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EEEE 482 – Electronics II
Experiment #5:  CMOS Inverter and Combinational Logic
Objective
The goal of this lab experiment is to introduce the student to the design, simulation, and testing of CMOS inverters and combinational logic circuits.  A CMOS inverter will be designed to achieve a set of voltage transfer characteristic (VTC) parameters, simulated to verify the design, then built and tested.  A CMOS combinational logic circuit will be analyzed by hand-calculation, simulated using PSPICE to confirm calculations, then built and tested.  
Introduction
Lab #1 explored various aspects of inverters that are comprised of an NMOS driver and either a resistive load or an NMOS-based load.  These inverter configurations suffer from some or all of the following disadvantages:  static power dissipation in one of the two possible output states, and/or an inability to utilize the full power supply range from ground to VDD for VOL and VOH.  
This lab will explore the static characteristics of an inverter configuration wherein a PMOS device is used as the load instead of a resistor or an NMOS device.  This configuration, comprised of an NMOS driver and a PMOS load, is referred to as CMOS, short for complementary MOS.  A discussion of the design and analysis of inverters can be found in Analysis and Design of Digital Integrated Circuits, by Hodges, Jackson, and Saleh, 3rd ed., McGraw-Hill, Chapter 4.
CMOS inverters exhibit two significant advantages over resistive-load and NMOS-load inverters:  (1) CMOS inverters consume no static power in either output state, and (2) their VTC spans the full range from VOL = VSS (typically, ground) to VOH = VDD.  (CMOS inverters, like all other inverters, do consume power when switching from one state to another.  Dynamic (switching) characteristics of CMOS inverters will be explored in a subsequent lab.)
Pre-Lab

Before coming to lab, do all of the following (Parts (1)–(6)):  


Part 1:  Design of a CMOS Inverter
Objective:  Design a CMOS inverter so as to achieve a given performance specification.  
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Figure 1.  CMOS Inverter 
Consider a CMOS Inverter such as the one shown in Figure 1.  Use 0.18 (m technology parameters for pre-lab calculations and simulations:

  
For the NMOS driver, use VTN0 = 0.5 V, (n = 270 cm2/V-s, Wn = 2 (m, and  Ln = 200 nm.  
For the PMOS load, use VTP0 = –0.5 V, (p = 70 cm2/V-s, and Lp = 200 nm.  
For both devices, Cox = 1.0 (F/cm2 and vsat = 8 x 106 cm/s.  (Refer to page 185 of Hodges, Jackson & Saleh for other parameters as needed.)  
(
Design the inverter — i.e., determine the value of Wp for the PMOS load — so as to make the noise margins equal:  NML = NMH.  In order to limit calculation complexity while still obtaining a reasonably accurate estimate, use the long-channel equations for the NMOS and PMOS devices.   Equations (2.17b) and (2.19) in Hodges, Jackson, and Saleh are NMOS equations, and can be readily adapted to model PMOS behavior.  
(
Using your calculated value for Wp, calculate the expected value for the switching threshold, VS.
(
Lastly, double the value of Wp, then calculate the revised expected values for VIL, VIH, and the switching threshold, VS.  Calculate NML and NMH, and comment on the effect of decreasing the ratio KR =
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Part 2:  Simulation of a CMOS Inverter
Objective:  Compare hand calculations from the design and analysis of the CMOS inverter to PSPICE simulation.
Open Capture CIS on the computer.  Pull down on the File menu and select New ( Project.  Enter a name, select “Analog or Mixed A/D”, and create a blank project.  Using various libraries as indicated in the following, place parts and construct the circuit:


(
Use part MbreakN4 from the BREAKOUT library for the NMOS driver.  

(
Use part MbreakP4 from the BREAKOUT library for the PMOS load. 

(
Use the voltage sources from the SOURCE library.

(
Ground can be added by clicking on the ground symbol on the right of the screen — use GND/CAPSYM.  Once you’ve added the ground symbol, double click on it and change the name from GND to 0 — otherwise the simulation will fail.
Set the VDD power supply (V1 in Figure 1) to 1.8 V, and the input (V2) to 0 V.  Place voltage probes at the appropriate locations.  
Before running the simulation, establish the transistor parameters for both the NMOS and PMOS devices.  Set vto, kp, W, and L values in the same manner as in Lab #1.  Remember that vto and kp are set in the .model statements, whereas W and L should be set in Properties.   
Use VTN0 = 0.5 V, (n = 270 cm2/V-s, Wn = 2 (m and  Ln = 200 nm for the NMOS driver.

