Georgia Tech

Lecture 33

Digital Logic Gates

Reading: Jaeger 6.6-6.9, 7.1-7.5 and Notes
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Resistive Load Inverter

“Pull Up” Resistor

provides current to_Charge Load Capacitor, C,, represents the
up the Load Capacitor, C, A total capacitance of all gates that
\ would be connected to the output
R (Input capacitance's of the
v OMOSFETS)
i
y de )/
O—II Ms ——C,
Ly

Switching transistor will
“Pull down” the output
voltage by discharging the

Load Capacitor, C, when

the transistor is

conducting. Note: V=0
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Resistive Load Inverter

Vi
Inverter State:
Input is Low R
Output is High Qo

V, =V =V — IR

0]

For vi=vgs=Vo <V
iD =0 = v, :VDD :VOH

Vo <V is our first design criteria!

For a nominal V; =1, we would typically make
V5, ~0.25V to insure adequate noise margin.
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Resistive Load Inverter

Vi
Inverter State:
Input is High R
Output is Low Qo

V, =V =V — IR

0]

For vi=v5s=V54=Vp from previous page, v,=Vy,

Sincevg, =V, >V, = Wwe must be in the linear region!

Georgia Tech
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Resistive Load Inverter

The MOSFET switches between the two operating points, v;s<V; (cutoff) and
Vss=Vpp (Linear) along a “Resistive” (linear 1V characteristic) “Load Line” passing
through the saturation region during the transition.

80 HA T
SV Vgs=30V
Vgs=Vpp (LiInear)
60 HA VGS = 2.5 V
5
5
: 40 pA
<
A VGS= 20 V
20 pA
VGS= 1.5 V
0A l | | ;
OV 10V 20V 30V 40V 5. 6.0V

Vbs
Vgs<V7 (cutoff)
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Resistive Load Inverter

Example: If we wanted the gate to dissipate 0.25 mW using a
V=1V and K '=25e-6 A/V?, and having a V5, =0.25V, what W/L
ratio would be needed? What load resistance is required?

Since, Power =V Xipg
0.25e —3 = D5i
I =50uA
: (W
Ips = Kn(Tj(VGs —Voy = 0.5V )VDS
W
50e — 6 = 25¢ — G(TJ(S ~1-.125)0.25
(ﬂ j ~2.06
L 1

V-V 5-0.25

— = =95 KQ)
50e -6

I DS
Georgia Tech

ECE 3040 - Dr. Alan Doolittle




Resistive Load Inverter

NMOS inverter with resistor load

6.0V B
VOH/= 5 V
50V ~ So far we have (Vo,=5V)
and (V5 =0.25V<<V;). We

o 40V now need V, and V.
3]
=
Z 3.0V
&
=
o

20V

1.0V |

0V 1 Ve
OV 10V 20V 30V 40V 50V 60V

Vg
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Output voltage

Resistive Load Inverter

NMOS inverter with resistor load

Calculating V,_

60V
Vor=5V Since when v;=V,,_, vgg Is small but clearly greater
50Vi—L\ than V- (transistor is conducting as observed from the
vl output voltage being reduced) and since v is large,
' we will assume saturation.
MV Ips =0.5K, (VGS —Vin )2 and v, =Vpp —lpsR
20V Vo =Vpp —0.9K, (Vi —Viy )2 R
dv
10V 0 —_ — —
Vo =025V dV— VeV Kn (Vi VTN )R 1
oV Ve I :
ov 10V 20V 30V 40V 50V 60V 1
U V, =V =V +
Inverter "
Transitional State: Alsq
Input is Low oy o
2K R

Output is High

Georgia Tech
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Resistive Load Inverter

Example (cont’d): For our previous example,

Vi :V”_ :VTN +ﬁ:1+ 2106 :12V
n 25 e— 6('1]95,000

and,

v. =V L 5- L =49V

0 DD~ Ay, o
2K,R 2{25 e— 6(2';)6ﬂ95,000

Verifying our assumption of Saturation:
Ves-Voy =12-1<v =49
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Resistive Load Inverter
Calculating V,,

Since when v;i=V, , Vg IS large and since vg Is small, we will assume linear

operation.

