Problem 12.1

Solution: a) Design and hand-cal: The 2-input CMOS AND gate circuit diagram is
shown below which consists of two parts NAND and INVERTOR cascaded:
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To find Vsp, tie input A and B together as Vin. From NAND gate part, ignoring
the body effect, we have

. /Z%I—V thn + (Vdd - Vihp)
\/c:Vin-—-Vsp: ? (12.1a)

, pn
1+ 4 pp
/%Vlhn + (Vdd - Vihp)

%utch=Vsp= (12.1b)
1
1+ [—

Vthn=0.83V, Vthp=0.91V, chosing all the length of CMOS L=2u, all Wp=3u for
p-channel. Let both Vsp expression equals to 1.5 V, =>> W4=W5=60u,
W6=15u.

b) Spice simulation: The following netlist was simulated on TurboSim:



Problem 12-1 (cont.)

#¢4 (TurboSim V 1.1) Netlist for CATS\E504\P1201DC.CKT

#+¢ Top Level Netlist ***

M1 1622 CMOSPB L=2u W=3u AD=36p AS=36p PD=24u PS=24u

M2 1622 CMOSPB L=2u W=3u AD=36p AS=36p PD=24u PS=24u

M3 Vout 122 CMOSPB L=2u W=3u AD=36p AS=36p PD=24u PS=24u

M4 4610 CMOSNB L=2u W=60u AD=3600p AS=360p PD=132u PS=132u
Ms 0640 CMOSNB L=2u W=60u AD=360p AS=360p PD=132u PS=132u
Mé6 01 Vout 0 CMOSNB L~=2u W=15u AD=90p AS=90p PD=42u PS=42u
VDD 20 DCSACO0

Vin 60 DC1ACO0

s44+¢ Spice models and macro models *++++

-MODEL CMOSPB PMOS LEVEL~4
** PMOS BSIM parameters **

-Model CMOSNB NMOS LEVEL~=4
** NMOS BSIM parameters **

#4443 End of spice models and macro models **+++

-OPTION ABSTOL=1m CHGTOL=1n ITL1=1000 ITL2=1000 ITL4=10 RELTOL=0.1
+ VNTOL=10mv

.DCVin050.1

.end

which produce the following plot. It gives Vsp 1.5V exact same as the hand
calculation.
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Problem 12.2

Solution: The following schematic using AOI to build a half adder is simulated on
TurboSim:
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*** (TurboSim V 1.87) Netlist for C:\TS\445-12-2.CKT

*** Top Level Netlist ***

Mi VDD VA VAB VDD CMOSPB L=2u W=3u AD=36p AS=36p PD=24u PS=24u
M2 0 VA VAB 0 CMOSNB L=2u W=3u AD=36p AS=36p PD=24u PS=24u
Mz25 8 VA HS 0 CMOSNB L=2u W=3u AD=36p AS=36p PD=24u PS=24y

M26 VDD VA 7 VDD CMOSPB L=2u W=3u AD=36p AS=36p PD=24u PS=24u
M27 6 VBB HS 0 CMOSNB L=2u W=3u AD=36p AS=36p PD=24u PS=24u
M29 0 VB 8 0 CMOSNB L=2u W=3u AD=36p AS=36p PD=24u PS=24u

M3 0 VB VBB 0 CMOSNB L=2u W=3u AD=36p AS=36p PD=24u PS=24u
M30 0 VAB 6 0 CMOSNB L=2u W=3u AD=36p AS=36p PD=24u PS=24u

M31 VDD VB 7 VDD CMOSPB L=2u W=3u AD=36p AS=36p PD=24u PS=24u
M32 7 VBB HS VDD CMOSPB L=2u W=3u AD=36p AS=36p PD=24u PS=24u



M33 0 VBB CO 0 CMOSNB L=2u W=3u AD=36p AS=36p PD=24u PS=24u

M34 VDD VAB 10 VDD CMOSPB L=2u W=3u AD=36p AS=36p PD=24u PS=24u
M35 0 VAB CO 0 CMOSNB L=2u W=3u AD=36p AS=36p PD=24u PS=24u

