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Advances on CMOS Folded-Cascode Operational Transconductance Amplifier: A 
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ABSTRACT: In this paper, a tutorial review on several structural improvements of the CMOS folded-
cascode operational transconductance amplifier (OTA) is presented. After a brief discussion on the structure 
and operation of the conventional folded-cascode amplifier, its several architectural improvements are 
reviewed. These improvements include advances on class A and class AB folded-cascode amplifiers and 
recycling folded-cascode amplifier. Afterwards, several improved class A and class AB recycling folded-
cascode operational transconductance amplifiers are discussed, and finally some two-stage operational 
transconductance amplifiers based on the current recycling technique are reviewed. As it can be seen, 
many architectural innovations have been proposed to improve both small-signal parameters, including 
DC gain, unity-gain bandwidth, phase margin, and large-signal operation, which is usually characterized 
by slew rate in the proposed OTAs compared to the basic folded-cascode amplifier. Current recycling, 
shunt current sources, cross-coupled transistors to realize local positive feedback paths, local common-
mode feedback, flipped voltage follower cells to realize class AB operation, active current mirrors, and 
several other techniques have been utilized in the structural improvements of the basic folded-cascode 
operational transconductance amplifier. The achieved results are more promising and demonstrate 
substantial achievements in the design of operational transconductance amplifiers in low-voltage and 
more scaled nano-meter CMOS processes.
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1- Introduction
Operational transconductance amplifiers (OTAs) are 

extensively utilized in analog and mixed-signal integrated 
circuits. In operational amplifiers (op-amps), input impedance 
is large and output impedance is small in order to amplify 
input signal voltage, while in OTAs both input and output 
impedances should be large enough [1, 2]. Moreover, the op-
amp is a voltage amplifier, whereas in the OTA, the input 
signal is voltage and the output signal is current. Therefore, 
the OTA is a transconductance amplifier and it is widely 
employed in integrated circuits where the output loads are 
large and usually in the form of capacitors instead of resistors. 
One of the main applications of OTAs is in switched-capacitor 
circuits. The main role of an OTA is to provide a clean virtual 
ground in the circuit and the accuracy of the generated virtual 
ground depends on the OTA DC gain. 

OTAs are characterized with small-signal and large-signal 
performance parameters. DC gain, unity-gain frequency, 
phase margin, input-referred noise, power supply rejection 
ratio (PSRR), common-mode rejection ratio (CMRR), offset, 
etc, are categorized as the small-signal parameters. For 
large-signal operation, slew rate, total harmonic distortion 
(THD), and input and output signal ranges are the important 

parameters. The power consumption and active silicon die 
area should be minimized for a target application in integrated 
circuits. The speed of OTAs are determined with the unity-
gain frequency, slew rate, and in discrete-time applications 
such as the switched-capacitor circuits, the OTA output 
voltage should be settled within a limited time period with 
the required settling error.    

OTAs can be realized by single-stage, two-stage, and 
multi-stage amplifiers. Although, DC gain is considerably 
enhanced by using multi-stage amplifiers, while the multi-
stage OTAs stability in closed-loop configuration is a 
big concern. Frequency compensation techniques can be 
utilized to achieve a dominant pole, and hence, the stability 
with sufficient margin [3-10]. However, all frequency 
compensation techniques reduce the unity-gain bandwidth 
and speed of the OTA. Moreover, the analysis and design 
of multi-stage amplifiers are complicated, and several 
techniques are needed to design multi-stage OTAs for fast 
settling switched-capacitors [11-14].             

In single-stage OTAs, there is only one high impedance 
node in the signal path, and hence, a dominant real pole is 
simply achieved without needing any frequency compensation 
method. Therefore, single-stage OTAs are inherently stable 
in the closed-loop applications. There are three main single-
stage OTA structures, including telescopic-cascode, folded-*Corresponding author’s email: myavari@aut.ac.ir
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cascode, and current mirror. The telescopic-cascode OTA has 
higher speed, larger DC gain, and lower input-referred noise 
and power consumption compared to the folded-cascode 
OTA. Nonetheless, the folded-cascode OTA is extensively 
utilized in low-voltage applications since it needs smaller 
power supply voltage and results in larger output voltage 
swing compared to the telescopic-cascode OTA. Moreover, 
in recent nano-meter CMOS technologies, the power supply 
voltage is less than one volt and the output voltage swing 
in telescopic-cascode OTA is negligible. Therefore, against 
all of the merits of the telescopic-cascode OTA, it cannot be 
utilized with reasonable output voltage swing in low supply 
voltages.

