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The Folded Cascode Operational Transconductance Amplifier (OTA) stands as a cornerstone in the repertoire
of analog integrated circuit designers. As modern electronic systems continue to push the boundaries of speed,
power efficiency, and voltage scaling, the demand for high-performance amplification stages becomes increasingly
critical. This article provides an exhaustive technical exploration of the Folded Cascode OTA, spanning from
fundamental theoretical frameworks to advanced computer-aided design (CAD) methodologies including
Reinforcement Learning (RL) for variation-aware circuit synthesis.

The Fundamental Evolution of OTA Architectures

In the hierarchy of analog circuits, the Operational Transconductance Amplifier is distinguished from the standard
Operational Amplifier (Op-Amp) by its output characteristics. While a traditional Op-Amp is designed to provide a
voltage output with low output impedance, an OTA provides a current output proportional to the differential input
voltage, characterized by high output impedance. This distinction is vital in driving capacitive loads, commonly
found in Switched-Capacitor (SC) circuits, filters, and data converters.

Transition from Telescopic to Folded Topologies

Historically, the Telescopic Cascode OTAwas the architecture of choice due to its high gain and high speed.
However, the Telescopic design suffers from a significant drawback: limited input common-mode range (ICMR) and
restricted output swing. In a Telescopic configuration, all transistors are stacked vertically between the supply rails,
consuming substantial headroom. This becomes a bottleneck as CMOS technology scales down to the 180nm,
65nm, and 28nm nodes where supply voltages (Vdd) are drastically reduced.

The Folded Cascode OTAaddresses these limitations by "folding" the signal path. By using transistors of opposite
polarity (e.g., PMOS input pair with NMOS cascode loads, or vice versa), the architecture allows for a much wider
input common-mode range, often even reaching or exceeding one of the supply rails. This folding mechanism
effectively decouples the input stage from the output stage in terms of DC biasing while maintaining the high output
impedance necessary for high voltage gain.

Core Theoretical Framework and Mathematical Modeling

To design a robust Folded Cascode OTA, one must master the small-signal parameters that govern its
performance. The primary metrics of interest are Open-Loop Gain (Av), Gain Bandwidth Product (GBW), Phase
Margin (PM), and Slew Rate (SR).

Small-Signal Gain Analysis

The voltage gain of a single-stage Folded Cascode OTA is defined by the product of the input transconductance
(gm) and the total output resistance (Rout). Mathematically, it is expressed as:

Av = gm_input * Rout



In a Folded Cascode configuration, the output resistance is the parallel combination of the resistances seen looking
into the PMOS cascode and the NMOS cascode branches. Specifically:

Rout "H (gm_casc * rO_casc * rO_input) || (gm_load * rO_load * rO_mirror)

Because the output resistance is a product of multiple transistor intrinsic resistances (r0), the resulting gain is
significantly higher than that of a simple common-source stage, often reaching 40-60 dB in a single stage without
requiring multiple poles that complicate frequency compensation.

Frequency Response and Stability

One of the primary advantages of the Folded Cascode OTA is its dominant polebehavior. The dominant pole (<— -
is typically located at the output node, determined by the load capacitance (CL) and the output resistance (Rout):

<— O 0...&*WB ¢ 4A.

The Gain Bandwidth Product (GBW)is subsequently determined by the input transconductance and the load
capacitance:

GBW = gm_input/ CL

However, designers must be wary of the non-dominant poleslocated at the folding nodes. These nodes have
relatively high capacitance due to the junction capacitances of both the input and cascode transistors. If these non-
dominant poles are too close to the GBW, the phase margin degrades, leading to instability or ringing in the step
response.

Technical Comparison: OTA Topologies

The following table provides a structured evaluation of the Folded Cascode OTA against other common
architectures, such as the Telescopic and the Two-Stage Op-Amp.



Metric Telescopic Cascode Folded Cascode Two-Stage Op-Amp

Voltage Gain High Medium-High Very High

Output Swing Low Medium High (Rail-to-Rail)

Speed (GBW) Highest High Medium

Power Consumption Lowest Medium Highest

Input Common Mode Very Limited Wide/Flexible Wide

Design Complexity Low Medium High (Requires Miller
Comp)

The Impact of Bias Current and Transistor Sizing

The selection of Bias Current (Ib) is perhaps the most critical design decision. As noted in technical studies from
institutions like Wayne State University, the total bias current in a Folded Cascode OTA must be carefully
distributed between the input differential pair and the folding branches.

The Current Allocation Ratio

A common design rule is to set the bias current of the folding branch (the cascode transistors) slightly higher than
the bias current of the input transistors. If the input stage current is |_in and the cascode branch current is |_casc,
then the current through the bottom current source must be |_total = 1_in + |_casc. If |_in is too large relative to
|_casc, the cascode transistors might turn off during large signal swings, leading to severe Slew Ratelimitations.
Conversely, if |_casc is too large, power is wasted without significant gain in transconductance.

Slew Rate Mechanics

The Slew Rate (SR) of the Folded Cascode OTA is defined by how quickly the load capacitor can be charged or
discharged by the available bias current:

SR =1 _bias/CL

In the folded architecture, the SR is often asymmetrical if the currents are not balanced, which can lead to
distortion in high-speed signal processing applications.

