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Lab 2: MOSFET Characteristics and Subcircuits
Exercise 1: Gate Capacitance and MOSFETs

A. The NMOS inverter from Laboratory #1 Exercise 3.  A resistor was added.  The file was saved as lab2ex1.jsim.
B. The rise time and the fall time were measured from point a and point b which have a difference of 4V (approx. 4.5V – 0.5V).

	Rise Time
	279.2 ps
	From 14 ps, 503.722mV
	To 293.3 ps, 4.504V

	Fall Time
	278.8 ps
	From 5.014 ns, 4.499V
	To 5.2928 ns, 4985.411 mv


The RC Circuit Equation used is: R[Ω]C[pF] / 0.45 = Time[ps] or





2.2 * R * C = Time
To get the gate capacitance (CG), the RC Circuit Equation was used by isolating C.  The formula is CG = (Time * 0.45) / R.

Here are the results for the gate capacitance:

CG (Rise) = (279.2 ps * 0.45) / 30000 Ω = 0.004188 pF

CG (Fall) = (278.8 ps * 0.45) / 30000 Ω = 0.004182 pF

C. The length and the width of the NFET was varied.  The lengths and widths observed are 1u, 2u, and 3u.  The gate capacitance gets higher when either the width or the length is varied.
	NFET W
	NFET L
	Rise Time, Voltage Difference
	CG

	1u
	1u
	279.2 ps, 4V
	0.004398 pF

	1u
	2u
	549.6 ps, 4.001V
	0.008244 pF

	1u
	3u
	814 ps, 3.999V
	0.01221 pF

	2u
	1u
	536 ps, 3.999V
	0.00804 pF

	2u
	2u
	1040 ps,  4V
	0.0156 pF

	2u
	3u
	1556 ps, 4V
	0.02334 pF

	3u
	1u
	788 ps, 4.001V
	0.01182 pF

	3u
	2u
	1530 ps, 4.001V
	0.02295 pF

	3u
	3u
	2296 ps, 4V
	0.03444 pF


D. Here are the rise and fall times of the inverter chain in Lab #1 Ex 6 when the width and the length are varied.

	MP2 W
	MP2 L
	MN2 W
	MN2 L
	Fall Time
	Rise Time

	1u
	1u
	1u
	1u
	75.6 ps
	199.2 ps

	1u
	1u
	1u
	2u
	108.2 ps
	284 ps

	1u
	1u
	2u
	1u
	106.8 ps
	280 ps

	1u
	1u
	2u
	2u
	169.2 ps
	442.4 ps

	1u
	2u
	1u
	1u
	108 ps
	283.6 ps

	1u
	2u
	1u
	2u
	140.8 ps
	368.8 ps

	1u
	2u
	2u
	1u
	139.2 ps
	364 ps

	1u
	2u
	2u
	2u
	204 ps
	528.8 ps

	2u
	1u
	1u
	1u
	106 ps
	280 ps

	2u
	1u
	1u
	2u
	140 ps
	364 ps

	2u
	1u
	2u
	1u
	137.4 ps
	361.6 ps

	2u
	1u
	2u
	2u
	202.4 ps
	523.2 ps

	2u
	2u
	1u
	1u
	169.2 ps
	442.4 ps

	2u
	2u
	1u
	2u
	203.2 ps
	528.8 ps

	2u
	2u
	2u
	1u
	202.4 ps
	522.4 ps

	2u
	2u
	2u
	2u
	280.8 ps
	682.4 ps


Exercise 2: Propagation and Contamination Delays

A. The propagation delay (tpd) and the contamination delay (tcd) of Lab #1 Ex 6 when Vih = 4V, Vol = 0.5V, Vil = 1V, Voh = 4.5V, Vdd = 5V are the following: (The tcd is the minimum while the tpd is the maximum between the their rising and falling values.)
	Tcd-rising-in:

From (out 1) 5,036.8 ps at 1.003 V to (out 2) 5,122 ps at 4.499V : 85.2 ps

Tcd-falling-in:

From (out 1) 16.8 ps at 3.977 V to (out 2) 103.2 ps at 501.011 mV : 86.4 ps

Tcd = Min(85.2 ps, 86.4ps) = 85.2 ps
Tpd-rising-in:

From (out 1) 5,168.8 ps at 4.01 V to (out 2) 5,328.8 ps at 495.564 mV : 160 ps

Tpd-falling-in:

From (out 1) 68 ps at 996.301 mV to (out 2) 545.2 ps at 4.5 V : 477.2 ps

Tpd = Max(160ps, 477.2ps) =  477.2 ps


B. This time, the temperature is varied using 5 °C and 45 °C.
	Temperature : 5 °C

Tcd-rising-in:

From (out 1) 5,033.6 ps at 1.004 V to (out 2) 5,110.8 ps at 4.497 V : 77.2 ps

Tcd-falling-in:

From (out 1) 15.2 ps at 3.985 V to (out 2) 94 ps at 501.351 mV :  78.8 ps

Tcd: 77.2 ps
Tpd-rising-in:

From (out 1) 5,152.8 ps at 4.003 V to (out 2) 5,299.2 ps at 499.788 mV : 146.4 ps

Tpd-falling-in:

From (out 1) 61.6 ps at 990.816 mV to (out 2) 497.2 ps at 4.5 V : 435.6 ps

Tpd: 435.6 ps

	Temperature : 45 °C
Tcd-rising-in:

From (out 1) 5,040.2 ps at 1.005 V to (out 2) 5,132.6 ps at 4.498 V : 92.4ps

Tcd-falling-in:

From (out 1) 18 ps at 3.998 V to (out 2) 112.8 ps at 501.55 mV :  94.8 ps

Tcd: 92.4ps

Tpd-rising-in:

From (out 1) 5183.4 ps at 4.001 V to (out 2) 5,359 ps at 498.717 mV : 175.6 ps

Tpd-falling-in:

From (out 1) 74.8 ps at 994.748 mV to (out 2) 598.2 ps at 4.5 V : 523.4 ps

Tpd: 523.4 ps


Based on the results, the lower the temperature, the higher the speed or the faster the delay finishes.
C. For this part, the Vdd was varied.  The values used are the following: 2V, 8V, and 10V. Here are the results.
	Vdd = 2V, Vil = .4, Vih=1.6, Vol=.2, Voh=1.8
Tcd-rising-in: 425.2 ps
Tcd-falling-in: 223.8 ps
Tcd: 223.8 ps
Tpd-rising-in: 450.8 ps 
Tpd-falling-in: 1903.2 ps
Tpd: 1903.2 ps


	Vdd = 8V, Vil=1.6V, Vih=6.4V, Vol=.8V, Voh=7.2V
Tcd-rising-in: 53.4 ps

Tcd-falling-in: 94.4 ps
Tcd: 53.4 ps
Tpd-rising-in: 123 ps
Tpd-falling-in: 311.4 ps
Tpd: 311.4 ps

	Vdd = 10V, Vil=2V, Vih=8V, Vol=1V, Voh=9V
Tcd-rising-in: 45.04 ps
Tcd-falling-in: 134.9 ps
Tcd: 45.04 ps
Tpd-rising-in: 112.8 ps
Tpd-falling-in: 263 ps
Tpd: 263 ps


Based on the results, the higher the vdd voltage, the higher the speed or the faster the delay finishes.
Exercise 3: Building an Inverter Subcircuit 

The following is the netlist of the subcircuits exercise:

.include "nominal.jsim"

* INVERTER:  input is A, output is Z

.subckt inv in out

MPD1 out in 0 0 NENH sw=1 sl=1

MPU1 out in vdd vdd PENH sw=1 sl=1

.ends

Xinv1 in out1 inv

Xinv2 out1 out2 inv

C1 out2 0 0.02pF

Vin in 0 pwl(0ns 0V 0.001ns 5V 5ns 5V 5.001ns 0V)

.tran 10ns

.plot in out1 out2
The rise and fall time of the outputs are the following:

	Out 1
	Fall Time
	75.6 ps, 4.001V

	
	Rise Time
	199.2 ps, 3.999V

	Out 2
	Fall Time
	442.4 ps, 4V

	
	Rise Time
	206.4 ps, 3.999V
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Exercise 4: NAND Gate

A. Here is the NMOS NAND netlist:

.include "nominal.jsim"

* NMOS Inverter

.subckt inv in1 in2 out

R1 vdd out 30k

MPD1 out in1 a 0 NENH sw=1 sl=1 // scale in nominal.jsim is 1u for both

MPD2 a in2 0 0 NENH sw=1 sl=1

.ends

Xinv1 in1 in2 out inv

C1 out 0 0.02pF

Vin1 in1 0 pwl(0ns 0V 5ns 0V 5.001ns 5V 10ns 5V)

Vin2 in2 0 pwl(0ns 0V 2.5ns 0V 2.501ns 5V 7.5ns 5V 7.501ns 0V 10ns 0V)

.tran 10ns

.plot in1 

.plot in2

.plot out
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The out wave does not really reach 0V.

