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ABSTRACT: 
In this paper a low-power low-voltage CMOS operational amplifier (op amp) using sub-threshold region of MOSFET 
for bio-medical instrumentation operating with a 0.4 V supply is described. A two stage operational amplifier is 
designed and simulated using 0.18 μm CMOS technology. Two types of low-power low-voltage design techniques        
(a) bulk-driven (b) dynamic threshold voltage MOSFET (DTMOS) are used. With bulk-driven technique, the open 
loop gain is 69.88 dB, the unity gain-bandwidth (UGBW) is 87.1 kHz, CMRR obtained is 83 dB and phase margin is 
88.78 degree with 10pF load. The power consumption is 1.8 μW. With DTMOS technique, the open loop gain is    
83.31 dB, the unity gain-bandwidth is 758.6 kHz, CMRR obtained is 157.1 dB and phase margin is 71.5 degree with 
10pF load. The power consumption is 1.8 μW. DTMOS technique provides high unity gain-bandwidth and high open 
loop gain as compared to bulk-driven technique. 
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1.  INTRODUCTION 

In the past few years with the rapid growth of 
market for portable devices such as cell phones, 
portable computers and medical electronic implant 
devices, design of analog integrated circuits at           
low-power with high performance has become an 
extremely important issue. Low-power op amp can be 
used as bio-potential amplifier. The basic purpose of a 
bio-potential amplifier is to amplify and filter the 
extremely weak bio-potential signals. The challenges of 
designing a bio-potential amplifier for bio-medical 
devices are high CMRR, low-noise for high signal 
quality and low-power dissipation. In bio-medical field 
low-power op amp require small bandwidth. 

Reduction of threshold voltage is necessary for     
low-power low-voltage operation, so various techniques 
have been proposed for low-power low-voltage analog 
integrated circuits design. A MOSFET can be operated 
at a lower-voltage by forward biasing the source-bulk 
junction (bulk-driven technique). This approach has 
been used to design a low-power low-voltage CMOS 
operational amplifier, but with increasing forward    
body-bias, the leakage current increases significantly. 
The DTMOS technique in 1994 (Assaderaghi et al) is 
proposed to overcome the drawback in a               
forward-biased MOSFET [1]-[3]. This technique can be 

used in connection with the back-gate forward-bias 
technique in designing low-power low-voltage analog, 
digital and mixed signal CMOS integrated circuits. 

Several papers have been focused on design of 
CMOS operational amplifier and operational 
transconductance amplifier (OTA) based on DTMOS 
and bulk-driven techniques. (a) DTMOS technique, in 
[4]-[7] the authors presented a novel class AB op amp 
for low-voltage (1 V) applications. In [8] the authors 
proposed an ultra-low-voltage ultra-low-power 
operational transconductance for biomedical 
applications. In [9] the authors presented a 0.8 V     
class-AB linear OTA for high-frequency applications. 
In [10] a novel input stage for low-voltage low-power 
and low-noise operational amplifier has been described. 
(b) bulk-driven technique in [11] 0.5 V ultra-low-power 
OTA is presented. In [12] a novel 0.9 V OTA 
with dual bulk-driven input stage is introduced. In [13] 
1 V low-power op amp is proposed. 

The organization of this paper is as follows. In   
Section 2, the DTMOS and bulk-driven techniques are 
presented. In section 3, the sub-threshold operation is 
discussed. The structure of proposed op amp is 
described in Section 4. The simulations results are 
provided in Section 5 and finally the conclusion is 
given. 
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2.  LOW-POWER TECHNIQUES 
An effective method for reducing power 

consumption is reduction the power supply voltage.     
A constraint to implementing digital and analog circuits 
at low-voltage is the threshold voltage. 
 
2.1.  Dynamic Threshold voltage MOSFET 

DTMOS technique is the best idea for reduction 
threshold voltage. The DTMOS technique reduces the 
transistor off-state leakage current and also reduces the 
threshold voltage during on-state (  > 0) according 
to below equation [14]: 
 

 (1) 
 

Where  is the source-bulk voltage,  the 
threshold voltage for ,  is body effect factor 
with an approximate value between 0.3 to 0.4 , and 

 is Fermi potential with a typical value in the range 
of 0.3- 0.4 V [14]. 

In DTMOS technique, the bulk is tied to its own 
gate as shown in Fig. 1. 