Use VTP0 = –0.5 V, (p = 70 cm2/V-s, Lp = 200 nm, and your designed value of Wp for the PMOS load.  
Recall that kn’ = (n Cox and kp’ = (p Cox, where Cox = 1.0 (F/cm2. 
Create a simulation profile, giving it a name of your choosing.  Choose the analysis type to be DC Sweep, and indicate the name of the input source (e.g., V2).  Use a linear sweep from 0 to 1.8 V.  Choose the voltage sweep increment so as to ensure a smooth VTC curve with good resolution.  (The smaller the increment, the more points taken and the better the resolution at a cost of simulation time — not a problem for our small example here.)  
(
Run the simulation and view the results.  From the VTC of the CMOS inverter, obtain VOH, VOL, VIH, VIL, NMH, NML, and VS.  Compare your simulated results with the values calculated and expected from Part (1).  Note that the version of PSPICE that we are using does not account for velocity saturation effects, so agreement cannot be expected to be perfect.
Make sure that you save/print any schematic diagrams and simulation results that are needed before modifying your circuit!!

(
Next, double the value of Wp and re-run the simulation.  From the VTC of the CMOS inverter, obtain VOH, VOL, VIH, VIL, NMH, NML, and VS.  Compare your simulated results with the values calculated and expected from Part (1).  
Part 3:  Preparation for Building and Testing a CMOS Inverter

Objective:  Determine in advance the wiring connections required for building the CMOS inverter.

The pin-out diagram and specifications for the CD4007 chip are shown in Figure 4(b).  A larger, more legible version of the pin-out diagram is shown in Figure 4(a).  Study the pin-out diagram carefully, making sure you understand the various substrate and source pin-out locations.  Note that the source and substrate for each of the leftmost NMOS and PMOS devices are hard-wired together.

(
Sketch the transistor-level schematic of the CMOS inverter (as in Figure 1) and indicate on your diagram the corresponding pins on the CD4007 chip.  Also consider how you will incorporate an additional PMOS device in order to double the effective width of the load.
Part 4:  Design and Analysis of a Three-Input CMOS NAND Gate
Objectives:  Design the three-input CMOS NAND gate shown in Figure 2.  Calculate internal node voltages corresponding to specified inputs, including the effects of source-to-substrate bias (body effect) on threshold voltage.
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Figure 2.  Three-Input CMOS NAND Gate
In this gate, the threshold voltages of the three PMOS devices and the bottom NMOS device are unaffected by body effect since their respective sources and substrates are tied together.  However, two additional NMOS devices are stacked on top of the bottom one in order to implement the AND functionality of the NMOS portion of the gate, and it should be clear from Figure 2 that their sources cannot be at the same potential as their substrates.  Since all NMOS substrates are tied to the lowest supply (in this case, ground), the two upper NMOS devices will have non-zero VSB, thereby making their threshold voltages different from VT0.  The effect of source-to-body bias VSB on VT in an NMOS device is expressed as:
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(
Following the considerations of Section 5.2 in HJ&S, and taking Wn = 2 (m for the baseline case of a simple CMOS inverter, design the CMOS NAND gate of Figure 2 by choosing the appropriate widths Wn for the NMOS devices and, likewise, the appropriate widths Wp for the PMOS devices.  

Part 5:  Simulation of a Three-Input CMOS NAND Gate
Objective:  Simulate the three-input CMOS NAND gate in order to confirm hand-calculated internal node voltages.
Make sure that you save/print any schematic diagrams and simulation results that are needed before modifying your circuit!!
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Figure 3.  Three-Input CMOS NAND Gate
Take care to ensure that all NMOS substrate (body) connections are wired to the lowest system supply voltage — in this case, ground — and that all PMOS substrate connections are wired to the highest system supply voltage — in this case, VDD.  Edit the parts’ models and properties in the same manner as in Part (2) as necessary.  Use L = 200 nm for all devices.  Use the widths Wn for the NMOS devices and Wp for the PMOS devices that were designed in Part (4).

(
Disable body effect by making gamma=0 in the NMOS .model statement.  Set all three inputs (A, B, and C) to the value of V50%.  Run the simulation, and record VX, VY, and the magnitude of current that is flowing.  

