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Abstract- In recent years, there has been considerable research efforts in the development of integrated Operational 
Transconductance Amplifiers (OTAs) with small transconductances and improved linear range devoted for implementing 
active filters, with low cut-off frequencies in bio-medical devices. A family of CMOS OTAs have been designed for very 
small Gm, with the MOSFETs operating at weak inversion region. An OTA structure with a Bulk-driven Current division 
Source Degeneration technique to achieve a small Gm has been discussed in this paper. A detailed comparison is made 
among different schemes of implementation of OTA, in terms of its transconductance, device parameters and bias currents.  
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I. INTRODUCTION 
 
In Bio-medical devices, active filters with low cut-off 
frequencies (of the order of few hertz) is needed 
because of the relatively low electrical activity of 
human body. Additionally, the active filters will also 
be used in the neural networks.  
 
Hence, there is a prodigious motivation to develop an 
active filter to achieve very low cut-off frequencies. 
An ideal transconductance amplifier is an infinite 
bandwidth voltage controlled current source, with an 
infinite input and output impedance.  
 
The main limitation in achieving a low cut-off 
frequency is to have a low transconductance and 
realize large capacitors; incurred from this.  
 
The transconductance bias dependence allows several 
decades of tuning for the MOSFETs operated in weak 
inversion and upto several octaves, when operated in 
strong inversion.  
 
Operational Transconductance Amplifier (OTA) was 
implemented in different topologies to achieve low 
Gm; special emphasis was given in achieving good 
trade-off between the Gm, power consumed and 
transistor size.  
The MOSFETs were operated at weak inversion to 
have low bias currents and small Gm. OTA was 
implemented in 180nm technology. 
 
II. OTA TOPOLOGIES 

 
A. Reference OTA 
The circuit shown in the fig. 1 is a schematic of the 
reference operational transconductor amplifier 
(OTA).  
 
The reference OTA consists of an external dc bias 
current source, three simple current mirrors and a 
differential amplifier stage. 

 
Figure 1. Reference OTA 

 
M1 and M2 constitute the differential pair of the 
circuit. M9 and M10 form the current mirror to 
maintain the drivers in the differential pair to operate 
in the required region of operation viz., strong 
inversion, weak inversion or moderate inversion. The 
overall transconductance of the circuit is the same as 
that of the transconductance of the drivers i.e., M1 
and M2(with M3=M4=M5=M6 and M7=M8). To 
achieve very small transconductances, we need very 
low bias currents and hence, W/L ratios will be of the 
order of 0.001 or less. So, to match such geometrics 
is quite a challenge. So, we take an inversion factor if 
i.e., Id/Is. To design, we consider the different 
operating region considerations and obtain Id and Is 
value for the MOSFETs. W/L ratios are also decided 
using the current equations of Id and Is in different 
regions of operations. Desgining the MOSFETs is 
discussed in detail in the design section of reference 
OTA. The current mirrors in the reference OTA are 
operated in the strong inversion region for a better 
matching. 
 
B. CDSD-OTA 
The Current-Division Source-Degeneration 
(CDSD)OTA is actually a combiation of following 
two schemes: 
1. Current Division (Current-Splitting) 
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The schematic shown in fig. 2 describes the current 
division technique. The scheme starts with Iss current 
flowing through a composite transistor Mc and gets 
divided in a ratio M:1. The currents i1and i2 are then 
used after splitting. 
 

 
Figure 2. Current splitting using a composite transistor 

 

 
Figure 3. Source degeneration scheme 

 
The effective Gm is given by: 

G = _

( )
             (1) 

Therefore, the transconductance will now be reduced 
by a factor (M+1) when compared to the one before 
current splitting. 
 
2. Source Degeneration 
The schematic shown in fig. 3 describes the source 
degeneration scheme. The scheme starts with the Iss 
current flowing through the source connected 
transistors. The  transistors are maintained at triode 
region such that, both act as large resistances. The 
main idea behind the source degeneration is using 
these resistances so that the transconductance of each 
transistor gets reduced by the resistance. Therefore, 
the overall transconductance will get reduced by a 
factor equal to product of resistance and the 
individual transconductance. 
 
The overall transconductance of the scheme is given 
by: 

     G = _ ,

_ ,
                                         (2) 

 
From equation (2), the effective Gm would be 
decreased by a factor of (1+gm.R). Also, source 
degeneration linearisation is achieved. Hence, 
following the observations in above schemes 
presented, both the schemes were combined together 
to achieve the low transconductance. 