M36 10 VBB CO VDD CMOSPB L=2u W=3u AD=36p AS=36p PD=24u PS=24u
M37 7 VAB HS VDD CMOSPB L=2u W=3u AD=36p AS=36p PD=24u PS=24u

M4 VDD VB VBB VDD CMOSPB L=2u W=3u AD=36p AS=36p PD=24u PS=24u
\% VDDO DCSACO00

VA VAO DCOACOO0PULSE( S lu Sns Sns 2u 4u)

VB VB0 DCO0ACO00PULSE(0 S 4u Sns 5ns 2u 4u)

***** Spice models and macro models *****

.MODEL CMOSNB NMOS LEVEL=4
.MODEL CMOSPB PMOS LEVEL=4

*¥*** End of spice models and macro models *****

.OPTION ABSTOL=1u CHGTOL=1p ITL2=500 ITL4=400 RELTOL=0.01 VNTOL=5m
.tran 5ns 6u 0 5n
.end
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Problem 12.3

Solution: For N-input NOR gate, we have: _

tpy = NRp(Coutp / N + NCoutn + Cload) + 035RpCinp(N - 1)? (12.3a)
tem = (Rn! N)Y(NCoutn + Coutp / N +Cload) : (12.3b)
With minimum size MOSFEF, Rn=8kQ, Rp=24kQ, Coutn=Coutp=4.8fF,
Cinp=7.2fF. and 3input. ' S

a) With Cload=0:
Loy =3x24k(48f /3+3x48f +0)+035x24kc72 f(3-1)* = 139%4ns
trm = (8k/3)(3x48f +48f /3+0)=4267ps

b) With Cload=100fF:

Ipy =3x24k(48f /3+3x48f +100) +035x24kx72 f(3-1)? = 8.594ns
tem =8k /3)(3x48f +48f /3+100)=309ps -

It can be seen that for 3-input NOR gate, the tpryy >tpsr, while for 3-input NAND
gate, the tpry <tpur,, also that the maximum delay time of NOR is bigger than the
maximum delay time of NAND. Plus we already know that NAND gate has better
Vsp and better noise margins. That is why in CMOS digital design, the NAND
gate is used most often.

c) SPICE simulation is shown in the next page.

Problem 12.4

Solution: For N-input NOR gate, a more useful, but not as precise, equations to
estimate the delay are: ’
1oy = NRpCload (12.4a)

oy = RnCload (12.4b) .

With minimum size MOSFEF, Rn=8kQ2, Rp=24kQ), Cload=100fF. and 3input.
tpry =3x24kx100 = 7.2ns

tpyr = 8kx100 = 800 ps



Problem 12.3 SPICE simulation:

Netlist: . ,

*¢¢ (TurboSim V 1.1) Netlist for CATS\ES04\H5\P1203.CKT

*** Top Level Netlist ***

c1 Vout 0 100f .

M1 02 Vout 0 CMOSNB L=2u W=3u AD=36p AS=36p PD=24u PS=24u
M2 02 Vout 0 CMOSNB L=2u W=3u AD=36p AS=36p PD=24u PS=24u
M3 02 Vout 0 CMOSNB L=2u W=3u AD=36p AS=36p PD=24u PS=24u
M4 Vout 2 4 5 CMOSPB L=2u W=3u AD=36p AS=36p PD=24u PS=24u
MS 4265 CMOSPB L=2u W=3u AD=36p AS=36p PD=24u PS=24u

M$ 6255 CMOSPB L=2u W=3u AD=36p AS=36p PD=24u PS=24u

V2 20 DCOACOOPULSE(SOOSpsSps30ns60ns)

VvDD 50 DCSACOO

#4422 Spice models and macro models ***++

-Model CMOSNB NMOS LEVEL=4

--.BSIM Parameters of Appendix A...