Several active current mirrors are employed in current-
mirror OTAs, and DC gain can be considerably enhanced 
by using large ratios between the current mirror transistors. 
Nonetheless, this issue reduces the value of non-dominant 
frequency poles and zeros, resulting in degraded stability 
especially in high speed applications. Therefore, the gain of 
active current mirrors should be reduced, resultimg in reduced 
DC gain and also unity-gain bandwidth [15]. Therefore, 
current-mirrors OTAs are more suitable for medium and low 
speed applications, and the folded-cascode OTA is preferred 
in high-speed applications. Nonetheless, some recent 
improvements on current-mirror OTAs have been reported in 
[16-18].   

In this paper, several recent architectural improvements 
on the folded-cascode OTA are reviewed. The rest of the 
paper is organized as follows In section 2, the structure of the 
conventional folded-cascode OTA and its important relations 
are presented. Section 3 reviews several improvements on 
the folded-cascode OTA. The recycling folded-cascode OTA 
is discussed in section 4 with more details and analysis. 
Section 5 reviews several recent structural improvements 
in the recycling folded-cascode amplifier. Finally, Section 6 
concludes the paper.

2- Conventional Folded-Cascode OTA
2- 1- Single-Ended Folded-Cascode OTA

Figure 1(a) shows the structure of the conventional single-
ended folded-cascode OTA. The PMOS M1 and M2 input 
transistors are employed to realize the common-source input 
stage. The NMOS M5 and M6 cascode transistors are used to 
implement the common-gate stage. It is worth mentioning 
that the cascode amplifier is realized by using a common-
source input stage, following by a common-gate stage known 
as the cascode stage. The type of common-source and cascode 
transistors cannot be the same. Normally, PMOS input 
transistors are preferred over NMOS for achieving lower 
input common-mode voltage, lower input-referred flicker 
noise, and higher non-dominant pole, and hence, larger unity-
gain bandwidth. 

The DC gain and associated frequency poles and zeros to 
the signal nodes of the single-ended folded-cascode amplifier 
(FCA) are given by:

 
1

1 6 6 2 4 8 8 10

9

6 5

|| ||

1 , ,

,

dc m out

m m ds ds ds m ds ds

m
L C

out L B

m m
A B

A B

A g R

g g r r r g r r

g
R C C
g g
C C

 

 

 

  

 

 

                                 (1) 

 

  

   

1

2

( )
1 / 1 /

1 / 1 / 1 /

d
L A

L B C

AA s
s s

A
s s s

 

  

 
 

  

                            (2) 

 

 
   

1 / 2
( )

1 / 1 / 1 /
C

d dc
L A B

s
A s A

s s s


  



  

                                                (3) 

 

9
1 2

6 9
3 1

1
1

1 , ,

2,

m
p L p C

out L B

m m
p A z

A A

m
t dc p t

L

g
R C C
g g
C C

gA
C

   

  

  

   

   

  

                           (4) 

 

2 b

L

ISR
C

                                                                           (5) 

 

2 3 9
,

1 1 1

2 2

3 9

1 1 3 3 1 9 9 1

8( ) 1

2 22

m m
n in

m m m

fp fpm mfn

ox ox m ox m

g gkTV f
g g g

K Kg gK
W L C f W L C f g W L C f g

  
    

 
    
     
     

            (6) 

 

5
1 2

1 , m
p p

out L A

g
R C C

                                                      (7) 

 

 (1)

where CL, CA, CB, CC are the output load capacitance, total 
parasitic capacitors at the nodes A, B, and C, respectively. 
gm and rds denote the small-signal transconductance and 
drain-source resistance of the corresponding transistors, 
respectively. Since there are two different signal paths from 
input to the output, the OTA transfer function is given by:    
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Since ωA ≈ ωB and DC gain of both paths is the same, the 
transfer function is simplified as follows: 
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Therefore, the frequency poles and zeros and unity-gain 
frequency are obtained as:
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As it is clear, the single-ended FCA has one dominant and 
two non-dominant poles and one Left half plan (LHP) zero. 
By using equal bias current in input and cascode transistors 
as shown in Fig. 1(a), both positive and negative slew rates 
are simply given by:
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By considering both thermal and flicker noise of the MOS 
transistors, the power spectral density (PSD) of the input-
referred noise of the single-ended FCA is simply calculated 
as:
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where k is the Bultzmann’s constant, γ is the thermal noise 
excess factor, and W and L are the channel width and length 
of the transistors, respectively. Kfp and Kfn are the flicker noise 
coefficient in PMOS and NMOS transistors, respectively. It is 
worth mentioning that the noise effect of cascode transistors 
is negligible owing to the source degeneration in these 
transistors.

