

Objectives:
Students simulate SPICE Level 1 NMOS and PMOS transistor models using LTspice and determine the effects of various parameters on their performance. A complementary MOS (CMOS) inverter is simulated and the effect of transistor transconductance is observed. A feedback amplifier based on the inverter is simulated and its closed loop gain is examined and compared to theoretical expectations. 

Introduction:
The Level 1 MOS transistor models in SPICE are based on the Shichman-Hodges model equations discussed in class. You will change some of the parameters of the default PMOS and NMOS models and run simulations using the models. Then a simple CMOS inverter circuit is simulated. CMOS integrated circuits make use of complementary architecture. That is, NMOS and PMOS transistors are used in symmetric push-pull configurations. The inverter is a basic element of most CMOS digital integrated circuits. The voltage transfer characteristic (VTC) of a simple inverter made up of generic PMOS and NMOS transistors will be simulated. Finally, you will test your digital inverter in a linear amplifier configuration.

Equipment:
[bookmark: _GoBack]Computer running LTspice software

Procedure:
MOSFET Model Parameters and Common Source Characteristics
Measured MOSFET common-source (CS) characteristics are obtained from a circuit like the one in Fig. 1. Simulating the circuit will show the CS characteristics for a MOSFET model. To plot each curve, the gate-to-source voltage VGS is set to a given value and the drain-to-source voltage VDS is swept across the desired range.

[image: ]
Fig. 1. NMOS transistor CS characteristics test circuit.
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1.	Prepare a NMOS transistor model.
a.	Calculate the parameters of a NMOS transistor model that is based on the default model but with following non-default parameters:
· Specify a k (KP) value calculated from the 3µm channel length process parameters given in Table 1 in Appendix 1 using Eq. 1 below.




		(1)
Where ox = 3.4510-11 F/m, n=710-2 m2/(Vs) and tox = 410-8 m. 
· Specify a channel width of 180 µm, a channel length of 6 µm, a zero-bias threshold voltage of Vt0 = 1Vand a channel length modulation factor of 0.01V-1.
· Give the model the name NMOS1. 
b.	The model statement is shown below with question marks for the values you need to provide. Enter the model statement using the “.op” SPICE Directive toolbar button or Right Click>Draft>SPICE Directive.
.model NMOS1 NMOS(KP=? VTO=? W=? L=? LAMBDA=?)
Note:	SPICE uses W and L dimensions in meters and the “O” in VTO is not “zero”. Also, SPICE does not use case-sensitive model names and parameters.
2.	Use the LTspice DC Sweep analysis type to plot the common-source characteristics of the NMOS1 transistor model. 
a.	Create an LTspice schematic of the circuit in Fig. 1. 
· Select the “nmos” component for the transistor. When you place the transistor, the model will be specified as the default “NMOS”. Change it to a custom model NMOS1 by right clicking on “NMOS” and changing it. 
· Be sure to label the drain and gate nodes so their data will be easy to find after the simulation is finished.
· Set the DC voltage values “V” of each source to 0. It doesn’t matter what values they are since the DC Sweep analysis will use the voltage ranges you specify for the simulation.
b.	Set up a nested DC sweep analysis that will sweep the drain-source voltage linearly from 0 to 16 V in 20 mV steps and sweeps the gate-source voltage linearly from 0 to 6 V in 500 mV steps. 
· In the DC Sweep analysis setup, click on the 1st Source tab. Enter the following parameters:
Name of 1st Source to sweep:  V2
Type of sweep: Linear
Start value: 0
Stop value: 16
Increment: 20e-3
· Click on the 2nd Source tab. Enter the following parameters:
Name of 2nd Source to sweep:  V1
Type of sweep: Linear
Start value: 0
Stop value: 6
Increment: 500e-3
c.	Run the simulation.
d.	Use the Waveform Viewer to display the drain current. 
· The Waveform Viewer will display all the CS characteristic curves on one plot. 
· Place a cursor at the quiescent point (Q-point) specified by VDS = 5 V and VGS = 3.5 V, and use the ID value there to estimate the dc transconductance GM where

