Additional end-of-chapter problems for Chapter 9 – Models for Analog Design.
CMOS: Circuit Design, Layout, and Simulation
 (
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)A9.1 	(a) Estimate the AC current flowing in the following circuit, Fig. A9.1. (b) Does the DC 5 A current source affect the amount of AC current flowing in the circuit? (c) What is the DC voltage across the 5 MEG resistor (and thus what are the DC voltages on each side of this resistor?) (d) Where does the DC current flow in the circuit? (e)  (
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Figure A9.1
 Circuit for problem A9.1
.
)Use a transient SPICE simulation to verify your answers (.tran analysis). (f) What happens, in the circuit, to the voltage across the resistor if you remove the AC voltage source (verify your answer, again, with SPICE)?



A9.2	Describe qualitatively how the current through the following circuits change with changes in the voltage across them (from 2 V to +2 V). Verify your answers (your words and hand sketched plots) using a DC sweep in SPICE (.dc analysis). Note that you will have to add a voltage source across the circuit in the SPICE simulation. This added voltage source will be the variable you sweep in the DC simulation (the x-axis or controlling variable). 


 (
Figure A9.3
 Additional problem A9.3 device data.
)A9.3	Estimate ID,sat, ro, and  for the following device data. Using a current source, called ID,sat, in parallel with a resistor, ro show, using SPICE, that you can generate the curve seen below when the MOSFET is operating in the saturation region. 

 (
Figure A9.4
 Circuits used in Problem A9.4.
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)A9.4	Using the process data from Table 6.2 (page 147), and the square-law equations seen in Sec. 9.1.1, determine the DC Voltage, VX, in each of the following circuits. Use SPICE to verify your results.




A9.5	For each of the following circuits sketch the MOSFET’s drain current as the voltage VX is varied  from ground to VDD (drain current on the y-axis and on VX the x-axis). Use the book’s short channel process where VDD is 1 V and the scale factor is 50 nm (verify your hand sketches with SPICE simulation results). Note that in (a) and (b) the MOSFET’s body (substrate) is tied to ground while in (d) and (e) the body (n-well) is tied to VDD. What would happen in (c) and (f) if the polarity of VX was switched (hint: what happens to the body-source diode?)
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Figure A9.5
 Circuits used in Problem A9.5.
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A9.6	Repeat problem 9.1 in the book using a 10/4 device.
A9.7	Repeat problem 9.2 in the book using a 30/3 device.
A9.8	Repeat problem 9.5 if the gate-source voltage is changed to 1.5V.
A9.9	Estimate the AC current, iT, that flows in vT (= 1 mV at 1 MHz) in the following circuits (and thus what is the small-signal resistance, vT/iT, seen by vT?) Use the process data from Table 6.2 (page 147). Compare your hand calculations to SPICE simulation results. What would happen to the DC biasing of the MOSFET if the capacitor was removed so the test voltage was connected directly to the drain?
	Hints: the AC current flowing through the resistor is vT/R while the AC current flowing in the MOSFET is either vT/ro (for saturation region operation, see Eq. [9.6]) or vT/Rch for triode operation (see Eq. [9.16]). The resistance seen by vT is then the parallel combination of the resistors. 
 (
Figure A9.9
 Calculating the small-signal resistance
 in the drain portion of a
 MOSFET circuit.
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A9.10	Repeat problem A9.9 using the circuits seen below.
 (
Figure A9.10
 Circuits used in Problem A9.10.
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A9.11	Use the process data from Table 6.2 (page 147) estimate the value of the gate voltage, VG, such that the device seen below is biased on the border between saturation and triode. What are the device’s VSG and VSD at this point? How are these related to the value of VSD,sat calculated using Eq. (9.9)? Use SPICE to verify your answers. Note that the body of the PMOS (the well) is connected to VDD (5 V).

 (
Figure A9.11
 Circuit for problem A9.11.
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A9.12	For the circuits seen below and using the process data from Table 6.2 (page 147) describe (qualitatively) how the drain voltage changes if a current is injected at the drain of the MOSFET of (noting that a negative current indicates current is injected into the drain while a positive current indicates current is removed from the drain of the MOSFET). Verify your graphical/verbal descriptions with SPICE by attaching a current source to the drain of the MOSFET circuits seen below and performing a DC sweep of the current.