2- 2- Fully-Differential Folded-Cascode OTA
Figure 1(b) shows the structure of the fully-differential 

folded-cascode OTA. Here, the input stage is realized by 
PMOS input pair, and NMOS M5 and M6 transistors are 
employed as the cascode transistors. DC gain, unity-gain 
frequency, slew rate, and input-referred noise are the same as 
the single-ended FCA while it has only two frequency poles 
without any zero, as follows:
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The common-mode response of the fully-differential 
OTAs is superior compared to the single-ended counterparts 
in terms of CMRR and PSRR. However, instead of the single-
ended FCA, the fully-differential one needs a common-
mode feedback (CMFB) circuit to define the common-mode 
voltage of the output nodes in the closed-loop configuration, 
since the feedback network cannot set the input and output 
common-mode voltages of the OTA. The control voltage 
of the CMFB circuit can be applied to the gate of M3 and 
M4, M9 and M10, and M11 transistors. As shown in Fig. 1(b), 
it is usually applied to the gate of M3 and M4 current source 
transistors, since in this case larger gain is achieved in CMFB 
loop with less frequency poles and zeros, and hence, better 
stability in CMFB loop in high speed applications.         

According to Fig. 1, the drain current of M3 and M4 
transistors is twice the drain current of other transistors, 
especially input and cascode transistors, while these 
transistors are only acting as the current sources without any 
role in the amplification path. This is the main drawback 
of both single-ended and fully-differential folded-cascode 
OTAs, and in most of the improved folded-cascode OTAs, 
M3 and M4 current source transistors are also utilized in 
the signal amplification path to increase both small-signal 
and large-signal parameters. In the next sections, several 
structural advances on the operation of folded-cascode OTA 
are reviewed.     

3- Advances on Folded-Cascode OTA
3- 1- Improved Folded-Cascode OTAs

Figure 2 shows an enhanced fully-differential FCA, 
where additional M5a-M10a transistors are utilized to improve 
the DC gain and CMRR without any sacrificing in slew rate 
[19]. Here, M9-M10 current sources in conventional FCA 
are also employed in the signal amplification path. Owing 
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Fig. 1. (a) Conventional singled-ended and (b) fully-differential folded-cascode OTAs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. (a) Conventional single-ended and (b) fully-differential folded-cascode OTAs.
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to the added transistors at the cascode nodes (drain of M1 
and M2 transistors), the non-dominant pole is reduced and 
this can degrade the stability. This issue has been alleviated 
using Cf1 and Cf2 feedforward capacitors across the cascode 
transistors, as shown in Fig. 2. Actually, this OTA has been 
comprised of two separated folded-cascode amplifiers where 
M1-M2 are the input transistors in both amplifiers, and M5-
M6 and M5a-M6a are the main and added cascode transistors, 
respectively. The drain current of M3-M4 current sources are 
utilized to bias the input and all cascode transistors. The 
differential DC gain of two amplification paths is added in 
phase while their common-mode gain is subtracted, resulting 
in larger differential gain and reduced common-mode gain. 
Its differential transfer function has one dominant pole at the 

output node and two non-dominant poles and a LHP zero, 
owing to having two different paths from the input to the 
output with different delays.  

In [20, 21], complementarily differential pairs (one 
NMOS and one PMOS) are utilized as the input transistors 
in FCA, as shown in Fig. 3. Here, the drain current of both 
NMOS and PMOS current sources are utilized to bias both 
input and cascode transistors, and this improves DC gain and 
bandwidth of OTA compared to the conventional FCA with 
the same power consumption. The drain current of idle current 
sources is efficiently employed to provide an additional gain 
path. Moreover, this is a two-path OTA comprising of two 
conventional folded-cascode OTAs with one PMOS and one 
NMOS input transistors. The differential gain of both FCAs 

 

Vin++ Vin--

VDD

M1 M2

M4

M6

M8

M10M10a

M8a

M6a

M3

M5

M7

M9 M9a

M7a

M5a

Vcmfb

Vout++Vout--

CL

Cf2Cf1

CL M11

M12

Vb2

Vb1

Vb3Vb3

 

Fig. 2. Enhanced fully-differential folded-cascode OTA [19]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Enhanced fully-differential folded-cascode OTA [19].
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Fig. 3. Complementary fully-differential folded-cascode OTA [20, 21]. 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Complementary fully-differential folded-cascode OTA [20, 21].



M. Yavari, AUT J. Elec. Eng., 54(special issue 2) (2022) 315-332, DOI: 10.22060/eej.2022.21597.5485

319

is added in phase resulting in larger DC gain.
In [22], as shown in Fig. 4, a three-path OTA has been 

proposed where one folded-cascode OTA, one current-
mirror OTA, and one current-mirror folded-cascode OTA 
are employed. The conventional FCA is realized by M1-
M11 transistors. An additional PMOS input pair (M1a-M2a) is 
utilized to build two other paths. The current-mirror OTA is 
realized by M1a-M2a, M3a-M4a, and M3-M4 transistors. The third 
signal amplification path, which is a combination of current-
mirror with folded-cascode, is implemented by M1a-M2a, 
M3a-M4a, M3b-M4b, and M7-M8 transistors. this way, the drain 
current of M3 and M4 current sources are also completely 
utilized in the signal amplification path, and the drain current 
of M9 and M10 current sources are employed to bias both M7-
M8 PMOS cascode transistors and M3b-M4b active current 
mirrors. Compared to the conventional FCA, both small-
signal and large-signal parameters are considerably improved 
with the same power consumption.