Georgia Tech

Ips = Kn(VGS — Vg — 0.5V )VDS and v, =V, —iR
Vgs =V, and Vg =V,
Vo =Vpp — Kn(Vi — Vg —0.9v, )VoR
2
Yo —v | V. =V, +L +VDD =0
KR| KR
Setting —>|,_, ., =—1and solving for v,
1 Vv
Vi :VIH VTN —ﬁ+163 KDDR
and Inverter
Transitional State:
2V .
o =3k R Input Is High
: Output is Low
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Resistive Load Inverter

Calculating V,,
Example (cont’d): For our previous example,

Y,
V,, =V, ——T +163 |~o2 2 44V
K.R K, R

n n

and,

Voo =0.83V

0
n

Thus, our Noise Margins are:
NM, =V, -V, =1.2-0.25=0.95V

and,
NM, =V,, -V, =5-2.44 =2.56V

This approach is good for single gate or small numbers of gates on a chip, but the
large amount of area required to make the resistors prevent it from being used for

very dense digital circuits. We need a different approach!
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Procedure Summary

1. SelectaV,, based on a power specification or other design criteria such as noise margin, etc...
This is a fairly open parameter.

2. Determine what V, corresponds to this V5, . When the switching transistor is off (v,=this
Vo), what Vo, results at the output?

3. Design the Switching Transistor for the required V, : Determine the L/W ratio needed to
achieve this V,_ at the output for this V at the input. To do this you have to properly identify
what bias region you are in (linear, cutoff or saturation). Lower V, will require a wider
transistor (more conductive) in order to “pull the output low”. Lower VOH at the input will not
“turn on the transistor as hard” and thus will also need a more conductive (wider) switching
transistor.

4.  Design the Load Resistor/Transistor for the required V, : Determine the required load
(resistor or transistor L/W) needed to achieve this V, at the output for this V,, at the input. If
the load is a transistor (later) you will need to determine the proper bias mode linear, cutoff or
saturation.

5.  Find the Intermediate State 1/0 Edge voltages V, and V,, : For V, and V,, they are each
found the same way. 1%, determine an appropriate voltage transfer function (relating v; to v,) by
setting the currents of the two devices equal. To do this, you will need to determine the proper
bias mode linear, cutoff or saturation of each device. Next, take the derivative of the voltage
transfer equation and set it equal to -1. Calculate the input voltage required for this slope to
equal -1. This is by definition V, or V. Note that V, and V,, are two separate calculations
and will have two different bias modes (i.e. different selections of linear, or saturation
equations).
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Linear Load: V5>V SO
Ves1>Vps.L

Requires an extra power
supply and is therefore,
expensive!

Georgia Tech

Our Options

Saturated Enhancement Load:

VisL-Vn<Vps.L
-Vn<0

Always Saturated (when on)

Depletion Load:
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Saturated Enhancement Load

R
Vs =Vps.L

As before, for vi=v5=V <V;
Ips_s =0

Inverter State:
Input Is Low
Output is High

Vo <V is our first design criteria!

For a nominal V; =1, we would typically make
V5, ~0.25V to insure adequate noise margin.

Georgia Tech
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Saturated Enhancement Load

VDD
Vs =Vps.L
ML
v For vi=vs<=Vyy , M and M, conduct
their maximum amount of current.
v;O—IL M¢== C,

Vo=V =0.25V so,

_ K. (W
Ips_L = 7(?) (VGS—L _VTN )2

L
Using the same power design spec (0.25mW) and device parameters as before,

iDS-L — SOUA, SO
Inverter State: W 2
Input is High 50e -6 =12.5¢ — G(Tj L(4.75—1)
Output Is Low "
(—j =0.284
L L
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Saturated Enhancement Load

VDD
— | =0.284
LT (LJL 0.28
j Since we normally reference the width
U;O—Il Mg=——= .. .
“ o length ratio in terms of it’s “smallest

Georgia Tech

dimension that we can fabricate” (as of
2001 this is ~0.07 um in the lab, 0.18
um In production) we can express this
In an alternative form. For our
discussion, we will assume (for
mathematical simplicity) that this
smallest feature size is lum. Thus,

o

1

3.52

L
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Saturated Enhancement Load

—.—T Voo Inverter State:
| Input Is Low
:}i\ Output is High
UIO—IL M¢=— CL

Vou:

When Mg is off, C, charges up through M, reducing Vs until
Vin =Vas L =Vpst

At this point, M, cuts off preventing further charging.

