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Abstract—A bulk-driven super MOS transistor (BD-SMT) for 

low voltage operation is presented. The proposed transistor 

achieves a high effective transconductance (Gm(eff)), high effective 

drain impedance (RD(eff)) and low effective source impedance 

(RS(eff)). BD-SMT is designed based on regulated self-cascode and 

negative feedback techniques. The transistor been designed using 

a 0.18 µm CMOS technology and operated from a 0.4 V supply 

with a static power consumption of 12 µW. The simulation results 

showed higher Gm(eff), larger RD(eff) and smaller RS(eff) as compared 

to those of simple bulk-driven MOS transistor.  

Keywords—low voltage; bulk-driven; regulated self-cascode.  

I. INTRODUCTION 

Metal-oxide semiconductor field-effect transistor (MOS 
transistor) is the most widely used device in both digital and 
analog integrated circuits. Main characteristics of MOSFET 
include, for example, high input impedance, ease of scaling 
and simple fabrication process.    

Bulk-driven MOS transistor (BD-MT) has been proposed 
to design low voltage amplifiers with rail-to-rail input 
operation [1-2]. Main drawback of BD-MT is its low bulk 
transconductance (gmb) [3-13]. As a result, the impedance 

looking into the source (RS) is rather high since RS ∝ 1/gmb. It 
is also  known that the drain-to-source impedance of modern 
nanoscale MOSFET (RD) is small due to short channel effect. 
Several super MOS transistors (SMTs) have been reported and 
they were developed based on the regulated cascade technique 
(RGC). The resulting SMTs demonstrated an enhanced 
effective drain resistance (RD(eff)) [14-18].  

A single stage common source (CS) amplifier using 
MOSFET operating in the weak inversion and a negative 
feedback technique was used to increase RD(eff) [14]. Its weak 
inversion operation allowed the rail-to-rail output swing. 
Improved SMTs using a high-gain feedback amplifier were 
also proposed [15, 16]. An enhanced loop gain resulted in very 
large RD(eff). In addition, the output swing showed rail-to-rail 
operation since PMOS was used in the feedback loop. It is 
however noticed that these SMTs required a minimum supply 
voltage of 4VDSAT + 3VT which is quite large. SMT using 
single-stage OTA, and a Miller amplifier was proposed. The 
transistor showed high speed and gain. [17].   

Recently, SMT using a two stage cascade common source 
amplifier connected in a negative feedback configuration was 

reported [18]. The obtained SMT exhibited wide voltage 
swing, high effective transcondutance Gm(eff), low source 
resistance RS(eff) and, in addition, can operate at low supply  
(2VDSAT + VT). Nevertheless, RD(eff) is equal to that of a 
conventional MOSFET (i.e., RD(eff) = ro). It is noted that all 
mentioned SMTs either achieved high RD(eff) or low RS(eff). 
Nonetheless, none of them achieved high RD(eff) and low RS(eff) 
at the same time. Moreover, supply voltages required were  
high and the input swing was limited mainly by VT. 

In this paper, low-voltage bulk-driven regulated self-
cascode super MOS transistor (BD-SMT) is presented. The 
proposed BD-SMT demonstrates a high Gm(eff), high RD(eff) and 
low RS(eff) simultaneously. The input swing at the bulk terminal 
shows rail-to-rail operation and the SMT can operate from a 
supply voltage as low as VT + VDSAT.      

≡

 

Fig. 1. Proposed super MOS transistor (BD-SMT).  

II. PROPOSED BULK-DRIVEN SUPER MOS TRANSISTOR  

Fig. 1 shows the proposed BD-SMT. MB1 – MB2 operated 
as current sources to bias M1 and M2, respectively. M1 and M2 
are connected as a bulk-driven CS amplifiers. M3 and M4 form 
self-cascode transistor. As will be described later, quasi-
floating gate (QFG) transistor M2 is used to increase RD(eff) 
while M1 and M2 are used to reduce RS(eff) and increase Gm(eff).  

The operation of BD-SMT can be explained as follows. If 
the test voltage (vt) is applied to bulk of M1, the signal vt is 
amplified at node X. The amplified signal at node X is further 
amplified by common-source (CS) amplifier (M2) at node Y 
which is then fed to the body of the self-cascade transistor M3 
and M4 and finally converted into the drain current. 