3- 2- Class AB Folded-Cascode OTAs
In class A OTAs, the drain current of all transistors is 

limited when a large differential input signal is applied to 
the OTA input. However, in class AB OTAs, the amplifier 
is biased with a quiescent current, and the drain current of 
input transistors are considerably increased when a large 
input signal is applied. This issue is important in fast settling 
applications, such as switched-capacitor circuits, since the 
OTA is intended to settle in a definite time with a targeted 
settling error. Thus, the slew rate of class AB OTAs is larger 
than class A ones. The class AB operation can be used in both 
input and output stages of a folded-cascode OTA.  

A folded-cascode amplifier with class AB operation in 
both input and output stages has been presented in [23, 24] 
which is illustrated in Fig. 5. The class AB operation in input 
stage is realized by flipped voltage follower (FVF) cells [25]. 
The gate of MC5 and MC6 transistors are connected to the 
gate of M10 and M9 current source transistors, respectively, 
to also bring them in the signal amplification. By this 
simple technique, DC gain, unity-gain frequency, and both 
positive and negative slew rates are considerably improved 
resulting in reduced settling time in switched-capacitor 
circuits. According to the detailed simulation results in [23], 
compared to the conventional FCA, using the proposed class 
AB operation only in input stage improves DC gain about 
6.5 dB, unity-gain frequency about 75%, 35% reduction in 
settling time, and without any slew rate improvement with 
the same power consumption and reduced phase margin. 
However, by using the class AB operation in both input and 
output stages, both small-signal and large-signal parameters 
are significantly improved.    

A current-mirror class AB OTA has been presented in [26]. 
Although DC gain, unity-gain frequency, and slew rate have 
been considerably increased compared to the conventional 
current-mirror OTA, it is a single-ended amplifier and the 
utilized techniques can be less efficient in the fully-differential 
current-mirror OTA.

Figure 6 shows the proposed class AB folded-cascode 
OTA in [27]. In this OTA, the input signal is capacitively 
coupled to the gate of output current sources. Hence, class 
AB operation is realized in output current source transistors 
without needing any static power dissipation. Both small-
signal and large-signal changes of the input signal are directly 
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Fig. 4. Three-path OTA [22]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Three-path OTA [22].
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Fig. 5. Class AB fully-differential folded-cascode OTA [23, 24]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Class AB fully-differential folded-cascode OTA [23, 24].
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Fig. 6. Class AB fully-differential folded-cascode OTA [27]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Fully-differential folded-cascode OTA with output class AB [27].



M. Yavari, AUT J. Elec. Eng., 54(special issue 2) (2022) 315-332, DOI: 10.22060/eej.2022.21597.5485

321

coupled to the gate of M3-M4 and M9-M10 transistors, resulting 
in significantly improved DC gain, unity-gain bandwidth, 
and slew rate. To bias the M3-M4 and M9-M10 transistors, their 
gate terminal is connected to the proper bias voltages through 
diode-connected Mr1-Mr4 PMOS transistors. Mr1-Mr4 transistors 
are in cut-off region and provide a very large resistance with 
small aspect ratio. Furthurmore, the bulk of these transistors 
is connected to their sources in order to avoid the bulk-source 
junction leakage, and hence, reduction of their resistance. 
The DC gain is reduced at low frequencies owing to the usage 
of Cb1-Cb4 capacitors at signal path. Therefore, this OTA has 
a band-pass characteristic. Nonetheless, the lower cut-off 
frequency can be less than a few hertz by using large bias 
resistors. Based on the detailed simulation results presented 
in [27], both small-signal and large-signal parameters of this 
class AB OTA have been significantly improved compared to 
the conventional FCA and the resulting settling time has been 
reduced about 3.7 times.  

A class AB single-ended folded-cascode OTA has been 
proposed in [28] to drive large capacitive loads. In this OTA, 
class AB operation is realized by using FVF cells at input 
transistors. Adaptive biasing is utilized in both input and 
current folding transistors to provide class AB operation with 
dynamic current boosting and enhanced gain-bandwidth. In 
[29], a fully-differential FCA with dynamic current boosting 
paths and FVF cells has been presented to realize a class 
AB OTA with improved small-signal transconductance and 
settling performance. Two nested positive and negative 

feedback loops have been employed at the active loads of an 
adaptively biased input stage in [30] to realize a super class 
AB OTA with both improved small-signal and large-signal 
performances.    