(
Incorporate body effect by adding gamma=0.3 and phi=0.85 to the NMOS .model statement.  Run the simulation again, and record VX, VY, and the magnitude of current that is flowing.  Compare these results to the previous simulation with gamma=0.
(
Keep gamma=0.3 and phi=0.85 in the NMOS .model statement.  Simulate the VTC of the three-input CMOS NAND gate of Figure 3 by wiring all three inputs together and sweeping the collective input from VOL to VOH.  Obtain VOH, VOL, VIH, VIL, NMH, NML, and VS from the VTC.  
(
Keep gamma=0.3 and phi=0.85 in the NMOS .model statement as before.  Wire inputs A and B to VOH (VDD).  Simulate the VTC by sweeping input C from VOL to VOH.  Obtain VOH, VOL, VIH, VIL, NMH, NML, and VS from the VTC and compare to the previous simulation.  Explain any differences in the two VTCs.
Part 6:  Preparation for Building and Testing a Three-Input CMOS NAND Gate

Objective:  Determine in advance the wiring connections required for building the three-input CMOS NAND gate.

(
Sketch the transistor-level schematic of the NAND gate (as in Figure 2) and indicate on your diagram the corresponding pins on the CD4007 chip.  The entire circuit can be built using a single CD4007 chip.
Lab — Measurement of CMOS Inverter and NAND Gate Characteristics
In this lab, we will build and measure certain characteristics of a CMOS inverter and a three-input CMOS NAND gate using transistor(s) that are contained in the CD4007 chip.  Refer to Figures 4(a) and 4(b) for the chip pin-out.  There are three NMOS and three PMOS devices on each chip.  Pay particular attention to the substrate connections for the NMOS and PMOS devices, pins 7 and 14, respectively.  Note that the p-substrate connection (pin 7) is common to the three NMOS devices;  also, the n-substrate connection (pin 14) is common to the three PMOS devices.  

It is worth noting that the technology underlying the CD4007 devices is much more mature than the 0.18 (m technology considered in the pre-lab calculations and simulations.  (Best available transistor parameters for the CD4007 devices are as follows:  VTN0 = 1.3 V, kn’ = 20 (A/V2, Wn = 200 (m, and  Ln = 10 (m for the NMOS drivers;  VTP0 = –1.1 V, kp’ = 8 (A/V2, Wp = 500 (m, and Lp = 10 (m for the PMOS loads.  Note that the kn and kp values are the same, thereby giving equal-strength NMOS and PMOS devices when equivalent bias conditions are applied.)  

As a result of significant differences in technology, you should not expect exact agreement between your pre-lab simulations and experimental measurements.  Nevertheless, underlying trends that are attributable to relative strengths of drivers and loads, as well as to effects of source-to-substrate bias, should be observable from either set of outcomes.
Required Electronic Components:

1 — CD4007 chip
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Figure 4(a).  Enlarged CD4007 Pin-Out Diagram

[image: image7.emf]
Figure 4(b).  CD4007 Pin-Out and Specifications
(Parts (1)–(6) were done as part of the Pre-Lab preparation)
Part 7:  CMOS Inverter

Important:   Do not apply voltage to the gates (pins 3, 6, and 10) before the drains, sources, and substrates are connected.  The gates must be connected last to avoid damage from static discharge.  When deconstructing your circuits, the gates must be disconnected first.  
Build the CMOS inverter of Figure 5 using a single CD4007 chip.  Refer to your schematic diagram prepared in Part (3) of the pre-lab work, which shows appropriate pin connections for constructing the inverter.  
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Figure 5.  CMOS Inverter, with 10 V Supply for CD4007 Chip
(
Make sure that you have correctly wired the circuit before proceeding.

(
Measure the voltage transfer characteristic (VTC) of your inverter.  Rather than laboriously taking individual pairs of (Vout, Vin) data, sweep the input (V2 in Figure 1) from 0 V to 10 V with a saw tooth or triangle waveform and use the oscilloscope to capture and display Vout vs. Vin.

(
Determine VOH, VOL, VIH, VIL, NMH, NML, and VS from your data.

(
Modify your circuit to double the effective width of the PMOS load by connecting two PMOS transistors from the same CD4007 chip in parallel, then repeat your measurements and analysis.  
Part 8:  Three-Input CMOS NAND Gate
Important:  The gates must be connected last and disconnected first.  (See above)
Build the three-input CMOS NAND gate of Figure 2 (replicated below) using your diagram prepared in Part (6) of the pre-lab work.  The entire circuit can be built using a single CD4007 chip.  Pay very close attention to the substrate connections.  All of the substrate connections for the NMOS devices are wired to pin 7.  All of the substrate connections for the PMOS devices are wired to pin 14.  
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Figure 6.  Three-Input CMOS NAND Gate, with 10 V Supply for CD4007 Chip
(
Make sure that you have correctly wired the circuit before proceeding.
(
Verify that your circuit functions properly as a NAND gate by applying all eight possible combinations of inputs sequentially and measuring the output voltage, Vout.  Use VOH = VDD = 10 V for logic “1” and VOL = 0 V for logic “0” inputs.
	A
	B
	C
	Vout (V)