    By using a typical small signal analysis, the effective 
transconductance (Gm(eff)) of BD-SMT can be shown as 
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where gmbi  and rOi are bulk transconductance and drain-to-
source impedance of the i

th
 transistor, respectively. rO3(lin) is 

the drain-to-source impedance of M3 in the linear region. 

From Eq. (1), one can see that Gm(eff) in comparison with 
BD-MT is increased by a factor of gmb1gmb2(rO1//rOB1)(rO2//rOB1)/(gm4 
+gmb4)rO3(lin).   

To analyze the impedance at the drain terminal, one apply 
the test current it at the drain terminal and find the 
corresponding vt at the drain terminal. RD(eff) is given by the 
ratio of vt and it. It is noticed it is converted into voltage at 
node Z which is amplified by the CS amplifier via the QFG 
M2. The amplified signal is negatively fed back to the bulk 
terminals of M3 and M4. This regulated cascade configuration 
helps increasing RD(eff). A straight forward small signal 
analysis shows RD(eff) as 

( ) ( )( ) 1 2 4 2 2 4 3( ) 4/ = + �D eff G T m mb O OB m O lin OR C C g g r r g r r , (2) 

where CG1 is the coupling capacitor and CT is the total gate 
capacitance of M2.  

One can see that RD(eff) in comparison with BD-MT is 
increased by a factor of [(CG1/CT)gm2gmb4(rO2//rOB2)+gm4]rO3(lin).  

To analyze the impedance at the source terminal, one can 
apply vt at the source terminal and find the associated it. As 
can been seen from Fig. 1, vt is amplified by the CS amplifier 
M1 at node X which is then further amplified by the CS 
amplifier M2 at node Y. The signal at node Y is fed back to the 
body of the self-cascode M3 and M4. An increase in the body 
voltage helps increasing the source current, and finally 
lowering the effective source impedance (RS(eff)). A straight 
forward small signal analysis shows RS(eff) as 
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 Notice that RS(eff) in comparison with BD-MT is reduced by 
a factor of (gm4+gmb4)/[(gm1+gmb1)gmb2gm4(rO1//rOB1)(rO2//rOB2). 

TABLE I.  TRANSISTOR DIMENSIONS 

Transistor W/L (µm/µm) Transistor W/L (µm/µm) 

M1 52/0.5 M4 82/0.5 

M2 52/0.5 MB1-3 604/10 

M3 130/0.5   

III. SIMULATION RESULTS AND DISCUSSION 

The proposed circuit has been designed and simulated 

using a standard 0.18 µm CMOS technology to verify its 
performance. The supply voltage is 0.4 V and the bias voltage 
at the body is set to 0.2 V. The bias current of every transistor 

is 10 µA. CG1 is 0.4 pF. Table 1 shows the size of transistors. 
Transistor M1, M2 and M4 operate in the saturation region 
while M3 operates in the linear region. 
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Fig. 2. Gm(eff)  versus Gm(con).  
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Fig. 3. RD(eff) versus RD(con).   
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Fig. 4. RS(eff) versus RS(con).    

Fig. 2 shows Gm(eff) and the transconductance of the 
conventional BD-MT Gm(con) for the same bias current and 
transistor size. As can be seen, Gm(eff) is 1.72 mA/V while 

Gm(con) reads only 50 µA/V (i.e., Gm(eff) is around thirty times 
larger than  Gm(con)).  



 

RD(eff) versus the conventional drain impedance of BD-MT 

(RD(con)) is shown in Fig. 3. As can be seen, RD(eff) is 946 kΩ 

while RD(con) reads 385.5 kΩ (i.e. RD(eff) ≈ 2.5RD(con)). Fig. 4 
shows RS(eff) of BD-SMT versus the source impedance of a 

BD-MT (RS(con)). As can be seen, RS(eff) is 109.73 Ω while 

RS(con) is 3.9 kΩ (i.e. RS(eff) ≈ 0.03RS(con)).    

          
   (a)                                    (b) 

Fig. 5. (a) Common source and (b) common gate amplifiers.  