In most class AB OTAs, the tail current source is replaced 
with FVF cells. Thus, the small-signal resistance at the common 
source node of input transistors is significantly reduced, and 
hence, the common-mode response is considerably degraded. 
In [31], an additional circuit is utilized to cancel the common-
mode components at the output nodes, and thus, to improve 
the common-mode response. This way, the common-mode 
gain has been reduced about 40 dB without affecting the 
differential-mode parameters.        

4- Recycling Folded-Cascode OTA
4- 1- Single-Ended Recycling Folded-Cascode OTA

Figure 7 shows the structure of single-ended recycling 
folded-cascode OTA [32-34]. In this OTA, the input transistors 
are split as M1, M2, M1a and M2a in order to exploit the idle M3 
and M4 current source transistors in the conventional FCA 
into the signal path. Actually, the recycling FCA (RFCA) is 
comprised of one conventional FCA and one current-mirror 
OTA. M1-M11 transistors are used to build the conventional 
FCA, and the current-mirror OTA is implemented by M1a, M2a, 
M3-11 transistors. 

The small-signal parameters of the single-ended RFCA 
are given by:
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Fig. 7. Singled-ended recycling folded-cascode OTA [32-34]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Single-ended recycling folded-cascode OTA [32-34].



M. Yavari, AUT J. Elec. Eng., 54(special issue 2) (2022) 315-332, DOI: 10.22060/eej.2022.21597.5485

322

 
 

 

2 1

6 6 2 4 8 8 10

3

5 9

2 1

|| ||
1 , ,

,

dc m m a out

out m ds ds ds m ds ds

m a
out A

out L A

m m
B C

B C

m m a
t dc out

L

A g kg R

R g r r r g r r
g

R C C
g g
C C

g kg
A

C

 

 

 

 



 

 


 

                                    (8) 

 

 

   

  

   

  

    

1 1

2 1

3 2

4 2

0.5( )
1 / 1 / 1 /

0.5
1 / 1 /

0.5
1 / 1 / 1 /

0.5
1 / 1 /

( )( )
1 / 1 / 1 / 1 /

m out
v

B C out

m a out

A out

m a out

A C out

m out

B out

v
A B C out

A g RA s
s s s

A kg R
s s

A kg R
s s s
A g R
s s

N sA s
s s s s

  

 

  

 

   


 

  




 




  




 


   

                                (9) 

 

 

 

 

1 2 3 4

1 2 2

3 4 4

2
2 4

( )
/ / /
/ / /

/ /

A B C

B A C

B C A C

N s A A A A
A A A

s
A A A

s A A

  
  

   

    

   
   



 

 

 

 

11D

L

kISR
C

                                                                      (10) 

 

 (8)

Additionally, its small-signal transfer function is obtained 
as:
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where N(s) is as follows:
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Therefore, it has four poles and two zeros. The single-
ended RFCA has symmetric slewing behavior, and both 
positive and negative slew rates are given by:
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Compared to the conventional FCA, by using the same 
aspect ratio in input transistors and equal power consumption, 
the value of k should be 3. Therefore, their small-signal and 
large-signal parameters are related as where indices FC and 

RFC belong to the FCA and RFCA, respectively.
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As it is clear, the unity-gain frequency and slew rate 
improvements of RFCA are 2 and 3, respectively. DC 
gain enhances more than twice owing to the reduction 
of bias current in output transistors, which increases the 
output resistance. Nonetheless, the phase margin of RFCA 
is degraded due to the added poles. However, this is not 
important since the FCA phase margin is very large (above 
80 degree) and its reduction can be also useful in fast settling 
applications, where the phase margin should be between 60 
to 70 degrees.  

4- 2- Fully-Differential Recycling Folded-Cascode OTA
Figure 8 shows the structure of fully-differential RFCA. 

Here, the same technique is used to bring M3 and M4 current 
source transistors into the signal path. The small-signal 
parameters are given by:
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The small-signal transfer function is also obtained as:
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Therefore, it has one dominant pole at output node, 
two non-dominant poles, and one LHP zero. Compared to 
the single-ended RFCA, it has one less pole and one less 
zero with the same DC gain and unity-gain frequency. 
Additionally, the phase margin of the fully-differential 
RFCA is higher than its single-ended counterpart. The 
positive and negative slew rates of the fully-differential 
RFCA are obtained as:
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As it is clear, the slewing behavior of fully-differential 
RFCA is not symmetric, since in this OTA the drain current of 
M7-M10 cascode current source transistors is constant and it is 
not changed during slewing. This issue imbalances the output 
nodes of OTA during the slewing phase, and hence, results in 
increased nonlinearity.       

The control voltage of CMFB circuit is usually applied 
to the gate of M9 and M10 transistors, as shown in Fig. 8. If it 
is applied to the gate of M11 transistor, there are two CMFB 
paths with different gain signs. Considering k = 3 and equal 
size in input transistors, the gain from the gate of M11 to the 
output nodes will be positive, and hence, an extra inverting 
amplifier is needed to stabilize the CMFB loop.