Fig. 4 clearly illustrates that the current division is 
applied at the MM1, MM2 transistors respectively. 
M14 and M15 act as the source degeneration 
transistors. Transistors M17, M18, M3 and M16 
transistors are to maintain the source degenerators in 
the triode region by controlling the Vsg of M14 and 
M15. All the driver transistors are designed similar to 
the reference OTA to operate in weak inversion 
region. Source degenerators are designed as per the 
resistance value. Transistors M5 through M7,M10 
and M12 must be of equal sizes, since they are just 
copy circuits for outputs. 
 

 
Figure 4. OTA with CDSD scheme 

 
The overall transconductance of the circuit is given 
by: 

     G = _ ,
( ) _ ,

_ ,

                                   (3) 

where,  M is given by: 
M = _

_
                                             (4) 

 
Hence, from the effective Gm equation (3), the 
overall transconductance of the driver is reduced by a 
factor of 1 + ( ) _ ,

_ ,
 . The factor (1+M) is due to 

the transistors MM1 and MM2 which will divert the 
major portion of the bias current through the rails. 
g0_M14 is the output transconductance of the 
transistor M14 which is clearly just the reciprocal of 
R. It can be controlled by the Bias current Iss. The 
g0_M14 is given by: 
 

g _ = nuC V _ − |V |        (5) 
 
Hence, the current division scheme clearly helps in 
enhancing the current levels while maintaining the 
lengths of transistors as small. 
 
III. PROPOSED OTA STRUCTURE 
 
The proposed OTA structure; shown in fig. 5 
incorporates the basic CDSD scheme with the drivers 
being bulk-driven instead of gate driven. This 
increases the linearization of the circuit as well as 
further reduces the transconductance; because the 
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bulk transconductance (gmb) of the drivers in this 
scheme will be 0.2 to 0.4 times the Gm. 
 
C. Principle 
Fig. 5 shown is the schematic of an extended 
differential pair with an additional voltage sources at 
the bulk source junctions to avoid a forward biased 
bulk source junction. Due to this, there is a possibility 
of mismatches in the threshold voltages of the 
devices. Therefore, the drain current(differential 
output) equation includes the threshold mismatches 
also.  
 
The differential output current equation is given by: 
∆I = I tanh + ∆ + ∆               (6) 

where, ∆V  is the threshold voltage mismatches. 
 

 
Figure 5 Extended differential pair 

 

 
Figure 6 Extended diffrential pair with additional MOSFETs 

 
∆V =Vz1-Vz2,  mismatch between voltages Vz1 and 

Vz2. 
 
The input referred offset voltage is given by: 
              V = ∆V + ∆V                            (7) 
 
The noise performance of the extended differential 
pair will now be degraded by the factor 1/(2-n) as the 
effective transconductance reduction due to the 
contribution of  ∆V  . The additional noise 
contribution can be achieved by using the additional 
transistors as shown in the fig. 6. The transistors 
added in the configuration shown in fig. 6 act as 
source followers and apply the voltages at the bulks 
of the drivers. The thermal noise factor γ is used to 
evaluate the global noise degaradation. γ is referred 
as the product of the input referred-thermal noise 
resistance and the transconductance. The equation is 
given by: 
 

γ = 1 + 1 +         (8) 

where, I  is the bias current of the source followers. 
           2I  is the tail current of the diffrential pair.  
 
D. OTA Schematic 
Fig. 7 shows schematic of the proposed OTA 
structure; using the bulk-driven MOSFETs and 
CDSD scheme. The inputs to the OTA are driven at 
the Bulks rather than its gates. The gates are 
maintained at a voltage Vg, which ensures that gate is 
not at zero potential and maintains the transistors at 
weak inversion mode. Application of the input 
voltages at the bulks of the drivers will give rise to 
the bulk source voltages.  
 

 
Fig. 7 Proposed OTA Structure 

 
Due to the variation in the bulk source voltages, the 
fermi levels of the transistor will start to vary and 
lead to the mismatches in the threshold voltages. The 
mismatched threshold voltages can contribute to the 
degradation of the noise performance and also 
reduces the effective transconducatnce. Since, the 
circuit is already employed with the current division 
technique, it will have the γ transconductance 
reduction as mentioned earlier in CDSD-OTA. To 
reduce the  transconductance again by a factor 
inversely proportional to the resistance of the source 
degenerators, the source degeneration scheme is also 
included.  
 
The current division scheme ensures to allow a small 
bias current with considerably small transistor. With 
the combination of all the three schemes, the effective 
transonductance is reduced further when compared to 
the reference OTA and the CDSD OTA alone. 
 