		(2)
Use the up/down arrows to step the cursor to a different curve. The cursor box will tell you the VDS and ID value but not VGS. To be sure you are on the right VGS curve, right click on the cursor itself and a box will open that tells you. 
· Record the Q-point values for VDS, VGS, and ID, as well as GM in the NMOS1 row of Table 2 in Appendix 2.
· Save a copy of the NMOS1 transistor’s CS characteristics.
· Save a copy of the schematic.
e.	Use the two cursors to estimate the transistor drain-to-source output resistance, ro  VDS/ID at the quiescent point in part (d). 
· Put both cursors on the VGS = 3.5 V curve, one on either side of the Q-point. Use VDS values of 4 V and 6 V for the cursor positions. The cursor box will tell you the slope go = ID/VDS. 
· Record go and ro in Table 2.
3.	Repeat step 2 for a PMOS transistor model. You will have to redraw the circuit so V1’s polarity is +VSG and V2’s polarity is +VSD. Make sure the transistor’s source terminal is connected to ground. See Fig. 3.
a.	Create the PMOS1 model.
· The PMOS transistor has µp = 3.510-2 m2/(Vs), half the value of µn. Recalculate k for the PMOS transistor. All other model parameters are the same, except Vt0 should be negative, that is Vt0 = -1. 
· Create a new model called PMOS1 with these parameters. 
b.	Run the simulation and plot ID instead of ID. 
· Calculate the parameters GM and ro of the PMOS1 model at VDS = 5 V and VGS = 3.5 V, and NMOS1 models.
· Record your data in the PMOS1 row of Table 2.
· Save a copy of the PMOS1 transistor’s CS characteristics. 
[image: ]

Fig. 3. PMOS transistor CS characteristics test circuit.

· Save a copy of the schematic.
4.	Modify the PMOS1 transistor model so that its transconductance matches that of the NMOS1 model.
a.	Adjust the PMOS transistor channel width so that its GM value is the same as that of the NMOS1 transistor at the specified quiescent point. Call this model PMOS2. 
b.	Then repeat step 3 to verify the model’s performance.
· Record your data in the PMOS2 row of Table 2.
· Save a copy of the PMOS2 transistor’s CS characteristics.
CMOS Inverter Model
5.	Standard CMOS logic is designed for a logic level threshold at half the supply voltage. So, a CMOS inverter with a 5 V supply should have a voltage transfer curve that transitions from one logic state to the other when the input voltage is 2.5 V. 
a.	Draw the schematic in Fig. 4 but use the PMOS1 model instead of the PMOS2 model shown. The load capacitor represents the output capacitance of the inverter.
b.	Perform a DC sweep (not a nested sweep) on the circuit. Sweep V1 from 0 to 5 V using 100 V steps. Plot the output voltage V(out), which will trace the inverter’s voltage transfer curve. 
Note: 	The simulation will take a while since the voltage step is so small.
c.	Measure the point where V(out) = V(in) on your transfer characteristic by plotting V(in) on the same graph as the transfer curve. This is the input voltage that causes the output logic state to change.
· Record your data in the NMOS1-PMOS1 row of Table 3 in Appendix 2.
· Save a copy of the voltage transfer characteristic plot including the plot of V(in). Mark the point where the two curves intersect and label the input/output voltages there.
· Save a copy of the schematic.
6.	Repeat step 5 with the PMOS2 transistor model. Put your data in the NMOS1-PMOS2 row of Table 3. You do not have to save a copy of the schematic.
CMOS Inverting Amplifier Model
[image: ]
Fig. 4. CMOS inverter.

7.	The inverter can be converted into an inverting linear amplifier by adding a feedback resistor and an input resistor, in this case 10M and 1M respectively. 
a.	Draw the schematic in Fig. 5 and use the PMOS2 model. Do not draw the triangular amplifier symbol; it is not a circuit element.
b.	Generate the voltage transfer characteristic for the amplifier in Fig. 5 by sweeping V1 from –5V to 5V using 1 mV steps. 
c.	On a second plot, plot the derivative of the transfer curve. The latter plot shows the closed-loop gain of the amplifier as a function of input voltage. 
· Determine the maximum inverting gain from the derivative plot, which should occur when V(in) = 0V. 
· Determine the range of input voltages over which the gain is the same as maximum, within 1%.
· Record your data in Table 4.
· Save a copy of the transfer characteristic and gain plots. Mark the maximum gain on the derivative plot.
· Save a copy of the schematic.
c.	Remove the 10MΩ resistor leaving an open circuit and repeat step (b). This simulation will show the open-loop gain of the inverter. Record your data in Table 4 and save copies of the plots.

Results Documentation Summary
8.	You should have the following documentation from the procedure steps.
a.	You should have plots and schematics from steps 2(d), 3(b), 5(c) and 7(c). You should have only plots from steps 4(b) and 6, and 7(c).
b.	Be sure that you recorded data and calculated results in steps you were asked to.
c.	Check with your instructor for additional documentation requirements.
[image: ]
Fig. 5.	Linear inverting amplifier using a digital inverter. Note that the triangle is symbolic and not part of the circuit. 