B. Here is the CMOS NAND netlist:
* CMOS Nand

.include "nominal.jsim"

* Pull Up

.subckt up in1 in2 out

MPU1 vdd in1 out vdd PENH sw=1 sl=1

MPU2 vdd in2 out vdd PENH sw=1 sl=1

.ends

* Pull Down

.subckt down in1 in2 out

MPD1 out in1 a 0 NENH sw=1 sl=1

MPD2 a in2 0 0 NENH sw=1 sl=1

.ends

Xup in1 in2 out up

Xdown in1 in2 out down

C1 out 0 0.02pF

Vin1 in1 0 pwl(0ns 0V 5ns 0V 5.001ns 5V 10ns 5V)

Vin2 in2 0 pwl(0ns 0V 2.5ns 0V 2.501ns 5V 7.5ns 5V 7.501ns 0V 10ns 0V)

.tran 10ns

.plot in1

.plot in2

.plot out

The waveform output is the following:
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C. The netlists did not use the 8clocks.jsim. The Vin’s were manipulated to give the correct input in order to feed in all combinations. Nonetheless, the output is correct. 

Exercise 5: NOR Gate

Here is the netlist:

* CMOS NOR

.include "nominal.jsim"

* Pull Up

.subckt up in1 in2 out

MPU1 vdd in1 a vdd PENH sw=1 sl=1

MPU2 a in2 out vdd PENH sw=1 sl=1

.ends

* Pull Down

.subckt down in1 in2 out

MPD1 out in1 0 0 NENH sw=1 sl=1

MPD2 out in2 0 0 NENH sw=1 sl=1

.ends

Xup in1 in2 out up

Xdown in1 in2 out down

C1 out 0 0.02pF

Vin1 in1 0 pwl(0ns 0V 5ns 0V 5.001ns 5V 10ns 5V)

Vin2 in2 0 pwl(0ns 0V 2.5ns 0V 2.501ns 5V 7.5ns 5V 7.501ns 0V 10ns 0V)

.tran 10ns

.plot in1

.plot in2

.plot out

Here is the output waveforms:
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Again, the 8clocks.jsim was not used. But, the output is still correct.

Exercise 6: 4-variable CMOS Logic Gate

Here is the netlist for the 4-variable CMOS Logic Gate that follows the Boolean function: 

out = A + B + CD’. In this case, the 8clocks.jsim was used. Input A is for clk4. B is for clk3. C is for clk2. D is for clk1.

* Out = A + B + CD’

.include "nominal.jsim"

.include "8clocks.jsim"

XinvD clk1 outD inv

Xup clk4 clk3 clk2 outD out up

Xdown clk4 clk3 clk2 outD out down

XinvOut out output inv

* Pull Up

.subckt up A B C D out

MPU1 vdd A ao vdd PENH sw=1 sl=1

MPU2 ao B bo vdd PENH sw=1 sl=1

MPU3 bo C out vdd PENH sw=1 sl=1

MPU4 bo D out vdd PENH sw=1 sl=1

.ends

* Pull Down

.subckt down A B C D out

MPD1 out A 0 0 NENH sw=1 sl=1

MPD2 out B 0 0 NENH sw=1 sl=1

MPD3 out C outC 0 NENH sw=1 sl=1

MPD4 outC D 0 0 NENH sw=1 sl=1

.ends

* inverter

.subckt inv in out

MPD1 out in 0 0 NENH sw=1 sl=1

MPU1 out in vdd vdd PENH sw=1 sl=1

.ends

.tran 80ns

.plot clk4 // A

.plot clk3 // B

.plot clk2 // C

.plot clk1 // D

.plot output

The output is the following:
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Truth Table (Out = A + B + CD’)

	A
	B
	C
	D
	D’
	
	out

	0
	0
	0
	0
	1
	
	0

	0
	0
	0
	1
	0
	
	0

	0
	0
	1
	0
	1
	
	1

	0
	0
	1
	1
	0
	
	0

	0
	1
	0
	0
	1
	
	1

	0
	1
	0
	1
	0
	
	1

	0
	1
	1
	0
	1
	
	1

	0
	1
	1
	1
	0
	
	1

	1
	0
	0
	0
	1
	
	1

	1
	0
	0
	1
	0
	
	1

	1
	0
	1
	0
	1
	
	1

	1
	0
	1
	1
	0
	
	1

	1
	1
	0
	0
	1
	
	1

	1
	1
	1
	1
	0
	
	1

	1
	1
	0
	0
	1
	
	1

	1
	1
	1
	1
	0
	
	1


Based on the preceding truth table, the output is correct.