In [35], the input transistors in the conventional 
telescopic-cascode OTA has been split to build a two-
path OTA, which is comprised of telescopic-cascode 
and folded-cascode OTAs. A fully-differential recycling 
telescopic-cascode OTA has been introduced in [36]. In this 
OTA, the input transistors are split to realize an additional 
current-mirror OTA along with the telescopic-cascode 
one. Moreover, the current recycling and cross-coupled 
transistors with local positive feedback technique have been 
employed to considerably improve both small and large 
signal parameters.          

5- Advances on Recycling Folded-Cascode OTAs
5- 1- Improved Recycling Folded-Cascode OTAs

Figure 9 shows the structure of the improved single-ended 
recycling folded-cascode OTA, which has been presented in 
[37]. In this OTA, M3b-M6b transistors are added in RFCA 
to separate AC and DC paths from each other in the active 
current mirrors, similar to the method that has been already 
used in [15]. This way, DC current of M3a-M6a transistors is 
reduced while their small-signal current is the same as the 
input transistors. Hence, DC gain and unity-gain frequency 
is enhanced in comparison with the RFCA as well as its slew 
rate. Nonetheless, this is a single-ended OTA and its fully-
differential structure suffers from the asymmetric behavior in 
slew rate like the RFCA.

In [38], in the fully-differential RFCA, the output 
resistance increases by employing cross-coupled transistors 
at the PMOS output current sources, and hence, DC gain 
is enhanced. In [39], the input transistors are split to three 
differential pairs to realize a double recycling FCA, and shunt 
current sources in Fig. 9 are replaced with active current 
mirrors. Two input differential pairs are utilized like RFCA 
and the third input pair is used to drive the active current 
mirrors. This way, the shunt bias currents are reused twice 
to further increase the performance of OTA without any 
power and area overheads. The double recycling method 
has also been more developed in [40, 41, 42]. In [40], the 
double recycling technique, shunt active current sources, and 
additional drivers are utilized to achieve a single-stage multi-
path fully-differential OTA with improved performance.

In [43], the current sources in [37] are replaced with 
cross-coupled transistors, making a local positive feedback 
path. The phase margin of conventional RFCA has been 
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Fig. 8. Fully-differential recycling folded-cascode OTA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Fully-differential recycling folded-cascode OTA.
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improved in [44] by using high-speed current mirrors, as 
shown in Fig. 10. In this OTA, Mr1 and Mr2 transistors, which 
are biased in deep triode region, are employed to implement 
two compensation resistors that are placed in series between 
the gate of current mirror pairs. This way, the first non-domint 
pole is cancelled with the added zero resulting in an enhanced 
phase margin. 

A DC gain enhanement technique has been introduced in 
[45], where the cascode nodes in PMOS output current sources 
are utilized to drive the gate of main cascode transistors in a 

single-ended RFCA. This way, a positive feedback path is 
created at the output nodes, making the output resistance to 
be increased. Cross-coupled transistors are added in split 
input pairs of a RFCA to realize the local positive feedback 
loops in [46]. Hence, the transconductance and DC gain of the 
resulting OTA are signicantly improved. A constant gm rail-
to-rail OTA based on the recycling folded-cascode amplifier 
has been proposed in [47]. In [48], a high voltage recycling 
folded-cascode OTA has been suggested by emplying double 
cascode current sources at the output nodes to tolerate large 
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Fig. 9. Improved recycling folded-cascode OTA [37]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Improved recycling folded-cascode OTA [37].
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Fig. 10. Recycling folded-cascode OTA with improved phase margin [44].
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power supply voltage in standard CMOS technologies.
According to detailed analysis presented in [49], the 

cross-coupled positive feedback transistors improve both 
small-signal and large-signal parameters as well. The 
proposed multi-path OTA in [49] is illustrated in Fig. 11. It 
has been comprised of one folded-cascode OTA, two current-
mirror OTAs with M3b-M4b positive feedback cross-coupled 
transistors. The M1-M11 transistors realize the folded-cascode 
OTA. The input transistors are split as M1, M2, M1a, and 
M2a in order to employ M3 and M4 NMOS current source 
transistors in the conventional folded-cascode OTA into the 
signal path. The wide-swing cascode current mirrors are 
utilzed in all active current mirrors to improve the current 
matching, and enhance the output resistance and DC gain. 
The control voltage of the CMFB circuit is applied to the gate 
of the added M3d and M4d transistors. It is worth mentioning 
that it cannot be directly applied to the gate of M11 transistor, 
since we have three different paths with different gain signs, 
and an extra power hungry interving amplifier is needed 
in the CMFB loop. According to the detailed analysis and 
simulation results in [49], the proposed OTA improves DC 
gain, unity-gain frequency, and slew rate about 740%, 450%, 
320%, respectively, compared to the conventional folded-
cascode OTA with the same power consumption and aspect 
ratio in input transistors.  

