EE 42

Homework #6 Solutions
Problem 1:

For this situation, VIN is right at the midpoint, VDD/2 .  This means that the inverter is probably in Region C, where both NMOS and PMOS transistors are in saturation mode.  

ID(n) = ½ Wn / Ln n Cox (VGS(n) – VTH(n))2 (1+nVDS(n))

ID(n) = ½ (10 m) / (1.5 m) (500 cm2/Vs) (5 fF/m2) (2.5 V – 1 V)2 (1+(0.1 V-1)(2.5 V))

ID(p) = -½ Wp / Lp p Cox (VGS(p) – VTH(p))2 (1+pVDS(p))

ID(p) = -½ (Wp) / (1.5 m) (400 cm2/Vs) (5 fF/m2) (-2.5 V + 1 V)2 (1+(-0.1 V-1)(-2.5 V))

By KVL at the output node, ID(n) + ID(p) = 0.  Plugging in the above equations and solving for Wp,

Wp = (10 m) (500 cm2/Vs) / (400 cm2/Vs) = 12.5 m

Problem 2:

For this situation, VIN is below the midpoint of VDD/2 but high enough to turn the NMOS on.  This means that the inverter is probably in Region B, where NMOS is in saturation and PMOS is in triode mode.  

ID(n) = ½ Wn / Ln n Cox (VGS(n) – VTH(n))2 (1+nVDS(n))

ID(n) = ½ (1 mA/V2) (1.5 V – 1 V)2 

ID(n) = 125 A

ID(p) = - Wp / Lp p Cox (VGS(p) – VTH(p) – VDS(p)/2)VDS(p) 

ID(p) = - (1 mA/V2) (-3.5 V + 1 V – VDS(p)/2)VDS(p)
Those are the I-V relationships for the transistors.  Now relate these using KCL at the output node.  To do this, we need to guess whether the diode is forward or reverse biased.  I would guess forward, since this is and inverter and a small input voltage usually means a large output voltage, which would forward bias the diode.

KCL:  ID(n) + ID(p) + (VOUT – 2 V)/2 k = 0

KVL:  -VOUT + VDS(p) + 5 V = 0

Substitute equations into KCL equation:

125 A + - (1 mA/V2) (-3.5 V + 1 V – VDS(p)/2)VDS(p) + (VDS(p) + 5 V – 2 V)/2 k = 0

Solutions:  {-0.60, -5.40}
Only VDS(p) = -0.60 V is valid for triode mode. 

This results in VDS(n) = VOUT = 4.40 V, which is valid for our NMOS saturation assumption and our forward bias diode assumption.  

Problem 3:

We want to keep tp = (ln 2)(Req Ceq) under 100 ns for all possible input combinations.

The value of Ceq depends on the fan-out.  Each line attaching the NAND output to a CMOS input attaches our NAND to two transistor gate terminals.  So each line contributes a capacitance of 2 CG.  Since we have n lines, Ceq = 2 n CG = 20 n pF .

The value of Req depends on the path the electrons take when charging or discharging the CG’s.  The path the electrons take is determined by which transistors conduct, and we can see this by applying our switch model.

A = 0, B = 0:





A = 0, B = 1:

Both PMOS conduct current 



Only the left PMOS conducts current to 

to bring VOUT  to VDD.




bring VOUT to VDD.  (Even though the top








NMOS can conduct, the other NMOS in

Each is 3 k and they are in parallel, so

series is open so current won’t flow there.)

Req = (1/3000 + 1/3000)-1  = 1.5 k. 

Req = 3 k
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A = 1, B = 1:





A = 1, B = 0:

Both NMOS conduct current 



Only the right PMOS conducts current to 

to bring VOUT  to 0.




bring VOUT to VDD.  (Even though the bottom








NMOS can conduct, the other NMOS in

Each is 1 k and they are in series, so

series is open so current won’t flow there.)
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Req = 2 k. 





Req = 3 k
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So the worst Req we could experience is 3 k.  The worst-case propagation delay is:


tp = (ln 2)(3 kW)(20 n pF) = 41.6 n ns

Thus the fan-out n can be 2, but no greater if the propagation delay is to remain under 100 ns.



Problem 4:

The best way to answer these questions is to come up with equations that relate R, C, and tp to W, L and VDD.

Remember that R is the effective resistance of a conducting transistor that is pulling a voltage up or down by taking its VDS from +/- VDD to zero.  We approximate R by taking the effective R at the beginning of the transition, VDS(0)/ID(0), and averaging this with the effective R at t=tp, VDS(tp)/ID(tp).  We’ll do this for an NMOS, keeping in mind that the PMOS calculations are the same, just with canceling negative signs.

VDS(0) = VDD 
(start of the pull-down)
VDS(tp) = VDD/2
   (halfway through pull-down)

ID(0) = ½ W/L n Cox (VDD – VTH)2
(transistor is fully turned on to conduct (full VGS), and   saturation assumed)

ID(tp) = ½ W/L n Cox (VDD – VTH)2
(transistor is still fully turned on to conduct (full VGS), and   saturation still assumed)

Averaging the two ratios gives us
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W increases → R decreases

L increases → R increases

VDD increases → R decreases  

The equation relating C to W, L, and VDD is provided:

C = W L Cox




W increases → C increases

L increases → C increases

VDD increases → C stays the same

Finally, tp = (ln 2) RC.  


W increases → tp stays the same

Multiplying the above, we find:  

L increases → tp increases

VDD increases → tp decreases

These are, of course, approximations.  Detailed design of transistor circuits for performance is covered in EE 141!
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Problem 5:

At the start of the read, the bit line is at 1.5 V (VDD / 2). 

Eventually, Cline needs to increase by 0.1 V so that the sense amplifier can detect the change.  So eventually, Cline must be able to be charged to 1.6 V.  
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If Ccell is much smaller than Cline, it won’t have enough charge to give to Cline to change its voltage by 0.1 V.

At worst, it will be able to charge Cline up to 1.6 V, but after a long time.  If it takes a long time, the capacitors will start to act like open circuits.  Then their voltages will be equal, since the resistor will carry zero current and have zero voltage. 

The total charge on the capacitors at t = 0 must be the same as the total charge for t large.

Qtotal = (3 V)(25 fF) + (1.5 V)(Cline) = (1.6 V)(25 fF) + (1.6 V)(Cline)
→    Cline = 350 fF

Cline = 350 fF = (1 m)(L)(150 F/m2)    →    L = 2.33 mm
� EMBED Equation.3  ���
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