To verify the performance of the proposed BD-SMT, BD-
SMT is connected as a CS (Fig. 5a)) and common-gate (CG) 
(Fig. 5b)) amplifiers.  Fig. 6 shows the frequency response 
using the proposed BD-SMT (solid line) and conventional 
MOSFET (dash line). The dc gains read 64.21 dB and 25.85 
dB, respectively. Bandwidth of BD-SMT and conventional 
BD-SMT are 700 kHz and 10 MHz, respectively. The CS 
using BD-SMT has higher gain mainly due to an increase in 
both Gm(eff) and RD(eff). Notes that an ideal current is used in the 
simulation since the MOSFET current source will affect the 
intrinsic gain and could mislead the result interpretation. Fig. 7 
shows the transient response of the CS amplifier. A simple 
long channel MOSFET is used as a current source so that a 
realistic result is observed. As can be seen, CS amplifier 
exhibits a reasonable output voltage swing. 

Fig. 8 shows the frequency response of the CG amplifier 
using the proposed BD-SMT (solid line) and the conventional 
MOSFET (dash line). The source impedance of the current 

source Rsource is set equal to RS(eff) (i.e. Rsource = 109.73 Ω). This 
leads to a current gain of 0.5. It is however noticed that the 
input current gain is reduced to only 0.012 when a 
conventional MOSFET is used mainly due to its higher source 
impedance RS(con). Fig. 9 shows the transient response of iin 

when is is 4 µAp sine wave at 20 kHz and Rsource is Rin, 2Rin 

and 5Rin. iin is reduced to 2.04 µAp, 2.7 µAp and 3.35 µAp, 
respectively.  
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Fig. 6. Frequency response of Fig. 5a). 
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Fig. 7. Transient response of Fig. 5a). 

Tables 2 shows a performance comparison of BD-SMT 
and other SMTs. Table 3 shows a comparison result between 
the proposed BD-SMT and conventional BD-MT.   

TABLE II.  PERFORMANCE COMPARISON BETWEEN THE BD-SMT AND OTHER REPORTED SMTS. 

Parameter VDD Gm(eff) RD(eff) RS(eff) 

Conv Vdsat + VT gm1 ro1 1/gm1 

[14] 3Vdsat + 2VT gm1 gm2gm3ro1ro2ro3 1/gm1 

[15] 3Vdsat + 3VT  gm1 gm2ro1ro2gm5gm6(7)ro5(8)ro6(7)/2 1/gm1 

[16] 4Vdsat + 2VT gm1 gm2gm3ro1ro2[ro3//(ro8+ro9)] 1/gm1 

[17] 4Vdsat + 2VT gm1 gm2gm3gm6ro1ro2(ro3//ro4) (ro7//ro9) 1/gm1 

[18] 2Vdsat + VT gm1gm2gm3(ro1//roB1)(ro2//roB2) ro1 1 / gm1gm2gm3(ro1//roB1)(ro2//roB2) 

This work Vdsat + VT 
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Fig. 8. Frequency response of Fig. 5b). 
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Fig. 9. Transient response of Fig. 5b). 

TABLE III.  PERFORMANCE COMPARISON. 

Parameter Conventional This work 

Supply voltage 0.4 V 0.4 V 

The effective transconductance (Gm(eff)) 5 µA/V 1.72 mA/V 

The effective drain impedance (RD(eff)) 385.5 kΩ 946  kΩ 

The effective source impedance (RS(eff)) 3.9 kΩ 109.73 Ω 

Unity gain frequency (fT) 500 MHz 2.4 MHz 

Power dissipasion 2 µW 12 µW 

IV. CONCLUSIONS 

In this paper, a low-voltage BD-SMT is presented. The 
BD-SMT is designed based on regulated-self cascade and 
negative feedback techniques. BD-SMT can operate at low 
supply and showed high effective transconductance (Gm(eff)), 
high effective drain impedance (RD(eff)) and low effective 
source impedance (RS(eff)).  

ACKNOWLEDGMENT 

Authors would like to thank Commission on Higher 
Education (CHE-PhD-SW-NEWU) for supporting grant fund 
under the program Strategic Scholarships for Frontier 
Research Network for the Join Ph.D. Program Thai Doctoral 
degree for this research.   

