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Introduction 
Solid-state analog switches and multiplexers have 

come to be an essential element in the design of 

electronic systems. They are used in wide variety of 

applications that include multi-channel data acquisition 

systems, process control, instrumentation, and 

videotape systems. 

Switches and multiplexers were designed with discrete 

MOSFET bias and manufactured in small PC boards 

or modules. With the development of CMOS processes 

(yielding good PMOS and NMOS transistors on the 

same substrate), switches and multiplexers fleetly 

gravitated to integrated circuit form.  

In a typical signal chain, the switches and multiplexers 

in Figure 1. select analog or digital input signals from 

different amplified sensor output signals or DAC output 

channels and connects them to a single output line  

Basic Operation 
In an electrical and electronic system, a switch is a 

device that can make or break an electrical circuit 

automatically or manually. In other words, it is a 

controlling device that interrupts the flow of current or 

changes its direction. In addition, it can control the 

circuit operation so that the user may be able to 

activate or deactivate the whole or certain parts or 

processes of a connected circuit. 

 

Figure 1. Typical Signal Chain Solution 
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Introduction to MOSFET 
The MOSFET (Metal Oxide Semiconductor Field 

Effect Transistor) is a semiconductor device widely 

used for switching purposes and amplification of 

electronic signals in electronic devices. A MOSFET is 

either a core or integrated circuit designed and 

fabricated in a single chip because the device is 

available in small sizes.  

A MOSFET is a four-terminal device having source 

(S), gate (G), drain (D), and substrate or body (B) 

terminals. The body is connected in the source 

terminal thus, forming a three-terminal device. 

Basic MOSFET Structure 
Figure 2. shows the standard internal structure of the 

MOSFET and, Figure 3 shows the channel 

construction. The gate terminal is connected to a thin 

metal layer, insulated by a layer of silica (SiO2) from 

the semiconductor. You will see two N-type 

semiconductors fixed within the channel region of 

drain and source terminals. Then, the channel 

between the drain and the source of the MOSFET is 

an N-type, opposite to the substrate. It helps in 

biasing MOSFET in both the polarities, either positive 

or negative. If the gate terminal of the MOSFET is not 

biased, it will stay non-conductive.  

 

Figure 2. Internal MOSFET Structure 

 

 

Figure 3. N-Channel (Left) and P-Channel (Right) 
MOSFET 

Depletion-mode MOSFET 
The depletion-mode MOSFET is uncommon than the 

enhancement-mode types and switched “ON” 

(conducting) without applying a gate bias voltage. 

When gate-to-source voltage, VGS = 0 V, the channel 

conduct and makes a “normally-closed” device. The 

circuit symbol in Figure 4. shows a depletion MOS 

transistor that uses a solid line to represent a normally 

closed conductive channel. 

In the n-channel depletion MOS transistor, -VGS will 

deplete the conductive channel of its free electrons, 

switching the transistor “OFF.” Likewise, for a p-

channel, +VGS will deplete the channel of its free holes, 

switching it “OFF.” 

Similarly, for an n-channel depletion mode MOSFET, 

+VGS means more electrons and more current and, a 

-VGS means fewer electrons and lesser current. On 

the contrary, it is true in p-channel types. 

 

Figure 4. Depletion Mode N-Channel (Left) and P-

Channel (Right) MOSFET Symbol 
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Figure 5 shows the characteristic curve of a depletion-

mode MOSFET. 

Figure 5. Depletion-mode MOSFET Characteristic 

Curve 

Enhancement-mode MOSFET 
The Enhancement-mode MOSFET or eMOSFET is the 

opposite of the depletion-mode type. Conductive 

channels are lightly doped or undoped, making them 

non-conductive. It results in the device being normally 

“OFF” (non-conducting) when the gate bias voltage, 

VGS = 0 V. The circuit symbol in Figure 6 for an 

enhancement mode MOS transistor uses a dashed 

channel line to indicate a normally open non-

conducting channel. 

For n-channel e MOSFETs, drain current flows only 

when a VGS greater than the threshold voltage, VTH, is 

applied to the gate terminals. The VTH level at which 

conductance occurs makes it a transconductance 

device. 

