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Abstract---It is a highly tough undertaking to build an analogue 
circuit, especially one that consumes little power [1-5]. A basic 

component in many analogue integrated circuits like ADC, Gm-C filter 

and Delta Sigma modulator is the Operational Transcondactance 

Amplifier commonly known as the OTA. In all of these integrated 
circuits, the structure of the OTA is of fundamental importance. Gain 

Bandwidth (GBW), DC Gain, Common Mode Rejection Ratio (CMRR) 

and average power are performance characteristics that decide the 
selection of the OTA [6]. A well-designed OTA that has outstanding 

processing attributes such as speed, power consumption, gain and 

GBW is an accomplishment in itself [15]. This chapter mainly 
examines the performance parameters theoretically as well as 

analytically, which determines the design of OTA. Optimization 

strategies which are applicable to low voltage and low power 
applications, notably at the level of the transistor are also examined.  

 

Keywords---OTA Construction, Transcondactance Amplifier, OTA 

Telescope. 
 

 

Introduction  
 

The OTA architecture that is employed must be application-specific and must 

ensure enough performance within the power and area constraints [20, 25]. Three 
essential OTA structures are addressed in detail in Figure 3.1: Telescopic, Folded 

Cascode (FC), and Recycling Folded Cascode (RFC) OTAs. The next sections 

explore the aforementioned topologies in detail with regard to their performance 
metrics; 

 

(a) OTA Telescopic: 

The Telescopic OTA provides the best frequency response and is also the most 
energy efficient structure. It is also a structure that reflects the least amount of 
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noise. Despite these advantages, it is the least suitable for low voltage 

applications since it provides the least headroom for signal swing at the output 

and requires more power than the Folded Cascode OTAs. Taking everything into 

perspective, the Telescopic OTA is the best solution for systems requiring 
extremely high speed and low noise performance, as well as for designs where 

signal swing is not a key factor [29-36]. 

 
(b) Folded Cascode (FC) OTA: 

Due to the fact that this OTA shares the advantage of a good frequency 

performance with the Telescopic OTA, albeit at a reduced efficiency, and also 
shares the advantage of a decent low voltage performance without additional 

noise with the Current Mirror OTA [30 - 33], it serves as an excellent middle 

ground OTA. 
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The Folded Cascode OTA is best suited for applications where speed, signal 

headroom, and noise are critical. As a result, it's unsurprising to see the Folded 
Cascode amplifier being utilised more frequently as a single stage or as the first 

stage amplifier in multi-stage amplifiers, both in cutting-edge designs and in the 

literature. 
 

(c) Recycling Folded Cascode (RFC) OTA: 

 

Is illustrated in Figure 3.1 (c) with the PMOS input stage. Its development 
requires that the current sources are modified at the folding stage using active 

current mirrors with a current ratio of 1:K and then reconnected to differential 

pair transistors. It is worth noting that the power consumption is identical to that 
of the FC OTA when K=3. The transistors M11-M12 improve the accuracy and 

stability of current mirrors. This approach boosts the OTA's transconductance, 

GBW, and SR without increasing current consumption, as folding is accomplished 
using active current mirrors with a current gain K that scale the differential pair's 

signal currents. 

 
Numerous design considerations for Telescopic, FC, and RFC OTAs will be 

explored in the following sections. To simplify this discussion, we will frequently 

refer to the square law I-V model of MOS devices under saturation. The equation 

used to express this is (3.1). N, Cox, W, L, VGS, VT, and VGST are the electron 
mobility, gate oxide per unit area, width, length, gate-source, threshold, and 

overdrive voltages, respectively, in this equation. 

 
 

While this model does not account for many second order effects that are inherent 

in and serve as a model for cutting-edge CMOS technology, its performance is a 
near approximation to that of a MOS device. However, if necessary and pertinent, 

secondary order effects will be demonstrated. 