Modern Design Methodologies: Multi-Task Reinforcement Learning

Recent advancements in Electronic Design Automation (EDA) have introduced Fast Variation-Aware Analog
Circuit Design via Multi-task Reinforcement Learning (RL). Traditional manual sizing of transistors in a Folded
Cascode OTA involves iterative simulations in tools like Cadence Spectreusing 180nm or finer technology nodes.
This process is time-consuming due to the high-dimensional search space of transistor widths (W), lengths (L), and
bias voltages.

The RL Integration Workflow

1. State Space Definition: The RL agent observes the current circuit performance (Gain, GBW, Phase Margin)
and the process corners (Typical, Fast-Fast, Slow-Slow).
2. Action Space: The agent modifies transistor dimensions (W/L ratios) and bias current values.



3. Reward Function: A mathematical function that penalizes the agent for failing to meet specifications (e.g., PM
&lt; 60 degrees) and rewards it for minimizing power or area.

4. Multi-Task Learning: By training on multiple design targets simultaneously, the RL model becomes "variation-
aware," ensuring that the OTA remains functional despite manufacturing fluctuations in the silicon process.

Practical Implementation: A Step-by-Step Field Guide

For engineers tasked with implementing a Folded Cascode OTA in a commercial simulator using a TSMC 180nm
or similar process, the following procedure is recommended:

Phase 1: Architecture Selection

Determine if the application requires a PMOS input pair or an NMOS input pair. A PMOS input pair is generally
preferred for lower 1/f noise and better performance when the input common-mode level is near the ground rail. An
NMOS input pair offers higher transconductance for the same current, leading to higher GBW.

Phase 2: DC Biasing and Sizing

e Step 1: Select the bias current based on the Slew Rate and GBW requirements.

e Step 2: Size the input transistors to achieve the required gm. Use a large W/L ratio to maximize gm, but be
mindful of the parasitic capacitance that might push the non-dominant poles to lower frequencies.

e Step 3: Size the cascode transistors. These should be sized to provide enough headroom for output swing
while maintaining high output resistance. Increasing the length (L) of cascode devices often improves gain but
reduces the output swing and speed.

e Step 4: Implement the Common-Mode Feedback (CMFB) circuit. Since the Folded Cascode OTA is usually
fully differential to reject supply noise, a CMFB circuit is mandatory to stabilize the DC output voltages.

Phase 3: Verification and Corner Analysis

Perform a Monte Carlo analysisto simulate the effects of local mismatch and global process variations. Key
parameters to monitor include the offset voltage and the stability of the phase margin across temperature ranges
(-40°C to 125°C).

Case Study: High-Performance OTA for 5540 MHz-pF/mA FoM

In high-speed communication systems, a specialized Figure of Merit (FOM) is often used to evaluate efficiency:
FoM = (GBW * CL) / |_total

A notable case study involves a Folded Cascode OTA designed in a 180nm process reaching an FoM of 5540
MHz-pF/mA. This was achieved by using a strongARM latchin parallel with the OTA for high-speed comparison
tasks and optimizing the folding node to minimize parasitic capacitance. The study highlighted that by reducing the
length of the folding transistors to the process minimum (e.g., 180nm), the non-dominant pole was pushed to 3x the
GBW, allowing for a phase margin of 72 degrees with a significant reduction in power consumption.

Troubleshooting Common Operational Challenges

Even with advanced CAD tools, several failure modes are common in Folded Cascode designs:

1. Insufficient Phase Margin

Cause: Non-dominant poles at the folding nodes or the cascode nodes are too low in frequency.Solution:Increase
the bias current in the cascode branch to increase the transconductance of the cascode transistors, or reduce the
size of the load transistors to minimize parasitic capacitance.



2. Reduced Gain at Low Voltages

Cause: Transistors entering the triode (linear) region due to insufficient headroom.Solution: Use wide-swing
cascodecurrent mirrors. This biasing technique allows the cascode transistors to remain in saturation with a lower
Vds, effectively increasing the available output voltage swing.

3. High Input Offset Voltage

Cause: Mismatch between the input differential pair or the load current mirrors.Solution:Increase the area (W * L)
of the input transistors. According to Pelgrom's Law, mismatch is inversely proportional to the square root of the
device area.

Synthesis of Broader Engineering Implications

The Folded Cascode OTA remains a vital architecture because it elegantly balances the trade-offs between gain,
speed, and voltage swing. While newer topologies like the Multi-Stage Feed-Forward Compensationamplifiers
offer higher gain, they often do so at the cost of significantly higher power and complexity. The Folded Cascode's
single-pole nature makes it inherently robust and easier to stabilize in feedback configurations.

As we move towards Cyber-Physical Systems and advanced Internet of Things (IoT) devices, the role of the
OTA expands. The integration of Artificial Intelligence (Al) and Machine Learning (ML)into the design flow, as
seen in the multi-task RL approaches, signifies a shift from manual "tweaking" to algorithmic optimization. This
evolution ensures that the Folded Cascode OTA will continue to be a fundamental building block, adapting to the
constraints of ultra-low-power sensing and ultra-high-speed data transmission in the decades to come.

Ultimately, successful OTA design requires a deep understanding of the silicon physics, a disciplined approach to
mathematical modeling, and the agility to adopt modern EDA innovations. Whether for a university research project
at Wayne Stateor a commercial high-speed ADC, the principles of the Folded Cascode topology provide a reliable
path toward achieving high-performance analog signal processing.
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