Applying a positive gate voltage to an n-type 

eMOSFET attracts more electrons towards the oxide 

layer around the gate thereby, increasing or enhancing 

(hence its name) the thickness of the channel allowing 

more current to flow. This kind of transistor is called an 

enhancement mode device as applying a gate voltage 

enhances the channel. 

 

 

Figure 6. Enhancement-mode N-channel (Left) and P-

channel (Right) MOSFET Symbol 

Increasing this positive gate voltage will decrease the 

channel resistance further, causing an increase in the 

drain current, ID through the channel shown in Figure 

7. In summary, the n-channel eMOSFET turns "ON" at 

+VGS while "OFF" at 0 V or -VGS." The opposite is true 

for the p-channel types. Therefore, the eMOSFET is 

equivalent to a "normally-open" switch 

Figure 7. Enhancement-mode MOSFET 

Characteristic Curve 

Summary 
To summarize the switching characteristics of both N-

channel and P-channel MOSFET, see the table below: 

Table 1: MOSFET Switching Characteristics 

MOSFET TYPE VGS < 0 VGS = 
0 

VGS > 
0 

N-channel 
Enhancement 

OFF OFF ON 

N-channel 
Depletion 

OFF ON ON 
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P-channel 
Enhancement 

ON OFF OFF 

P-channel 
Depletion 

ON ON OFF 

MOSFET Characteristic Curve 
The V-I curve in Figure 8 shows the minimum gate 

voltage required to switch "ON" the MOSFET carrying 

drain current. When the input voltage, VIN, is high or 

equal to the supply voltage, VDD, the Q-point moves to 

point A. 

 

Figure 8. MOSFET Characteristic Curve 

As the drain current, ID increases to its maximum value 

due to the channel resistance reduction, it will become 

constant and independent on the VDD and only 

dependent on VGS. 

When the VIN is low or 0 V, the channel resistance 

becomes very high and, the transistor acts as an open 

switch without any current flowing. The Q-point moves 

from point A to B along the load line. 

The gate voltage of the MOSFET toggles between high 

and low levels and behaves as a solid-state single-pole 

single-throw (SPST) switch that operation in different 

regions shown below. 

Cut-off Region 

The cut-off region or "OFF-mode" is when the gate 

voltage of the MOSFET operates at 0 V or less than 

the threshold voltage, VTH, as shown in Figure 9. The 

conductive channel is off and, no drain current flows. 

The output voltage, VOUT, is equal to VDD. 

Figure 9. MOSFET Cut-off Region Representation 

Saturation Region 

In the saturation region, the MOSFET is switched 

"ON." The gate voltage is connected to either VDD or 

voltage level much higher than the VTH shown in Figure 

10. The maximum current flows in the channel. 

 

Figure 10. MOSFET Saturation Region 

Representation 

Ohmic Region 

The ohmic region of the MOSFET shown in Figures 5 

and 7, in the green area, is the region where the drain 

current, ID has a linear response to the changes in the 

drain-to-source voltage, VDS. 

Introduction to CMOS 
The Complementary Metal-Oxide Semiconductor, 

CMOS shown in Figure 11, is a MOSFET fabrication 

process that uses complementary and symmetrical 

pairs of n-type and p-type MOSFETs for logic functions. 

Construction of integrated circuits (ICs) such as 

microprocessors, microcontrollers, memory chips, and 

other digital logic circuits use CMOS technology 
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.Figure 11. CMOS Internal Structure 

CMOS Inverter 

The inverter shown in Figure 12 is an example of a 

CMOS circuit. It consists of PMOS and NMOS FET. 

The voltage input, VIN, serves as the gate voltages for 

both transistors. The PMOS has input voltage from the 

VDD and NMOS from the VSS or ground.  

When a high input voltage is tied to the gate of the 

CMOS, the PMOS becomes an open circuit, and the 

NMOS turns ON. As a result, the output is pulled down 

to VSS or ground. The opposite is true when the input 

voltage is low-level or ground. 

 

 

 

 

 

 

Figure 12. CMOS Inverter Circuit 

In summary, Table 2 shows the truth table of the 

CMOS inverter circuit. 

 
Table 2: CMOS Inverter Truth Table 

VIN VOUT 

0 1 

1 0 

 

Basic Analog CMOS Switch 
The basic analog CMOS switches are composed of the 

following input and output pins shown in Figure 13. 