 (
Figure A9.12
 Problem for qualitative understanding of MOSFET operation.
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)A9.13	Repeat Ex. 9.5 if the tail current is increased to 60 A and all four MOSFETs are resized to 20/2. Again, verify your calculations (DC and AC) using SPICE simulations (use a .op for the DC simulation and both a .ac and a .tran for the AC simulations).
A9.14	Repeat problem 9.17 on page 308 for a PMOS device. Sketch the schematic of the circuit you are simulating. Explain, qualitatively, why the device’s drain current goes to zero has VBS is increased.
A9.15	Repeat problem 9.19 on page 309 for a PMOS device (show the schematic of how the PMOS device’s fT is simulated/measured). Also, show that indeed the PMOS device fT goes up with increases in VSD,sat (= VSG – VTHP ).
A9.16	Following the discussions on page 293, and using simulations, determine the threshold voltages for the long-channel process used in the book (see Table 6.2 (page 147)).
A9.17	Show using simulations, in problem 9.23 on page 309, that selection of the biasing current determines if the output voltage increases or decreases with increasing temperature. For each of the simulations you generate comment on whether the mobility or threshold voltage changes with temperature are dominating the behavior and why.
A9.18	For a 50/2 NMOS device in the short-channel process show that the GFT of the device does vary with overdrive voltage by using simulations to plot GFT against VGS. 
A9.19	If M3, in Fig. 9.47, is replaced with a 20k resistor and M2’s drain is connected to VDD through a 5k resistor estimate the DC and AC drain voltages of M1 and M2 in Fig. 9.47 (data from Table 9.2). Verify your answers with simulation results.


A9.20	This problem is useful in understanding the indirect compensation techniques discussed in Ch. 24 for compensating op-amps.
	Examine the following MOSFETs. Neglect body effect and output resistance in the following questions. Be terse and clear with your solutions. Use symbolic equations (not simulation results).
a)	Show that M1B can never operate in the saturation region. 
 (
Figure A9.20 
Showing the equivalence of MOSFETs laid out in series to a single MOSFET.
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)b)	Show that M1 is equivalent to M1T and M1B in series with the gates tied together. Knowing M1B can never operate in the saturation region use:




c)	Show that the small-signal resistance looking into the source of M1 when it is operating in the saturation region is


d) 	Show that the small-signal resistance looking into the source of M1T when it is operating in the saturation region is


e) 	Show that the small-signal resistance looking into the drain of M1B when it’s operating in the triode region is




	Notice that . Also notice that the small-signal resistance looking into VX is .

A9.21	Show, using simulations, how the 1/f noise (flicker noise) current in both NMOS and PMOS devices can be reduced by changing the length and/or width of the MOSFETs. Next show, again using simulations, that a reduction in the MOSFET’s noise current doesn’t necessarily indicate better noise performance. To show this refer the noise back to the input, or gate, using the MOSFET’s gm and show that the input-referred noise can actually go up when the MOSFET’s output noise current goes down (hence why we use input-referred noise).  For your simulations it’s okay to select a bandwidth for calculating RMS values where thermal noise is insignificant (flicker noise is >> thermal noise at low frequencies).
A9.22	Repeat problem A9.21 for thermal noise. Again, it’s okay to select a bandwidth for RMS noise calculations where thermal noise is much higher than flicker noise (i.e. high frequencies).

A9.23 	(a) Plot the AC current flowing in the following circuit, Fig. A9.23. (b) Does the DC 2.5 A current source affect the amount of AC current flowing in the circuit? (c) What is the DC voltage across the 10 MEG resistor (and thus what are the DC voltages on each side of this resistor?) (d) Where does the DC current flow in the circuit? (e) Use a transient SPICE simulation to verify your answers (.tran analysis). (f) What happens, in the circuit, to the voltage across the resistor if you remove the AC voltage source (verify your answer, again, with SPICE)?
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 Circuit for problem A9.23
.
)








A9.24	Describe qualitatively how the current through each branch in each of the following circuits change with changes in the voltage across them (from 1 V to +1 V). Verify your answers (your words and hand sketched plots) using a DC sweep in SPICE (.dc analysis). Note that you will have to add a voltage source across the circuit in the SPICE simulation. This added voltage source will be the variable you sweep in the DC simulation (the x-axis or controlling variable).  (
Figure A9.24
 Circuits for problem A9.24.
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Figure A9.27
 Calculating the small-signal resistance in the drain portion of a MOSFET circuit.
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)A9.25	Repeat problem 9.1 in the book using a 10/10 device.
A9.26	Repeat problem 9.3 in the book using a 10/10 device.
A9.27	Estimate the AC current, iT, that flows in vT (= 1 mV at 1 MHz) in the following circuits (and thus what is the small-signal resistance, vT/iT, seen by vT?) Use the process data from Table 6.2 (page 147). Compare your hand calculations to SPICE simulation results. What would happen to the DC biasing of the MOSFET if the capacitor was removed so the test voltage was connected directly to the drain?
	Hints: the AC current flowing through the resistor is vT/R while the AC current flowing in the MOSFET is either vT/ro (for saturation region operation, see Eq. [9.6]) or vT/Rch for triode operation (see Eq. [9.16]). The resistance seen by vT is then the parallel combination of the resistors. 

A9.28	Repeat problem A9.27 using the circuits seen below. (
Figure A9.28
 Circuits used in Problem A9.28
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A9.29	Repeat Ex. 9.5 if the tail current is increased to 50 A, the NMOS are 20/2, and the PMOS are 40/2. Again, verify your calculations (DC and AC) using SPICE simulations (use a .op for the DC simulation and both a .ac and a .tran for the AC simulations).
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