 

 
 
Fig. 1. Dynamic threshold MOSFET device [15]. 
 

2.2.  Bulk-driven 
Bulk-driven technique was first proposed in 1987 

(Guzinski et al) to overcome the threshold voltage [16]. 
The operation of a bulk-driven MOSFET is similar to a 
JFET as shown in Fig. 2. 
 

 
 

Fig. 2. Bulk-driven MOS transistor and its equivalent 
JFET. 

 
There are some drawbacks between bulk-driven 

devices compared to gate-driven devices. (1) Because 

of smaller transconductance, which results in higher 
input-referred noise. (2) The ground-connected gate 
terminals of the input pair will pick up any noise 
generated by the negative power supply. Therefore, the 
power supply rejection has poor performance.             
(3) Because of smaller control capacitance of the 
depletion layer, larger parasitic capacitance to the 
substrate, which results in lower  [17]. 
 

 
(2) 

 

 
(3) 

 
3.  SUB-THRESHOLD OPERATION 

Operation of the MOS device in sub-threshold 
region is very important when low-power circuits are 
desired. When the in the MOS transistor is less 
than the threshold voltage ( ), the MOSFET works 
in sub-threshold region. The drain current  of a MOS 
transistor in sub-threshold region is based on the 
channel diffusion current and can be given by (4), when 
referred to source voltage [8]. 
 

 
(4) 

 

Where  is the characteristic current, T is the absolute 
temperature, n is the slope factor, K is the Boltzmann 
constant and q is the charge of the electron or hole. 

If  then the transistor will be 
saturated in sub-threshold region. The transconductance 

 can be found as presented in (5), which is a 
function of current Ids and factor   [8]. 
 

 
(5) 

 

There is linear relationship between transconductance 
and current. Also transconductance is independent of 
device geometry. But in strong inversion relationship 
between transconductance and current is square law 
and also function of device geometry. 

 
4.  OPERATIONAL AMOLIFIER DESIGN 

Fig. 3(a) shows the schematic of a two stage      
low-power    low-voltage operational amplifier working 
at sub-threshold region. Fig. 3(b) shows one typical 
application of a bulk-driven NMOS as in a differential 
pair and Fig. 3(c) shows one typical application of a 
DTMOS NMOS as in a differential pair.  

Fig. 3(a) combines a fully differential pair with a 
current source load and a differential pair with a current 
mirror load.  The active current source M3 and M4 can 
source the maximum current for the input pair to reduce 
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thermal noise. Also large sizes are used for the input 
pair M1, M2 to reduce noise level. 
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 (b) 

 

Fig. 3. (a) Schematic of the op amp circuit,                 
(b) Bulk-driven NMOS differential pair, (c) DTMOS 

NMOS differential pair. 
 
The current mirror M7 and M8 combine with the 

transconductance of the input pair to define the DC 
gain. A cascode stage, M5 and M6 can increase the 
bandwidth and gain of the amplifier. The common 
source configuration is chosen for the output stage of 
the operational amplifier. Such a stage can provide 
about 20-30 dB of gain. A Miller compensation scheme 
is chosen to achieve desirable phase margin. 

 
4.1.  DC gain 

The small-signal DC gain of the proposed op amp is 
given by: 
 

 
 

 
(6) 

 

While the transconductance can be calculated as 
given in (7), [14]: 
 

 
(7) 

 

The transconductance varies from 20% to 30% of 
 for the same transistor in a CMOS process [14]. 

 
4.2.  AC analysis 

Small-signal analysis of the circuit in Fig. 3(a), 
results in the following equation (ignoring some 
smaller parameters such as  and ): 

 

 

(8) 

 

Where 
 

 
 

 
 

 
 

(9) 

 

 and  are the compensation capacitor and zero-
nulling resistor respectively. 

With the supposition that the second pole is far 
larger than the dominant pole, the dominant pole of 
equation (8) can be approximated by: 
 

 
(10) 

 

and the second dominant pole is: 
 

 
(11) 

 

Also the zero is: 
 

 
(12) 

 

For unity gain-bandwidth stability, the magnitude of 
the second dominant pole should be greater than the 
UGB, therefore: 
 

 
(13) 

 

According to Equations (11) and (12), we can find 
that the  can control the zero and second dominant 
pole positions and therefore change the phase margin. 
If  is chosen close to , then  is maximized 
and stability is achieved with a minimum . 

