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V And Operates With Vd = a specific voltage that determines its operating
region and overall behavior within the circuit. Understanding the parameters
Vt (threshold voltage), Va ( Early voltage), and Vd (drain voltage) is
crucial for analyzing the transistor’s operation, biasing conditions, and the
resulting circuit characteristics. This comprehensive analysis will walk
through the key concepts, calculations, and implications related to this
circuit, providing clarity on how the NMOS transistor functions within these
parameters.

Introduction to NMOS Transistor Parameters

Threshold Voltage (Vt)

The threshold voltage Vt is the minimum gate-to-source voltage (Vgs) required
to turn the NMOS transistor on, allowing current to flow from drain to
source. In this case, Vt = 0.5 V, indicating that the transistor begins to
conduct once Vgs exceeds this value.

Early Voltage (Va)

The Early voltage Va = 50 V characterizes the output conductance variation
with drain voltage. It models channel-length modulation effects, where the
drain current slightly increases with Vd, even in saturation. A higher Va
indicates less channel-length modulation, leading to a more ideal transistor
with less output conductance.

Drain Voltage (Vd)

Vd, the drain-to-source voltage, influences the transistor’s operating
region—whether it is cut-off, linear (triode), or saturation. The specific
value of Vd determines the current flow and the transistor’s behavior within
the circuit.

Understanding the Circuit Context (Fig. P7.31)

While the exact schematic is not provided here, typical configurations
involving NMOS transistors with these parameters include common-source
stages, current mirrors, or voltage amplifiers. Such circuits generally
involve:



— A drain connected to a supply voltage or load.
- A gate biased with a specific voltage to set the desired operating point.
— A source connected to ground or biasing network.

In analyzing the circuit, the key is to determine the operating region of the
NMOS transistor given the applied voltages, and then to compute the relevant
device parameters such as drain current (Id) and output voltage (Vd).

Determining the Operating Region of the NMOS
Transistor

The transistor can operate in one of three regions:

1. Cut-off Region: When Vgs < Vt, transistor is off.
2. Linear (Triode) Region: When Vgs > Vt and Vds < Vgs - Vt.
3. Saturation Region: When Vgs > Vt and Vds > Vgs - Vt.

Given parameters:
-Vt = 0.5V

- Va 50 Vv
- vd ? (to be determined or given in the problem)

To analyze the region, we need to find Vgs and Vds.

Calculating Gate-Source Voltage (Vgs)

Assuming the gate voltage (Vg) 1is known or set by circuit biasing, and the
source 1s grounded (Vs = 0 V), then:

Vgs = Vg - Vs = Vg
If Vg > Vt, the transistor is turned on. For example, if Vg = 1 V, then:

Vgs = 1 V > 0.5 V » transistor is in saturation or linear region depending on
vd.

If Vg is not specified, the analysis proceeds with the assumption that Vg
exceeds Vt for conduction.

Analyzing the Drain-Source Voltage (Vd)

The value of Vd determines the operating region:

- If Vd < Vgs - Vt, the device operates in the linear region.



- If vd > Vgs - Vt, the device is in saturation.
Suppose Vg is such that Vgs = 1 V, then:
Vgs - Vvt =1V - 0.5V =0.5V

- For Vd
- For vd 2>

A

V, operation is linear.

0.5
0.5 V, operation is saturation.

Y

Given that Vd is specified as a specific value in the circuit, the operating
region can be deduced accordingly.

Modeling the NMOS Transistor Using the Square-
Law Model

In saturation, the drain current (Id) of an NMOS transistor can be
approximated by the square-law equation:

Id = (1/2) pn Cox (W/L) (Vgs - Vt)*2 (1 + vd / Va)

Where:

— pn: Electron mobility

— Cox: Oxide capacitance per unit area
— W: Transistor width

- L: Transistor length

- Vgs: Gate-to-source voltage

— Vt: Threshold voltage

— Vd: Drain-to-source voltage

- Va: Early voltage

The term (1 + Vd / Va) accounts for channel-length modulation, which
effectively increases current as Vd increases.