-MODEL CMOSPB PMOS LEVEL=4

-..BSIM Parameters of Appendix A...

**#22 End of spice models and macro models ***s+

-OPTION ABSTOL=1u CHGTOL=1n ITL1=500 ITL2=500 ITL4=500 RELTOL=0.1
+ VNTOL=10mv

4ran 8.in66n 0 6.in

.end

Plot is as below, simulation gives tpy; about 5ns, tpy, about 300ps(when zoom in):
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Problem 12.5

Solution: The 20-input OR gate is consist of an 20-input NOR and an
INVERTOR. For 20 input, the scheme of NOR shown in figure 12.4 is not
practical because of the long delay time associated with the 20 p-channel
MOSFET in series and requiring total 40 MOSFETs. So, the scheme of NOR
shown in figure 12.11 is needed. The schematic of an OR gate with 20 inputs is
shown below which uses 23 MOSFETs: '
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For all the n-channel MOSFET, chose Wn=3u, Ln=2u, for p-channel, chose
W22p=3u, L22p=2u. By using equation (12.21), set VOL about 500mv, get
WOp=L0n=3u. When the ouput is low, the static power dissipation of the OR gate
is about zero, but static power is dissipated when the output is high due to both n-
and p-channel of NOR part conducting.
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Problem 12.7

The following schematic using CSVL to build a OR gate with minimum-size devices.
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*** Top Level Netlist ***

Ml VDD VZB VZ VDD CMOSPB L=2u W=3u

MI10 VDD VB VBB VDD CMOSPB L=2u W=3u AD=36p AS=36p PD=24u PS=24u
M2 VDD VZ VZB VDD CMOSPB L=2u W=3u

M3 0 VA VZB 0 CMOSNB L=2u W=3u

M4 6 VAB VZ 0 CMOSNB L=2u W=3u

M35 0 VB VZB 0 CMOSNB L=2u W=3u

M6 0 VBB 6 0 CMOSNB L=2u W=3u

M7 0 VA VAB 0 CMOSNB L=2u W=3u AD=36p AS=36p PD=24u PS=24u

M8 VDD VA VAB VDD CMOSPB L=2u W=3u AD=36p AS=36p PD=24u PS=24u
M9 0 VB VBB 0 CMOSNB L=2u W=3u AD=36p AS=36p PD=24u PS=24y

Vi VA0 DCO0ACO0O0PULSE( 5 lu 5ns Sns 2u 4u)

V2 VB0 DCO0ACO0O0PULSE(0 S 4u 5ns 5ns-2u 4u)

V3 VDD O DC5ACO00



**xxx Spice models and macro models *****

-MODEL CMOSPB PMOS LEVEL=4
.MODEL CMOSNB NMOS LEVEL=4

***** End of spice models and macro models *****

.OPTION ABSTOL=1u ITL4=100 RELTOL=.1 VNTOL=5mv
.tran 5n 6u 0 5n
.end

The simulation produced the following plot with labels.
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ProblempP.8

Using tri-state inverting buffer (Fig 12.24), assume Enable at logic high. Design the

circuit as following. The input capacitance is 48fF and the propagation delay is under
10ns.
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*** Top Level Netlist ***

Cload Vout 0 Ip

M1 VDD 235 VDD CMOSPB L=2u W=10u

M2 0230CMOSNB L=2u W=10u

M3 VDD 3 12 VDD CMOSPB L=2u W=20u
M4 03120 CMOSNB L=2u W=20u

M3 VDD 3 18 VDD CMOSPB L=2u W=20u
Meé 03180CMOSNB L=2u W=20u

M7 VDD 12 Vout VDD CMOSPB L=2u W=40u
M8 27 18 Vout 0 CMOSNB L=4u W=40u

M9 0 VDD 27 0 CMOSNB L=4u W=40u

\% VDD O DC5ACO00

Vin 20 DCOACOOPULSE(S50 Ip Ip20n40n)



****x Spice models and macro models *****

.MODEL CMOSPB PMOS LEVEL=4 ...
.MODEL CMOSNB NMOS LEVEL=4 ..,

***** End of spice models and macro models *****

.OPTION ABSTOL=1u ITL4=100 RELTOL=.1 VNTOL=8m
tran .140n90 .1n
.end

TurhoScape - tran19 - Click Right Mause Button-in This Window For Menu.
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Problem 12.10:
Z=A(BD + CE) _

Problem 12.11:

This is a NOR gate, and the logic function is: OUT=(A + B).