E. Mathematical Analysis 
For all the relations made under this section, the 
channel length modulation is considered to be 
negligible. The behavior of the threshold voltage for 
the bulk driven devices is given by 
 

|V | = |V | + |γ| 2|∅ | + V − 2|∅ |   (9) 
 
where, γ  is the body effect parameter-approx. 0.7 
           φ  is the bulk-fermi potential-approx. 0.35V 
           V   is the threshold voltage when the V  is 
zero. 
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When the transistors are bulk driven, the dependance 
of the threshold voltage on the V  voltage is 
considered, which is known as the body effect. 
Indeed, the drain current Id also changes with the 
change in V  causing a transconductance function in 
the device between  bulk and drain current. 
The transconductance of a bulk driven transistor is 
given by: 
 g = = | |

|∅ | = | |
|∅ |

2βI   (10) 

 
With a properly matched values of the bulk-fermi 
potential and effective body effect parameters, the 
gmb can be 20% to 50% of the gm. 
 The equation for the effectiive 
transconductance due to the bulk driven CDSD OTA 
is given by: 

G =
| |

g _                              (11) 

 
where, g _  is the transcoductance of the driver. 
From  equation (11), it is clear that this scheme is 
very much dependant on the process parameters. 
Hence, the process designers have a greater 
advantage than the circuit designers. Now, due to the 
addition of source degeration resistors, the 
transconductance of  g _  includes the reduction 
factor of the source degeneration scheme. Therefore, 
while computing the results, the transconductance of 
M1 is calculated by the process mentioned in the 
CDSD scheme and then effective gm will be 
calculated using the equation above. 
 
IV. RESULT 
 
The reference OTA, CDSD OTA and the proposed 
OTA were implemented in 180nm technology using 
CADENCE Virtuso tool. Proposed OTA structure 
was designed with different MOSFET widths and 
bias currents; was operated in weak inversion region. 
The structure was simulated and performance 
parameters viz., power and transconductance were 
tabulated. 
 
F. Simulation results 
The proposed OTA was simulated using 
Vdd=0.8v;Vin=0.5v. The MOSFET widths were 
iteratively designed for different bias currents. BSIM 
MOSFET model was used for the design. Simulation 
was carried out with a sinusoidal input voltage for the 
differential amplifier.  
 
Bias voltages were set in accordance with the varying 
bias current inputs. Device parameters were 
calculated using the current equations of MOSFETs 
and also transconductance relations in amplifiers. 
Output of the simulation was taken as a differential 
output at two different nodes of the differential pair; 
comprising the drivers of the circuit. Power, forward 
transconductance, bulk transconductance, operating 
voltage, and other device parameters were noted for 

the driver MOSFETs. For the proposed OTA 
structure, bulk transconductance was noted for the 
driver MOSFETs and then the effective 
transconductance of the circuit was mathematically 
calculated using the equation. Other device 
parameters like the bulk-fermi potential, source to 
drain transconductance, etc. were also directly noted 
from the simulated circuit. Fig. 8 shows the 
simulation waveforms with the differential output and 
power signals. Power consumption of the circuit was 
noted from the waveform, by taking the integrated 
average value of the power signal in the simulation 
waveforms. Simulation shown in fig. 8 is a transient 
analysis of the circuit. 
 

TABLE I.  TRANSCONDUCTANCE AND 
POWER SUMMARY 

Scheme 
Device Parameters 
Iss(A) W(nm) P(W) Gm(A/V) 

Reference 
OTA 1n 400n 2.88n 30.763n 

CDSD 
OTA 1n 400n 3.93u 192.73p 

Proposed 
OTA 1n 400n 3.93u 59.7p 

 
a. Comparative approach. 

 
Figure 8.  Simulation Waveform 

 
G. Comparison 
Table I clearly compares the three different schemes 
of OTA design in terms of transconductances and 
power. In the reference OTA, as mentioned earlier the 
transconductance achieved for a bias current of 1nA 
was in orders of nA/V. By using the current division 
and source degeneration technique, the Gm was 
reduced by a factor (M+1), but had a higher power 
consumption.  Finally, the proposed OTA could 
achieve still lower Gm due to the bulk driven 
technique incorporated into it, because of which the 
bulk transconductance, which was directly 20% to 
50% of the forward transconductance of the gate-
driven MOSFET. 
 
CONCLUSION 

 
The proposed OTA structure was successfully 
simulated. Transconductance of as low as 14fA/V 
was achieved with a bias current level of 1pA and a 
MOSFET of width 1um. Bulk-driven technique is the 
prominent property of the circuit. Power consumption 
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and width of the MOSFET are the major trade-offs  in 
achieving such low transconductance. 
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