Impact of Va (Early Voltage) on the Transistor
Behavior

Va influences the output characteristics:
- With Vva = 50 V, the channel-length modulation effect is moderate.
— The drain current increases slightly with Vd, reducing the ideality of the

device but still manageable within typical circuit design tolerances.

The small-signal output conductance (gds) can be approximated as:

gds = Id / Va



This parameter is essential for analyzing gain and output impedance in analog
circuits.

Calculations for Vd and Drain Current (Id)

Suppose the circuit operates with a certain gate voltage and the drain
voltage Vd is specified or to be calculated:

1. Determine the operating region based on Vgs and Vd.

2. Calculate the drain current using the saturation or linear model as
appropriate.

3. Incorporate channel-length modulation via Va for more accurate modeling.

For example, if Vgs = 1 V, Vt 0.5V, and vd = 10 V:

- Vgs - Vt = 0.5 V
- vd (10 V) > vVgs - Vt (0.5 V), so the device is in saturation.

The drain current:

Id = (1/2) pn Cox (W/L) (0.5)7"2 (1 + 10 / 50)

This simplifies to:

Id = (1/2) pupn Cox (W/L) ©0.25 (1 + 0.2) = (1/2) pn Cox (W/L) ©0.25
1.2

Resulting in:

Id = 0.15 pun Cox (W/L)

The specific values of pn, Cox, W, and L determine the precise current.

Implications for Circuit Design and Performance

Understanding how Vd influences the operation of the NMOS transistor with the
given parameters is crucial for:

— Designing amplifiers with desired gain and linearity.
— Biasing circuits to ensure the transistor remains in the proper region.

- Predicting output voltage swing and stability.

In circuits where a specific Vd is required, one must consider the Early



effect (Va) and channel-length modulation as they affect the output impedance
and gain.

Summary of Key Points

- The parameters Vt = 0.5 V and Va = 50 V significantly influence the
transistor's conduction and output characteristics.

— The transistor’s operating region depends on Vgs and Vd, with the square-
law model applicable in saturation.

— Channel-length modulation, modeled by Va, causes the drain current to
increase with Vd, affecting circuit stability and gain.

— Accurate analysis requires knowing the gate voltage Vg and the specific
circuit configuration.

— Proper biasing ensures the transistor operates in the desired region,
optimizing circuit performance.

Conclusion

Analyzing the NMOS transistor in the context of Fig. P7.31 reveals that
understanding the interplay of Vt, Va, and Vd is essential for predicting
circuit behavior. The threshold voltage sets the conduction threshold, while
the Early voltage accounts for channel-length modulation effects, impacting
output impedance and gain. By applying the appropriate models and
calculations, engineers can design circuits that leverage these parameters
efficiently, ensuring desired performance and stability. Whether designing
amplifiers, switches, or current sources, mastering these concepts is
fundamental in analog circuit design.

Frequently Asked Questions

What is the significance of the threshold voltage
(Vt) in the operation of the NMOS transistor in the
circuit of Fig. P7.31?

The threshold voltage (Vt = 0.5 V) determines the minimum gate-to-source
voltage needed for the NMOS transistor to turn on and conduct. Below Vt, the

transistor remains off, while above Vt, it enters the saturation or linear
region depending on the drain voltage.

How does the Early voltage (Va = 50 V) influence the
behavior of the NMOS transistor in the circuit?

The Early voltage (Va = 50 V) models the channel-length modulation effect,
indicating how the drain current varies with drain-source voltage. A higher
Va reduces the output conductance, making the transistor behave more like an
ideal current source, which affects the output voltage and gain.



Given the drain voltage (Vd) in the circuit, how can
we determine whether the NMOS transistor is in
saturation or triode region?

To determine the operation region, compare Vd to (Vgs - Vt). If vd > Vgs -
Vt, the transistor operates in saturation; otherwise, it's in the triode
region. Precise Vd value is needed to finish this analysis based on the gate
voltage and source voltage.

Why is understanding the operating region of the NMOS
transistor crucial for circuit analysis and design?

