 /A V
 1700 7440 

DC gain  40.9 53.81 

Dominant pole  K H z
 87.8 87.1 

UGB  M H z
 11.27 101.13 

Phase Margin (PM) 114 65 

Power  W
 51.47 51.46 

Output impedance  K 
 117 117 

Rise time (nS) 53.94 51.28 

Fall time (nS) 76.20 28.35 

Voltage Supply  0.5V  0.5V 

 

 

Fig. 9 DC analysis for input voltage swept from -500mV to 500mV 

 

Further simulation results are shown for voltage mode 2
nd

 order multifunction filter of Fig. 5. The 
filter is designed for 1 KHz cut-off frequency. The DC analysis result shown in Fig. 9 proves the 

linear range of filter to its supply rails. The simulation has been performed for input voltage swept 

from -500mV to 500mV at the steps of 100mV. The magnitude and phase responses for LP, BP 
and HP filter is shown in Fig. 10 and Fig. 11 respectively.  
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Figure 10. Simulated magnitude plot of LP, BP and HP filter responses 

 

 
 

Figure 11. Simulated phase plot of LP, BP and HP filter responses 
 

6. CONCLUSIONS 

 
In this paper, performance analysis of miller compensated OTA based on BD and BDQFG by 
simulations is presented. It has been shown that BDQFG technique offers significant advantage 

over BD based OTA in terms of transconductance and UGB product.  Further an application of 

proposed OTA is shown in realisation of voltage mode 2
nd

 order multifunction filter. All the 

circuits have been implemented / simulated using UMC 0.18 m  twin-well process through 

HSpice simulator. 
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