	0
	0
	0
	

	0
	0
	1
	

	0
	1
	0
	

	0
	1
	1
	

	1
	0
	0
	

	1
	0
	1
	

	1
	1
	0
	

	1
	1
	1
	


(
Measure the voltage transfer characteristic (VTC) of your NAND gate when all three inputs transition together:  Wire all three inputs together and sweep the collective input from VOL to VOH.  Rather than laboriously taking individual pairs of (Vout, Vin) data, sweep the inputs from 0 V to 10 V with a saw tooth or triangle waveform and use the oscilloscope to capture and display Vout vs. Vin.

(
Determine VOH, VOL, VIH, VIL, NMH, NML, and VS from your data.

(
Measure the voltage transfer characteristic (VTC) of your NAND gate when a single input transitions:  Wire inputs A and B to VOH (= VDD).  Simulate the VTC by sweeping input C from VOL to VOH.  Rather than laboriously taking individual pairs of (Vout, Vin) data, sweep input C from 0 V to 10 V with a saw tooth or triangle waveform and use the oscilloscope to capture and display Vout vs. Vin.

(
Determine VOH, VOL, VIH, VIL, NMH, NML, and VS from your data.  Compare the two VTCs.

(
Lastly, drive all three inputs with V50%.  Measure the voltages at internal nodes X and Y, as well as Vout.  Also measure the current that is flowing.  For each transistor, determine whether the transistor is operating in the linear or saturation region.
Tech Memo 
Summarize the design of the CMOS inverter subject to the design constraint NML = NMH.  Discuss the effect of changing the relative strength of the load device on the inverter’s VTC and compare to simulation results.  
Discuss the design of the CMOS NAND gate.  Summarize the results of simulations of internal node voltages and current without and with body effect.  Summarize the results of VTC simulations, comparing the case of switching all three inputs simultaneously to the case of switching a single input.

Include diagrams and calculations required in the pre-lab preparation.  Summarize the results from your experimental measurements of the CMOS inverter and the three-input CMOS NAND gate.  All information detailed on the check-off sheet should be included in a logically and professionally-organized fashion and briefly discussed.
Check-Off Sheet 
A.  Pre-Lab
· Design of CMOS inverter to make NML = NMH:  (a) Determination of PMOS width;  (b) calculation of switching threshold for designed inverter;  (c) effect of doubling PMOS width on critical VTC points.
· Simulation of CMOS inverter:  (a) schematic;  (b) initial VTC with designed PMOS width;  (c) modified VTC after doubling PMOS width;  (d) comparison of critical VTC points and noise margins. 
· Preparation for CMOS inverter construction:  schematic diagram with pin numbers indicated for all transistor nodes.
· Design of three-input CMOS NAND gate:  determination of NMOS and PMOS device widths.
· Simulation of three-input CMOS NAND gate:  (a) schematic;  (b) determination of internal node voltages, Vout, and current when all inputs are set to V50%, neglecting body effect (( = 0);  (c) determination of internal node voltages, Vout, and current when all inputs are set to V50%, with body effect included; (d) VTC when all three inputs are swept from VOL to VOH;  (e) VTC when a single input is swept from VOL to VOH.   
· Preparation for three-input CMOS NAND gate construction:  schematic diagram with pin numbers indicated for all transistor nodes.
B.  Experimental

· CMOS Inverter:  (a) VTC for designed value of Wp; (b) values of VOL, VIH, VIL, NMH, NML, and VS  from VTC;  (c) VTC for doubled value of Wp;  (d) values of VOL, VIH, VIL, NMH, NML, and VS  from modified VTC. 
· Three-input CMOS NAND Gate:  (a) Verification of functionality (truth table output voltages);  (b) measurement of VTC when all three inputs are swept from VOL to VOH;  (c) values of VOL, VIH, VIL, NMH, NML, and VS ;  (d) measurement of VTC when a single input is swept from VOL to VOH;  (e) values of VOL, VIH, VIL, NMH, NML, and VS;  (f) comparison of VTC critical values and noise margins;  (g) measurement of internal node voltages, Vout, and current when all inputs are set to V50%;  (h) determination of operating regions for all devices.  
TA Signature: ____________________________ Date: ___________________________
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