
CEG3470 Digital Circuits 2007

Midterm Examination

Equation Summary

Diode
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Deep Submicron MOS Unified Model

ID = 0 for VGT ≤ 0
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MOS Switch Model
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Inverter

VOH = f(VOL)

VOL = f(VOH)

VM = f(VM )

tp = 0.69ReqCL =
CL(Vswing/2)

Iavg

tpLH =
√

t2
pLH(step)

+ (tf/2)2

tpHL =
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t2
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Pdyn = CLVDDVswingf

Pstat = VDDIDD

Static CMOS Inverter

VOH = VDD

VOL = GND

VM =
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2
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2
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≈
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Interconnect

Lumped RC: tp = 0.69RC

Distributed RC: tp = 0.38RC

RC-chain: τN =

N
∑

i=1

Ri

N
∑

j=i

Cj =

N
∑

i=1

Ci

i
∑

j=1
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Transmission line reflection:

ρ =
Vrefl

Vinc
=

Irefl

Iinc
=

R − Z0

R + Zo
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In all answers, please show full working and intermediate results.

1. (a) (5 marks) In what situation does a lumped interconnect model give inaccurate results compared with a
distributed model?

(b) (10 marks) For the circuit in Figure 1, calculate its Elmore time constant. Hint, recall that Rik =
∑

Rj =⇒

(Rj ∈ [path(s → i)
⋂

path(s → k)]) and τDi =
∑N

k=1
CkRik.
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Figure 1: An RC circuit.

(c) (10 marks) A chain of N identical RC elements is shown in Figure 2. Derive a simplified expression for the
Elmore delay of this circuit.
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Figure 2: An RC transmission chain.

2. A minimum sized symmetric CMOS inverter is built from transistors having the following parameters VDD =
2.5V , WN = 0.375µm, LN = 0.25µm, V T0N = 0.43V , γN = 0.4V 0.5, V DSATN = 0.63V , K ′

N = 115 ×

10−6A/V 2, λN = 0.06V −1, WP = 1.125µm, LP = 0.25µm, V T0P = −0.4V , γP = −0.4V 0.5, V DSATP = −1V ,
K ′

P = −30× 10−6A/V 2, λP = −0.1V −1. The inverter is attached to a 3 fF load.

(a) (10 marks) What is the output low voltage (VOL), input low voltage (VIL) and noise margin low (NML)
for this inverter?

(b) (10 marks) What is the high to low propagation delay (tpHL) for this inverter?

(c) (5 marks) Assuming that the inverter is being driven by an input with 10 ps rise/fall time instead of a step
input, what will be the worse case high to low propagation delay?
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3. (a) (5 marks) Draw a cross section view of a PMOS transistor. On your diagram label the P+, oxide, poly,
Nwell and Pwell regions.

(b) (5 marks) Explain why sub-threshold conduction is becoming more of a problem in modern integrated
circuits.

(c) (5 marks) An NMOS transistor has the following parameters: VDD = 2.5 V , WN = 0.5 µm, LN = 0.25 µm,
V T0N = 0.5 V , γN = 0.4 V 0.5, V DSATN = 0.6 V , K ′

N = 100× 10−6 A/V 2 and λN = 0 V −1. What is the
maximum current that this transistor can deliver?

(d) (10 marks) Due to process variations, the WN , LN and V T0N of the transistor in Question 4c can vary by
±10%. What guaranteed maximum current can be specified?

4. (a) (5 marks) Explain whether (a) an inverter with slow input, fast output or (b) an inverter with fast input,
slow output has a lower short-circuit current.

(b) (10 marks) An inverter buffer is inserted to drive a 3 pF load from a minimum sized inverter (Ci = 10 fF )
as shown in Figure 3. What is the minimum propagation delay that can be achieved? Assume that the
intrinsic delay, tp0 of the minimum sized inverter is 50 ps, γ = 1 and tp = tp0(1 + Cext

γCg
).

Ci=10fF


Inserted buffer

stage


1
 ?


C
L
=4 pF


Figure 3: A buffer circuit.

(c) (10 marks) Calculate the energy consumption of the entire buffer circuit, taking into account the input and
output capacitance of the buffers. Hint: use Cint = γCg .
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1. (a) A lumped model assumes that the potential of all points along a wire are the same. A distributed model
should be used when the rise/fall time of the input is smaller than the rise/fall of the line i.e. trise < RC.
For example, treating a fast signal with tr = 100 ps feeding into a long wire with RC = 1 ns as a lumped
system will lead to inaccurate estimates of propagation delay.

(b)

τ = C1Ri1 + C2Ri2 + C3Ri3 (1)

= C1R1 + C2(R1) + Ci(R1 + Ri) (2)

= 10× 20 + 30× 20 + 20(20 + 15)fs (3)

= 200 + 600 + 700fs (4)

= 1.5ps (5)

(c)

τ = C1R1 + C2(R1 + R2) + ... + Ci(R1 + R2 + ...R1) (6)

=
C

N
(
R

N
+

2R

N
+ ... +

NR

N
) (7)

=
C

N

R

N
(
N(N + 1)

2
) (8)

=
RC

N
(
N + 1

2
) (9)

2. (a)

VOL = 0 V (10)

r =
kpVDSATp

knVDSATn

(11)

=
1.125/0.25 ∗ 30e− 6

0.375/0.25 ∗ 115e− 6
(12)

= 0.783 (13)

Vm =
0.43 + 0.63/2 + r(2.5 − 0.4 − 0.5)

1 + r
(14)

= 1.12 V (15)

g ≈ −
1 + r

(1.12− 0.43− 0.63/2) ∗ (0.06 + 0.1)
(16)

= −29.7 (17)

VIL = 1.12 +
2.5− 1.12

−29.7
(18)

= 1.073 (19)

NML = VIL (20)

= 1.073 V (21)

(b)

ID =
0.375

0.25
∗ 115e− 6((2.5− 0.43) ∗ 0.63− 0.632/2)(1 + 0.06 ∗ 2.5 (22)

= 219e− 6 A (23)

Req ≈ 0.75 ∗
2.5

ID

(1 − 5/6 ∗ 0.06 ∗ 2.5) (24)

= 8.7 k (25)

tpHL = 0.69 ∗ 8.7e3 ∗ 3e − 15 (26)

= 18 ps (27)
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(c)
√

(182 + (10/2)2) = 18.7 ps

3. (a) Refer to textbook.

(b) Leakage of cutoff transistors causes static power consumption that becomes large if there are a lot of
transistors.

(c) 2 ∗ 100e− 6 ∗ ((2.5 − 0.5) ∗ 0.6 − 0.62/2) = 204e− 6 A

(d) 0.9∗0.5
1.1∗.25

∗ 100e− 6 ∗ ((2.5 − (1.1 ∗ 0.5)) ∗ 0.6 − 0.62/2) = 162e− 6 A

4. (a) Fast input has a lower short circuit input current as the transistor is cutoff most of the time

(b) f =
√

(3e − 12/10e− 15) = 17.3 so t = 2 ∗ 50(1 + f/γ) = 1.83 ns.

(c) E = V 2

dd ∗ Cg((1 + γ)(1 + f) + F ) = 2.52
∗ 10e− 15 ∗ (2 ∗ 18.3 + 300) = 21 nJ