 
Effective Transconductance: 

 

Transconductance, or gm, is the capacity of the OTA to transform the input 

voltage signal to a current that drives the output load [6]. It is expressed as 
follows: 

 
By and large, the OTA's effective transconductance equals the input stage's 
transconductance. As a result of the symmetry of the construction, the 

transconductance of the Telescopic and FC OTAs is represented as, 
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Small Signal Bandwidth: 

 

The speed performance of an amplifier is the major indicator of its bandwidth. 
Additionally, it represents the frequency range across which the amplifier's gain is 

greater than unity, and is sometimes referred to as the gain bandwidth product 

(GBW). The quiescent operating point, the device size, the CMOS technology used, 

the amplifier architecture, and the driven load are only a few of the numerous 
variables that affect an amplifier's GBW. To incorporate more gates per unit area, 

CMOS technology has aggressively scaled down its device size over the last four 

decades. The bandwidth has increased as a result of this downsizing. The transit 
frequency, f T, is the most frequently used Figure of Merit (FoM) for determining 

the maximum speed achievable with any CMOS technology. This is the point at 

which the MOS device's small signal drain current to gate current ratio equals 
one. Equation (3.4) states that the speed of CMOS devices, and hence the speed of 

a CMOS amplifier, can be increased by increasing the overdrive voltage, VGST, or 

by decreasing the device channel length, L. 

 
 

However, from a designer's perspective, what determines an amplifier's 
bandwidth, and thus its speed, is the transconductance and load of the amplifier. 

The GBW can be represented as follows for Telescopic, FC, and RFC amplifiers: 

 



         2354 

Where CL is the capacitance of the load. For K=3, the RFC OTA outperforms the 

Telescopic and FC OTAs by a factor of 100. 
 

Gain at low frequency: 

 
The low frequency gain of a CMOS amplifier is the product of its effective 

transconductance and intrinsic output resistance [29-33]. According to (3.3), the 

effective transconductance of the RFC OTA is twice that of the FC and Telescopic 

OTAs when the supply voltage and biassing current are identical. Additionally, for 
FC and RFC OTA, the inherent output resistance can be stated as, 

 
 
It has been demonstrated that G mRFC = 2GmFC, resulting in a gain enhancement of 

around 6-7dB for the same output impedance. Nonetheless, RoRFC outperforms R 

oFC because transistors M2a and M4a conduct less current than their FC 
equivalents M2 and M4. This increases their intrinsic output impedance, r 0, as a 

result. The increase in r o2a and r o4a enables an extra 2-4dB gain boost in the 

RFC. Thus, when compared to the FC and Telescopic OTA, the RFC can achieve 
an overall gain enhancement of 8-10dB at low frequencies. As a result, settling 

errors associated with finite amplifier gain are reduced when an RFC is used 

instead of an FC [42]. 

 
Phase Margin: 
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In comparison to the Telescopic and FC structures, the RFC OTA has a somewhat 

narrower phase margin because to the additional pole introduced by recycling the 
current mirror. 

 

Slew Rate: 
 

To achieve a minimally acceptable linearity in applications such as switch 

capacitors, precision and setting time are critical characteristics. The maximum 

output current imposes a restriction on the amount of time an amplifier may 
settle [37]. The current utilised to bias the amplifier imposes a limit on the 

amplifier's ability to drive current into its output impedance [87]. In Figure 3.1, 

transistor M0, which serves as the OTA's tail, supplies the OTA with the biassing 
current Ib. 

 

When Vin+ is high, the input state transistors M1a and M1b switch off, which 
induces the current mirror transistors M4a and M4b into an off state. As a result, 

M2a is changed to a deep triode configuration, while M4a's drain potential 

increases and M6 is turned off. This directs the tail current, Ib, into M2b, which 
is mirrored into M5 by a factor of K (M3b:M3a). As a result, the total current 

required to discharge CL at Vout- is Ib(3K+1)/4. At Vout+, however, only Ib(K 1)/4 

is available to charge CL. This results in a common mode error. The common 

mode feedback compensates for this inaccuracy by ensuring that the current 
discharging/charging CL at each output is same and equal to Klb/2. When Vin- 

levels rise, a reversal of events occurs. As a result, the slew rate is symmetric and 

can be stated mathematically using equation (3.13) for a differential load of CL/2. 
The FC and Telescopic OTA slew rates are repeated in equation (3.14) 

 
 

When K=3, the RFC's slew rate increases by a factor of three when compared to 
the FC and Telescopic OTAs, while its power consumption remains constant. 

Devices that are assumed to turn off completely yet nevertheless conduct some 

residual current, so lowering the amount of current reaching the output. 
Additionally, there is a decrease in the accuracy of the current mirrors during 

large transients. However, with proper device size and biassing, it is possible to 

achieve a more than 2-fold increase in slew rate when K=3 [28]. 

 
Noise: 

As a general rule, noise in circuits is described as spontaneous variations in 

current, temperature, or voltage that establish the lower limit for measurements 
conducted on a system under test. These oscillations limit the dynamic 

performance of a system in a variety of applications, including continuous time 

filters, audio amplifiers, and data converters [39]. 
 