Analysis Questions:
1.	Compare the transfer curves from the two inverter simulations. Which one has the better value of threshold voltage? Justify your answer.
2.	When simulating the closed-loop inverting amplifier, was the input range for maximum gain larger or smaller than that of the open-loop amplifier? Why?
3.	Consider the closed-loop inverting amplifier. Calculate the closed-loop gain if the inverter had infinite open-loop gain.
4.	Using the open-loop amplifier’s maximum gain determined in step 7, calculate the closed loop gain using the input and feedback resistors in Fig. 5. How does this value compare to the simulated gain of the inverting amplifier from step 7?

Appendix 1: Typical MOSFET Process Parameters

Table 1. Typical process parameters for 3µm minimum allowed channel length [1].
[image: GrayMeyer_Table_2_1]
Reference:
[1]	P. Gray, P. Hurst, S. Lewis, R. Meyer, Analysis and Design of Analog Integrated Circuits, 5ed, New York, John Wiley and Sons, 2009. 




Appendix 2: Data Tables

Table 2. MOSFET Model Q-Points, GM and ro values.
	Model Name
	Q-Point VDS (V)
	Q-Point VGS (V)
	Q-Point ID (mA)
	DC GM (mS)
	Output Conductance
	Output Resistance ro

	NMOS1
	5.0
	3.5
	
	
	
	

	PMOS1
	5.0
	3.5
	
	
	
	

	PMOS2
	5.0
	3.5
	
	
	
	



Table 3. CMOS Inverter Input Logic Level Threshold Voltage
	Inverter Circuit
	Logic Level Threshold Voltage

	NMOS1-PMOS1
	

	NMOS1-PMOS2
	



Table 4. Inverting Amplifier Maximum Gains and Input Range
	Configuration
	Maximum Gain
	Input Range for Max Gain

	Closed-loop
	
	

	Open-loop
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.model pmos2 pmos(kp=3.02e-5 Vto=-1 w=360u L=6e-6 Lambda=0.01)
.dcV2016.02V106 0.5
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.model PMOS2 PMOS(KP=3.01e-5 VTO=-1 W=360u L=6u LAMBDA=0.01)
.model NMOS1 NMOS(KP=6.02e-5 VTO=1 W=180u L=6u LAMBDA=0.01)
.model PMOS1 PMOS(KP=3.01e-5 VTO=-1 W=180u L=6u LAMBDA=0.01)

.dc V1 05 0.001
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.model NMOS1 NMOS(KP=6.02e-5 VTO=1 W=180u L=6u LAMBDA=0.01)
.model PMOS1 PMOS(KP=3.01e-5 VTO=-1 W=180u L=6u LAMBDA=0.01)
.model PMOS2 PMOS(KP=3.01e-5 VTO=-1 W=360u L=6u LAMBDA=0.01)
.dcV1-550.0001
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Table 2.1 Summary of Process Parameters for a Typical Silicon-Gate n-Well
CMOS Process with 3 wm Minimum Allowed Gate Length

Parameter Symbol
Substrate doping Na, Np
Gate oxide thickness Loy
Metal-silicon work function Do
Channel mobility Mo Mp
Minimum drawn channel length Laron
Source, drain junction depth X;
Source, drain side diffusion L,
Overlap capacitance Co

per unit gate width
Threshold adjust implant (box dist)
impurity type

effective depth Xi
effective surface concentration N

Nominal threshold voltage V,

Polysilicon gate Napoty
doping concentration

Poly gate sheet resistance R

Source, drain-bulk Cio
junction capacitances
(zero bias)

Source, drain-bulk junction n
capacitance grading coefficient

Source, drain periphery Ciwo
capacitance (zero bias)

Source, drain periphery n
capacitance grading coefficient

Source, drain junction Yo
built-in potential

Surface-state density %

dXy
Channel-length ‘ Vs

modulation parameter

Value
n-Channel
Transistor

Ix 10
400
-0.6
700

3

0.6

0.3

0.35

P

0.3

2x 10"
0.7

1020

20

0.08

0.5

0.5

0.5

0.65

101]

Value
p-Channel
Transistor Units
1x10'° Atoms/cm’
400 A
-0.1 A\
350 cm?/V-s
3 pm
0.6 pm
03 pm
035 fF/pm
P
0.3 pm
0.9 x 10'*  Atoms/cm’
-0.7 \'%
10%° Atoms/cm’
20 O/
0.20 fF/um?
0.5
1.5 fF/um
0.5
0.65 \'%
10" Atoms/cm’
0.1 pm/v
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