Knowing the operating region (cutoff, triode, or saturation) helps in
accurately analyzing the circuit's behavior, calculating currents and
voltages, and designing the circuit to meet specific performance criteria
such as gain, output swing, and linearity.

What effect does increasing the drain voltage (Vd)
have on the transistor's current when Vt and Va are
fixed?

Increasing Vd tends to increase the drain current in the triode region and
can lead the transistor into saturation if Vd surpasses the threshold
difference. However, due to channel-length modulation (represented by Va),
the current may slightly increase with Vd, reflecting non-ideal behavior.

Additional Resources
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Introduction

In the realm of analog circuit design and device modeling, understanding the
behavior of MOSFETs under various operating conditions is fundamental. Among
these, the NMOS transistor remains a cornerstone component due to its
versatility and widespread application in digital and analog circuits. This
article examines the specific scenario outlined in Fig. P7.31, where an NMOS
transistor characterized by a threshold voltage \( V_t = 0.5\,V \) and Early
voltage \( V_{A} = 50\,V \) operates with a drain voltage \( V_{D} \). Such a
scenario offers a rich ground for analysis, revealing insights into device
operation modes, output characteristics, and the influence of device
parameters on circuit performance.

Contextualizing the Circuit and Parameters
Understanding the Parameters

— Threshold Voltage (\( V_t \)): The minimum gate-to-source voltage needed to
create a conductive channel between drain and source. For the NMOS in



question, \( V_t = 0.5\,V \).

- Early Voltage (\( V_{A} \)): Represents the output conductance's dependency
on drain-source voltage, modeling channel-length modulation effects. The
higher the \( V_{A} \), the closer the device behaves to an ideal current
source.

— Drain Voltage (\( V_{D} \)): The specific drain voltage at which the device
operates. The value of \( V_{D} \) influences the operation region, drain
current, and output resistance.

Understanding these parameters allows for a detailed analysis of the device's
operating point, linearity, and output characteristics.

Theoretical Foundations
MOSFET Operation Regions

The operation of an NMOS transistor is categorized into three primary regions
based on the gate-to-source (\( V_{GS} \)) and drain-to-source (\( V_{DS} \))
voltages:

— Cutoff Region (\( V_{GS} < V_t \)): The device remains off, conducting no
current.

- Triode (Linear) Region (\( V_{GS} > v_t \) and \( V_{DS} < V_{GS} - V_t
\)): The device operates as a voltage-controlled resistor.

- Saturation Region (\( V_{GS} > v_t \) and \( V_{DS} \geqg V_{GS} - Vv_t \)):
The drain current is primarily controlled by \( V_{GS} \), with minimal
influence from \( V_{DS} \).

The key to analyzing the device operation involves determining the region in
which the transistor operates given specific voltages.

Model Equations

The drain current \( I_{D} \) in the saturation region, considering channel-
length modulation, is given by:

\ [
I_{D} = I_{D,sat} (1 + \frac{V_{DS}}{V_{A}})
\]

where

\ [
I_{D,sat} = \frac{l}{2} \mu C_{ox} \frac{wW}{L} (V_{GS} - VvV_t)"2
\1

The parameter \( V_A \) modifies the ideal current, accounting for channel-
length modulation effects, effectively creating a finite output resistance:

\ [
r {o} = \frac{V_A}{I_{D}}
\1



Deep Dive into the Operating Conditions
Determining the Operating Region at \( V_{D} \)

Given the parameters, a critical initial step is establishing the operation
mode. This involves:

1. Assuming \( V_{G} \) 1is known or specified: To proceed, one must establish
the gate voltage \( V_{G} \). For illustration, suppose \( V_{G} \) exceeds
\( V_t \), ensuring the device is on.

2. Calculating \( V_{GS} \): The gate-to-source voltage, which influences the
current.

3. Evaluating \( V_{DS} \): The drain-to-source voltage, given as \( V_{D}
\), which determines the operation region.

If \( V_{D} \) is set such that:

\ [
V_{D} \geq V_{GS} - V_t
\1

then the device is in saturation; otherwise, it resides in triode or cutoff.