Source (S) I/O Pin 

This serves as either analog input or output pin of the 

switch. 

Drain (D) I/O Pin 

This serves as either analog input or output pin of the 

switch. 

Digital Input Control (IN) Logic Pin 

This controls the state of the source-to-drain switch 

that is either in ON or OFF state. 

Supply Pins 

The positive and negative supplies, VDD and VSS, are 

obtained from a power source needed by the switch to 

operate.  

 

 

 

 

 

 

 

 

Figure 13. Basic Analog CMOS Switch 

Basic Switch Configurations 

The analog CMOS switch is categorized into different 

configurations such as single-pole single-throw 

(SPST), single-pole double-throw (SPDTs), and 

multiplexers (Mux). 
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Single-Pole Single-Throw (SPST) 

This is the simplest configuration of CMOS switch 

which consists of one input and output contact that is 

controlled by the digital input line toggling it to either 

ON or OFF state.   

It can be packaged into a multiple channel 

configuration as shown in Figure 14. 

 

 

 

 

 

 

 

 

Figure 14. SPST Switch Configurations 

Single-Pole Double-Throw (SPDT) 

This switch configuration consists of three terminals, 

one output contact, two input contacts, and a digital 

input line that connects the output to one of the two 

inputs. 

It can be packaged into a multiple channel 

configuration as shown in Figure 15. 

 

 

 

 

 

 

Figure 15. SPDT Switch Configurations 

Table 3 shows the truth table of the SPDT 

configuration. 

Table 3: SPDT Truth Table 

Logic Input Switch Condition 

0 Off 

1 On 

Multiplexers 

This device consists of several analog and digital 

input signals that connects the signal to a single 

output line using an n-bit address line. 

It has a single and differential signaling analog input 

configurations as shown in Figure 16. 

 

 

 

 

 

 

 

Figure 16. Multiplexer Configurations 

Table 4 shows the truth table of an 8:1 multiplexer 

with a 3-bit digital input lines. 

 
 
Table 4: 8:1 Mux Truth Table 
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Application 

Multiple Channel Data Acquisition (DAQ) 

System  

A data acquisition system is a signal chain solution 

that converts multiple input signals from sensors and 

covert the analog inputs to digital data that a unit can 

comprehend in signal processing shown in Figure 17. 

It comprises the following analog front-end 

subsystem; buffer, switching element, and signal 

conditioning block. The succeeding stages are 

analog-to-digital converter (ADC) and digital interface. 

For high-speed and precision applications, a 

multiplexer is a switching element placed before the 

ADC driver and converter to utilize the advanced 

performance of the modern converters 

 

 

 

 

 

Figure 17. Typical SAR ADC-based Multiplexed DAQ Block Diagram 

 

Self-Check 
I. Complete the truth table below using the 

given test setup and circuit diagram. 

1. VDD = 5 V, GND = 0 V, Logic 0 = 0 V, and 
Logic 1 = 5 V 
 

Table 5: Truth Table 

INPUT A INPUT B OUTPUT 

0 0  

0 1  

1 0  

1 1  
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2. VDD = 5 V, GND = 0 V, Logic 0 = 0 V, and 
Logic 1 = 5 V 

 

Table 6: Truth Table 

INPUT A INPUT B OUTPUT 

0 0  

0 1  

1 0  

1 1  

 

 

 

 

 

 

 

 

 

 

 

 

II. Circuit Analysis. Complete the value of the gain and voltage output of the system using the given values 
and table below.  Assume that the amplifier and switch are ideal. Show your solution in a presentation file. 

 +VS = 15 V 
 -VS = -15 V 
 VIN = 1 V 
 R1 = 1 kΩ 

 R2 = 1 kΩ 
 R3 = 3 kΩ 
 R4 = 4 kΩ 
 R5 = 5 kΩ 
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Table 7:Digital Input Table 

IN4 IN3 IN2 IN1 GAIN (G) VOUT 

0 0 0 0   
0 0 0 1   
0 0 1 0   
0 0 1 1   
0 1 0 0   
0 1 0 1   
0 1 1 0   
0 1 1 1   
1 0 0 0   
1 0 0 1   
1 0 1 0   
1 1 1 1   
1 1 0 0   
1 1 0 1   
1 1 1 0   
1 1 1 1   
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