 
4.3.  Noise analysis 

The input-referred noise (includes thermal noise 
and flicker noise) of the proposed op amp is described 
as: 
 

 

 

 
 

(14) 
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Where  is capacitance per unit area of the gate 
oxide, W and L are the channel width and length 
respectively,  is NMOS flicker noise coefficient, 

 is PMOS flicker noise coefficient. The derived 
coefficient  is equal 2/3 for long-channel transistors 
and may need to be replaced by a larger value for 
submicron MOSFETs. It also varies to some extent 
with the drain-source voltage [14]. The noise 
contribution of cascode stage M5, M6, output stage 
M9, M10 and current bias transistor M0 is negligible.   

 
5.  SIMULATION RESULTS 

The proposed op amp has been simulated with 
HSPICE in a 0.18 μm CMOS standard technology 
under 10pF load. Typical Op amp performance such as 
power consumption, open loop gain, phase margin, 
unity-gain bandwidth, noise, power supply rejection 
ratio (PSRR) and common mode signal rejection ratio 
(CMRR), etc. have been simulated at TT corner for 
both techniques. Simulation results for AC analysis for 
gain and phase plot vs. frequency is shown in Fig. 4. 
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Fig. 4. Simulated open loop gain and phase margin. 

 
With DTMOS technique, the op amp has an open 

loop gain of 83.31 dB, a unity gain-bandwidth of      
758.6 kHz and a phase margin of 71.5 degree. With 
bulk driven technique, the op amp has an open loop 
gain of 69.88 dB, a unity gain-bandwidth of 87.1 kHz 
and a phase margin of 88.78 degree. The presented 

topology employing sub-threshold transistors is capable 
of working at 0.4 V of power supply and consuming 
only 1.8 μW. 

The simulated input-referred voltage noise 
performance of the circuit is shown in Fig. 5. With 
DTMOS technique the input-referred noise is       
0.4284 μV/√Hz at 1 Hz and 1.355 nV/√Hz at 100 Hz 
and with bulk-driven technique the input-referred noise 
is 1.128 μV/√Hz at 1 Hz and 3.547 nV/√Hz at 100 Hz. 
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Fig. 5. Simulated input-referred noise. 
 

Table 1 shows a comparison with other low-voltage 
low-power operational amplifiers. To evaluate this 
work a figure of merit (FoM) is defined as [8]: 
 

 

 
 

(15) 

 
6.  CONCLUSION 

The design of a low-power low-voltage, high 
performance two stage operational amplifier circuit in a 
0.18 μm CMOS process is reported in this paper. To 
design low-power low-voltage op amp, first the       
bulk-driven technique using sub-threshold region of 
MOSFET is used. The low gain and unity-gain 
bandwidth disadvantages of the bulk-driven technique 
are circumvented by employing DTMOS technique. 
The simulation results show that the open loop gain of 
the presented amplifier with bulk-driven technique is 
equal to 69.88 dB while achieving unity-gain 
bandwidth of 87.1 KHz. Also with DTMOS technique 
open loop gain is 83.31 dB and unity-gain bandwidth is 
758.6 kHz that much higher compared to bulk-driven 
technique. The total power consumption of the op amp 
is as low as 1.8 μW. 
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Table 1. Comparison between operational amplifiers. 
 

 DTMOS Bulk-driven [5] [8] [18] 
Technology (µm) 0.18 0.18 0.18 0.18 0.18 
Power supply (V) 0.4 0.4 1 0.4 0.8 

Power consumption (µW) 1.8 1.8 33.1 0.386 100 
Gain (dB) 83.31 69.88 60 91 56 

Phase margin 71.5o 88.78o 62o 66o 45o 
UGBW (kHz) 758.6 87.1 2.73 0.111 3.2 
CMRR (dB) 105 83 100 106 80 
PSRR (dB) 100.1 @ 100 Hz 81.5 @ 100 Hz N/A N/A 88 @ 10 kHz 

Slew Rate (V/µs) 10.6 9.2 N/A 0.022 N/A 
Output voltage swing (V) 0.37 0.32 0.8 N/A N/A 

Input-referred noise 

 
1.355 @ 100 Hz 3.547 @ 100 Hz 107 @ 1 kHz 10 @ 10 mHz 408 @ 10 kHz 

 (pF) 10 10 5, 10 kΩ 15 20 
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