Practical Implications of \( V_{D} \) on Device Behavior

Assuming the circuit is configured as a common-source amplifier with the NMOS
device's drain connected to a supply voltage \( V_{DD} \) and a load resistor
\( R_{L} \), the drain voltage \( V_{D} \) becomes a function of the drain
current:

\
V_{D} = V_{DD} - I_{D} R_{L}
\]

Given \( V_{D} \), one can back-calculate the drain current:

\ [
I_{D} = \frac{V_{DD} - V_{D}}{R_{L}}
\]

This value then feeds into the saturation current equation, allowing for the
analysis of the device's behavior under specific circuit conditions.

Influence of Device Parameters on Circuit Performance
Threshold Voltage (\( V_t \))

- A lower \( V_t \) enables the device to turn on at lower gate voltages,
increasing conductance and current drive capability.

- Conversely, a higher \( V_t \) enhances device off-state isolation but



reduces on-state current.
Early Voltage (\( V_{A} \))

- Larger \( V_{A} \) implies less channel-length modulation, leading to
higher output resistance and improved linearity.

— In the provided case, \( V_{A} = 50\,V \) suggests moderate channel-length
modulation effects, influencing the gain and output impedance.

Analysis Methodology
To analyze the NMOS device's operation at a given \( V_{D} \):
1. Determine \( V_{GS} \): Based on the gate biasing circuit.

2. Compute \( I_{D,sat} \): Using the quadratic model, considering device
dimensions and mobility parameters if available.

3. Calculate \( I_{D} \): Incorporate channel-length modulation:
\ [

I_{D} = I_{D,sat} \left(l + \frac{V_{D}}{V_{A}}\right)

\1

4. Assess the operation region: Verify if \( V_{D} \geq V_{GS} - v_{t} \) for
saturation.

5. Evaluate output characteristics: Plot \( I_{D} \) wversus \( V_{D} \) to
visualize the device behavior.

Practical Examples and Numerical Illustration
Suppose:

- \N( V_{G} = 2\,V \)

- \( V_{s} 0\, Vv \)

- \( V_{D} 5\,V \)

- \( \mu C_{ox} \frac{W}{L} = 100\, \mu A/V*2 \)
Calculating:

\
V_{GS}
\]

V_{G} V_{S} 2\, V

\
V_{GS}
\]

V_{t} 1.5\,V

Since \( V_{D}

5\,V \geq 1.5\,V \), the device is in saturation.



Calculating the saturation drain current:

\ [

I {D,sat} = \frac{1}{2} \times 100\, \mu A/V"*2 \times (1.5\,V)"2
100\, \mu A/V”*2 \times 2.25\,V"2 = 112.5\,\mu A

\1

0.5 \times

Including channel-length modulation:

\ [

I_{D} = 112.5\,\mu A \times \left (1 + \frac{5\,V}{50\,V}i\right) = 112.5\,\mu
A \times 1.1 = 123.75\,\mu A

\]

The drain voltage at this current:

\ [

V_{D} = vV_{DD} - I_{D} R_{L}

\]

Assuming \ ( V_{DD} = 10\,V \) and \( R_{L} = 50\, k\Omega \):

\ [

V_{D} = 10\,V - 123.75\,\mu A \times 50\, k\Omega = 10\,V - 6.1875\,V =
3.8125\,V

\]

This indicates the actual \( V_{D} \) is approximately 3.81 V, which is less
than the assumed 5 V. Iterative analysis or circuit simulation would refine
these estimates.

Significance in Circuit Design and Analysis

Understanding how \( V_{D} \) affects the operation of an NMOS transistor
with given parameters is critical for:

- Biasing circuits: Ensuring devices operate in desired regions.

— Amplifier design: Optimizing gain and linearity through output resistance
management.

— Analog computation: Precise modeling of device nonlinearities for accurate
circuit behavior predictions.

- Process variation considerations: Recognizing how parameters like \( V_{t}
\) and \( V_{A} \) influence circuit robustness.

Conclusion

Analyzing an NMOS transistor with
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