If we tie A and B together, it becomes a inverter. When Vgp=V, = out» all Of these
n-MOSFET are operated in saturation region. If we named them as M1(3/10),
M2(3/2) and M3(3/2), we have(neglecting body effect):

B, + B, 2
2 '(VSP —.VTHN)

B .
71' (VDD —Vep - VTHN)2=

[,

WP

VSP= |
P, + B,
1+ |
N B,
w B, B, : _ -
Because B=KPn-t, 5 =1 . Using VDD=5V, V4=0.83V,

Vgp=1.632V.

Problem 12.12:

Vout(MAX)=VD D"VTHNE3 . SV(BOdY'effect) . )
For minimum ouput voltage, the V, iy = 0. If using current equations, the
ouput voltage is slightly higher than 0.

Problem 12.13:

If we use 4 basic CMOS inverter(assume each MOSFET has same size) to form
the delay buffer, the delay time of this buffer,
ta=2(tpnL ey 1) =2(R+R o) Cror=2(12k+ 36K)x (LIW)x5xC g WixLL
t,=0.384xL%(ns).
If t;=10ns, we can get L=5.1um. If we use L=6um,W=3um for the delay buffer,
we use minimum size(3/2) in other MOSFET, the BISM simulating circuit is
shown below:
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Cload
Ml
MI10
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M13
Ml4
MI15
Mlé6
M17
MI18
MI19
M2
M20
M3
M4
MSs
M6
M7
M8
M9
VDD
Vin
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Vout 0 IfF

0 Vin 1 0 CMOSNB L=2u W=3u
5 Vin 6 5 CMOSPB L=6u W=3u
56 75 CMOSPB L=6u W=3u

06 70 CMOSNB L=6u W=3u
5785 CMOSPB L=6u W=3u
0780 CMOSNB L=6u W=3u
5895 CMOSPB L=6u W=3u
0890 CMOSNB L=6u W=3u
59105 CMOSPB L=2u W=3u
09100 CMOSNB L=2u W=3u
5Vin 3 5 CMOSPB L=2u W=3u
0320 CMOSNB L=2u W=3u

0 Vin 3 0 CMOSNB L=2u W=3u
19 Vout 0 CMOSNB L=2u W=3u
2 10 Vout 0 CMOSNB L=2u W=3u
4 10 Vout 5 CMOSPB L=2u W=3u
4 3 Vout 5 CMOSPB L=2u W=3u
5945 CMOSPB L=2u W=3u

5 Vin4 5§ CMOSPB L=2u W=3u
0 Vin 6 0 CMOSNB L=6u W=3u
50 DCSvACO00

Vin0 DC 0 AC 00 PULSE(0 5v2n .In.In 30n 60n)

***x** Spice models and macro models *****
-MODEL CMOSNB NMOS LEVEL=4 ...
-MODEL CMOSPB PMOS LEVEL=4 ...

***** End of spice models and macro models *****

OPTION ABSTOL=1u ITL4=1000 RELTOL=0.1 VNTOL=8mv

.tran .1ns 100ns 0 . Ins uic

end




Tq;thgope - tran4 - Click Right Mouse Button In This Window For Menu. 7
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If the width of the input pulse is less than 10ns, the output cannot trigger the rise and fall
edges of input pulse exactly. The result is shown below with input pulse width = 5ns
TurhnScnpe trunG Click Right Mouse Button In This Windaw For Menu. ¥
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