In [50], a fast signal path has been added in the full-
differential RFCA to realize a LHP zero, and hence, to improve 
the phase margin and stability. The similar technique in [45] 
has been used in [51] to improve DC gain. Moreover, the 
PMOS current source transistors have been used in the signal 
path and high-speed current mirrors have been employed to 
improve the phase margin in this OTA. In [52], based on the 
improved RFCA shown in Fig. 9, the gain boosting technique 

is utiluzed in both NMOS and PMOS output current sources. 
Furthermore, similar to [44], the phase margin is improved by 
using two series resistors (realized by MOS transistors in the 
linear region) between the gates of M3,4 and M3a,4a transistors 
in Fig. 9.

Figure 12 shows the proposed OTA in [53] which is based 
on the local common-mode feedback and recycling folded-
cascode amplifier. In DC and common-mode conditions, the 
voltage at nodes X and Y is the same and there is not any 
current flow in resistors R1 and R2. Therefore, the gate-source 
voltage of transistors M3,4 and M3a,4a is equal and their drain 
current depends on their aspect ratios. However, in small-
signal operation, the voltage at node Z is zero, and hence, 
the transistors M3 and M4 operate as the common-source 
structure. Therefore, DC gain, unity-gain freuency, and slew 
rate of this OTA is considerably improved compared to the 
conventional RFCA. Nonetheless, this improvement depends 
on the value of R1 and R2 resistors, and the first non-dominant 
pole is reduced in proportion with the resistors resulting in 
more degraded phase margin.   

The slew rate of fully-differential RFCA has been boosted 
in [54] using some extra paths. The added transistors are in 
the cut-off region in small-signal operation, and are turned-on 
during the slewing phase. A fuly-differential RFCA has been 
presented in [55] with improved slew rate, DC gain and unity-
gain bandwidth. The complementary PMOS and NMOS input 
differential pairs have been utilized in a fully-differential 
RFCA in [56], resulting in enhanced gain bandwidth. Using 
a constant DC voltage source between the source of the input 
pairs, an assymetrical current slpit in input transistors of a 
single-ended RFCA has been utilized in [57] to improve 
the small-signal transconductance and DC gain. In [58], the 
local positive feedback technique has been employed in the 
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Fig. 11. Single-stage multi-path OTA [49]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Single-stage multi-path OTA [49].
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input stage of the conventional folded-cascode OTA. The 
enhanced FCA has larger DC gain, gain bandwidth, and slew 
rate compared to the conventional folded-cascode amplifier, 
and also some improved recycling folded-cascode OTAs. A 
bulk-driven double recycling folded-cascode OTA has been 
presented in [59] for biomedical applications. The positive 
feedback technique with self-biased cascode transistors have 
been utilized to improve the small-signal transconductance, 
DC gain, and slew rate in low supply voltages.   

5- 2- Improved Class AB Recycling Folded-Cascode OTAs
In [60], based on RFCA, a single-stage multi-path class 

AB OTA has been proposed, which is illustrated in Fig. 13. 
In this OTA, there are three different signal paths consisting 
of one folded-cascode and two current-mirrors. The class AB 
operation is realized in input stage using a flipped voltage 
follower cell comprising of M11, M12, and M13 transistors. 
Wide swing cascode current mirrors are used for improved 
current matching and higher DC gain. Owing to the class AB 
operation, the slew rate is not limited by DC bias currents, 
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Fig. 12. Recycling folded-cascode OTA with improved phase margin [53]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Recycling folded-cascode OTA with local CMFB [53].
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Fig. 13. Single-stage Class AB fully-differential OTA [60]. 
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and it depends on the input signal amplitude. The output of 
CMFB circuit is applied to the gate of M3c and M4c transistors 
to define the common-mode voltage of output nodes. 
According to the detailed analysis in [60], compared to the 
conventional folded-cascode OTA, the DC gain and unity-
gain bandwidth are improved as: 
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where k, m, and n are the current mirrors ratios, as shown in 
Fig. 13. According to the simulation results in [60], DC gain, 
unity-gain bandwidth, slew rate improve about 10 dB, 215%, 
650% compared to FCA, respectively.

A single-stage class AB OTA has been presented in [61] 
with symmetric and highly enhanced slew rate. FVF cells 
have been used in input pairs of RFCA to build the class AB 
operation in the input stage. The nonlinear current mirrors 
and self-biasing are utilized in output stage to boost the slew 
rate. The achieved slew rate is about 15 times larger than the 
FCA with some more power dissipation. The adaptive biasing 
class AB input stage using FVF cells and local Common-
Mode Feedback techniques have been utilized to realize a 
single-ended recycling folded-cascode OTA in [62], resulting 
in improved small-signal transconductance and slew rate.  