REFERENCES 

[1] J. M. Carrillo, G. Torelli, R. Perez-Aloe and J. F. Duque-Carrillo, “1-V 
Rail-to-Rail CMOS OpAmp With Improved Bulk-Driven Input Stage,” 
IEEE J. Solid-State Circuit, vol. 42, no. 3, pp. 508-517, 2007. 

[2] J. M. Carrillo, G. Torelli, M. A. Dominguez and J. F. Duque-Carrillo, 
“On the input common mode range of CMOS bulk-driven input stages,” 
Int. J. Circuit Theory Appl. Vol. 39 pp. 649–664, 2011. 

[3] S. Chatterjee, Y. Tsividis, and P. Kinget, “0.5-V Analog Circuit 
Techniques and Their Application in OTA and Filter Design,” IEEE J. 
of Solid-Stage Circuits, vol. 40, no. 12, pp. 2373-2387, 2005. 

[4] M. Trakimas, and S. Sonkusale, “A 0.5 V Bulk-Input OTA with 
Improved Common-mode Feedback for Low-Frequency Filtering 
Applications,” Analog Integr Circ Sig Process, pp. 1-7, 2008. 

[5] G. Raikos and S. Vlassis, “0.8 V Bulk-Driven Operational Amplifier,” 
Analog Integr Circ Sig Process, November 2009, pp. 1-8. 

[6] J. M. Carrillo, G. Torelli, R. Perez-Aloe J. M. Valverde and J. F. Duque-
Carrillo, “Sigle-pair bulk-drivwn CMOS input stage : A Compact low-
voltage analog cell for scaled technologies,” Integration, the VLSI  
Journal, vol. 43, pp. 251-257, March 2010. 

[7] G. Raikos, and S. Vlassis “Low-voltage bulk-driven input stage with 
improved transconductance,” Int. J. Circuit Theory Appl, Vol. 39, pp. 
327–339, 2011.  

[8] J. M. Carrillo, G. Torelli, and J. F. Duque-Carrillo, “Transconductance 
enhancement in bulk-driven input stages and its applications”, Analog 
Integr Circ Sig Process, Vol. 68, pp. 207–217, 2011.  

[9] L. Zuo, and S. K. Islam, “Low-Voltage Bulk-Driven Operational 
Amplifier With Improved Transconductance,” IEEE Transactions on 
Circuits and System—I: Regular Papers, Vol. 60, No. 8, August 2013.  

[10] G. Raikos and S. Vlassis, “0.5-V bulk-driven differential amplifier,” Int. 
J. Circuit Theory Appl, Vol. 41, pp. 1213–1225, 2013. 

[11] X. Zhao, H. Fang , T. Ling and J. Xu, “Transconductance improvement 
method for low-voltage bulk-driven input stage,” Integration, the VLSI 
journal, Vol. 49, pp. 98–103, 2015. 

[12] T. Kulej, “0.5-V bulk-driven OTA and its applications,” Int. J. Circuit 
Theory Appl, Vol. 43, pp. 187–204, 2015. 

[13] S. Abbasalizadeh, S. Sheikhaei and B. Forouzandeh “A 0.8-V supply 
bulk-driven operational transconductance amplifier and Gm-C filter in 
0.18 µm CMOS process,” Int. J. Circuit Theory Appl, Vol. 43, pp. 929–
943, 2015. 

[14] E. Sackinger and W. Guggenbuhl, “High-Swing, High-Impedance MOS 
Cascode Circuit,” IEEE J. of Solid-Stage Circuits. Vol. SC-25, no. 1, pp. 
1-10, 1990. 

[15] K. Bult and G. J. G. M. Geelen, "The gain boosting technique," Analog 
Integr Circ Sig Process, Vol. No. 2, pp. 119-135, 1991. 

[16] M. Ismail and T. Fiez. “Analog VLSI Signal and Information 
Processing”, New York: McGraw-Hill, 1994. 

[17] M. Helfenstein, Q. Huang, and G. S. Moschytz, “90 dB, 90 MHz, 30 
mW CMOS OTA For a high capacitive loads,” Int. J. Circuit Theory 
Appl, Vol. 27, Issue 5, pp. 473–483, 1999. 

[18] J. M. Martinez-Heredia, and A. Torralba, “Enhanced source-degenerated 
CMOS differential transconductor”, Microelectronics Journal, Vol. 42, 
pp. 396–402, 2011. 

 