Thermal and flicker noise are the two major forms of noise that impair the 

performance of CMOS circuits [28, 41, 42]. Thermal noise is caused by random 
charge carrier mobility in a conductor caused by the ambient temperature. The 

interaction of the Si-SiO2 interface with the charge carriers is a significant source 
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of flicker noise. In this situation, the carriers are caught and subsequently 

released back into the channel as a result of a random process. It is feasible to 

model these noise sources in MOS devices by connecting them to the device that 

depicts the power spectral density as a current source. This is expressed 
mathematically (3.15). The first and second terms denote the thermal and flicker 

noise contributions, respectively. Boltzman's constant, absolute temperature, 

noise factor, process-dependent flicker noise coefficient, and frequency are 
denoted by the symbols k, B, T,, K F, and f. 

 
The proposed changes in the RFC contain more devices and alter the signal's 
route. As a result, it is critical to investigate their effects on the performance of 

noise. The thermal and flicker noise components of the RFC are examined 

separately in order to compare them to the FC. Equation (3.16) can be used to 

represent the greatest noise seen at the output as, 

 
Equation (3.16) initiates the examination of the RFC's output current thermal 

noise PSD. The cascade devices are not included in Equation (3.17). 
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Due to the fact that transistor gates in CMOS technologies are typically 

n+polysilicon, PMOS devices exhibit buried-channel behaviour. This reduces the 
interface's interaction with the carriers and hence the flicker noise coefficient [28, 

39, 43]. As a result, K FP is an order of magnitude smaller than K FN. As a result, 

PMOS devices are well-suited for use as input pair devices to minimise flicker 
noise. K FP and K FN, on the other hand, are of the same order for p+ polysilicon 

gates. Nonetheless, given advancements in CMOS technology, the contribution of 

each type of noise varies. As seen in Equation (3.15), flicker noise is inversely 

proportional to frequency, whereas thermal noise has a flat frequency 
dependence. In general, when all factors are considered, it is preferable to use 

PMOS devices as the input pair of amplifiers. 

 
To summarise, the following guidelines can be followed to enhance amplifier noise 

performance for low voltage, low power, and high-speed applications: 

 If p+ polysilicon is not used for the gate material or if the aims are 
particularly high-speed applications (GHz range), it is preferable to employ 

PMOS devices for the input pair. 

 The ID of the input pair should be maximised within the constraints of the 

specified power budget. 

 The input pair devices' area and aspect ratio (WL and W/L) should be 

optimised. 

 

Offset of the Input: 
 

The primary source of device incompatibilities throughout the chip is 

manufacturing process variance. To analyse the MOS transistor mismatch, the 
drain current mismatch is the essential factor to examine. The effect of process 

variation on the variance of MOS drain current is illustrated in [40] and is 

represented as, 
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As a result of the scaling down of CMOS technologies in terms of tox, a decrease 

in AVT resulting in an improvement in the matching hcaracteristics. However, 

because the device's dimensions are reduced as well, this is not fully reflected in 
the device matching, resulting in a reduction in matching performance. However, 

the dependence on the doping dose in the bulk is an interesting element to 

consider. Low VT devices are becoming more robust as a result of advancements 

in CMOS technology, and their applications in low voltage applications are 
growing more diverse. The reduction in VT is due to a counter type implant in the 
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bulk region just below the gate where the channel is established. This 

significantly reduces the total dose while improving their matching performance 
when compared to conventional devices. 

 

Efficiency: 

 

 
The RFC's efficiency is double that of the FC and is comparable to that of the 

Telescopic OTA. More importantly, the RFC's efficiency is independent of the 

present mirror factor K. 

 
Conclusion 

 

The following is a list of some critical elements that must be considered during 
the selection and design of an OTA, based on the theoretical and analytical 

discussion: 

 Despite the fact that each application requires a unique amplifier design, 
the most critical parameters in the design are the amplifier's bandwidth, 

gain, and slew rate. 

 The research above demonstrates unequivocally that the RFC delivers two 

times the bandwidth, an estimated gain of 810dB, and a slew rate more 
than twice that of the FC and Telescopic OTAs for a nearly equal area and 

power consumption. 

 Additionally, the RFC OTA requires half the power of the Telescopic and 

FC OTAs while providing comparable performance. It is best suited for 
applications requiring low voltage and low power. 
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