The proposed super class AB single-ended OTA in [63] is 
depicted in Fig. 14. Here, the FVF cells are employed to realize 

the class AB operation in the RFCA input stage, resulting 
in dynamic current boosting and enhanced gain-bandwidth 
(GBW). The local common-mode feedback method is used 
at the loads of differential pair to further improve the GBW 
and slew rate. Its fully-differential version is shown in Fig. 15 
where an additional technique that has been firstly proposed 
in [23], is utilized to further improve GBW and slew rate. In 
this technique, the gate of M9 and M10 transistors is connected 
to the gate of MC6 and MC5, respectively. Therefore, the small-
signal current in MC5 and MC6 transistors is copied to the 
output nodes, and hence, DC gain, overall transconductance, 
and slew rate are further increased. 

A super class AB single-ended RFCA has been introduced 
in [64] using several adaptive biasing and local common-
mode feedback techniques to boost the slew rate and small-
signal operation. In this OTA, two main improvements have 
been added to the presented OTA in [63], which is shown in 
Fig. 14. Two current sources have been utilized at the drain of 
M1a and M2a transistors to reduce the quiescent current of M3a-
M6a transistors, resulting in enhanced current mirror ratios 
in AC operation. Moreover, the dynamic current biasing of 
the cascode transistors is realized with quasi floating gate 
techniques. Some more amplifier structures based on the 
quasi floating gate technique have been discussed in [65].            

A fully-differential class AB RFCA with adaptive input 
biasing and an auxiliary amplifier to increase the DC gain 
has been presented in [66]. A multi-path fully-differential 
bulk-driven class AB OTA has been proposed in [67], where 
the class AB operation is realized with FVF cells at the input 
pairs of a RFCA. In overall, four signal paths are employed 
in this OTA to improve the small-signal operation and slew 
rate in the weak inversion region. In [68], a single-ended 
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Fig. 14. Super Class AB single-ended RFCA [63]. 
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bulk-driven class AB OTA has been suggested. In this OTA, a 
double recycling FCA with two FVF cells in input pairs have 
been utilized to build the class AB operation along with using 
the partial positive feedback technique.     

5- 3- Two-Stage Recycling Folded-Cascode OTAs
Several two-stage OTAs using the recycling folded-

cascode amplifier as the first stage have been proposed in 
[69-75]. A two-stage OTA has been presented in [69], where 
RFCA and the simple common-source amplifier are used in 
the first and second stages, respectively. The hybrid cascode 
compensation [3, 4] has been employed for the stability. 
Several previously reported techniques, including recycling 
folded-cascode, shunt current source, high-speed current 
mirrors, high-speed block, and high-gain block have been 
utilized to realize a multi-stage single-ended OTA in [70] 
with nested Miller compensation. Figure 16 shows the two-
stage OTA structure proposed in [71], where the first stage is 
realized by RFCA and the second stage is a simple common-
source amplifier. The Miller compensation is used for closed-
loop stability. Moreover, another high-speed feedforward 
path is employed to provide a LHP zero for enhanced stability. 
This path is realized by driving the gate of transistor M13 with 
the drain voltage of M2a instead of biasing the gate of M13 with 
a constant DC voltage.     

Based on the current recycling technique, several two-
stage class AB OTAs have been proposed in [72-75]. In 
[72], a two-stage class AB fully-differential OTA has been 

introduced, where a recycling folded-cascode OTA with 
shunt current sources is used in the first stage. The class AB 
operation is realized in the input stage using FVF cells. The 
nonlinear current mirrors are employed in the second stage 
to boost the slew rate. The Miller compensation capacitors 
with null resistors are used to provide a dominant pole, 
which is needed for stability. A two-stage class AB fully-
differential OTA has been proposed in [73], where the first 
stage is realized by double recycling folded-cascode OTA. 
Using RFCA, FVF cells, and local common-mode feedback 
paths, a two-stage class AB single-ended OTA has been 
presented in [74]. A two-stage fully-differential class AB 
OTA has been proposed in [75]. In this OTA, the first stage 
is realized by a double RFCA with a floating battery. The 
class AB operation is realized in the second output stage 
using FVF cells. The hybrid cascode compensation is used 
for the stability.            

6- Conclusion
In this paper, several recent structural improvements of the 

folded-cascode amplifier and its more recent variation, which 
is the recycling folded-cascode OTA, have been reviewed. 
As it can be seen, many architectural innovations have been 
proposed to improve both small-signal and large-signal 
operations of the conventional folded-cascode amplifier. The 
results are promising and show considerable achievements in 
the design of OTAs in low-voltage and nano-meter CMOS 
processes.   
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Fig. 15. Super Class AB fully-differential RFCA [63]. 
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