V oy IS significantly reduced from it’s previous (with resistive load)
value!
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Saturated Enhancement Load

Vo, Since Vi=V5.s=Vy IS the voltage that forces Mg

i to turn on and force the output to V, , we must
-—|' provide the same amount of “pull-down current”
(50uA) for a lower voltage (4V instead of 5V).
Thus, we need to make the transistor wider to
conduct more current at the lower voltage.
(Remember, the switching transistor is in the linear
region for v;=V so it acts like a resistor.
Inverter State: Providing less resistance will provide more drive

Input 1s High current.).
Output iIs Low

. (W
Ips_s = Kn(T (VGS—S _VTN _O'SVDS—S )VDS—S
S

50e—6A:25e—6{ A}(Vl\_/j

(4v —1v - 0.5(0.25V ))0.25V

S

2
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Saturated Enhancement Load

Combining the results from before we see that our Load
Transistor is much longer than it is wide, while our switching
transistor is wider than it is long.

) (U

L
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Saturated Enhancement Load j 5V
_|.=

M
(1AY Vo V

O vl T DD 3 1
Vg =

S D §| et D -

n+ My n+ n+ J M, n+ +

O—ll Mg Vo

p-type substrate v "1. -

i VB = 0 V

Since the substrate is common to both transistors, the body-to-source voltage,
Vgg, Varies as the output voltage varies. Thus, the threshold voltage varies

resulting in a variation in Vg,
Von =Vpp =Viy_y

Vou =Vpp _B/TO +7/(\/ Vsg + 20 _M)]
Vou = Voo _B/TO +7/(\/ Von +20¢ _M)]

In writing the above equation we have only examined the condition when
Veg=Vy- SiNce Vgg =V, the threshold voltage is continuously varying as the
device is switched, introducing an additional level of “non-linearity”

(Vo=f(vo) and ips=f(vy) ).
Georgia Tech
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Saturated Enhancement Load

If =05V and 2¢. =0.6V

Vou = Voo _I:VTO "'7/(\/ Vou +2¢¢ _M)]
Voy =5 [L+0.5/ Vg +0.6-0.6)
or

V., °—9.03V,, +19.1=0

V., =3.39V or}@/
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Saturated Enhancement Load

Since the body effect changes V1, we need to readjust the width to
length ratios of both transistors:

Mq: Vg IS lower than what we used before, so we need the same
current at a lower voltage--make the switching transistor even wider!

. (W
Ips_s = KH(TJ

50e —-6A=...

...259_6[ é}(wj
Vv L
1 Input Is High

L
Output is Low

Georgia Tech ECE 3040 - Dr. Alan Doolittle

(VGS—S _VTN o O'5VDS—S )VDS—S

S

(3.39V -1V —0.5(0.25V ))0.25V

S

3.59 Inverter State:

S




Saturated Enhancement Load
Inverter State:

M : When vi=Vy, V.=V, =Vs5=0.25V Input is High
Output is Low

Vinee =Vio "‘7/(\/ Veg + 20 — /20 )
Vo =1+0.5(/025+0.6 —/0.6)
Vi =1.07V

. K. (W
e =L

50e -6 =12.5e — 6(ij

N

Georgia Tech ECE 3040 - Dr. Alan Doolittle

(VGS—L _VTN—L )2
L

(4.75-1.07)°

L

1

3.39

L




Saturated Enhancement Load

So the body effect requires that:

Without the Body Effect With the Body Effect
(ﬂj __ 1 (ﬂj __ 1
L), 352 L), 3.39
W) -2m W) a8
L), 1 L), 1
Vo =4.0V Vo =3.4V
Vo =0.25V Vo =0.25V
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Saturated Enhancement Load

Saturated load VTC

NMOS inverter with saturated load

50V
Much reduced Vg
40V F /
Vou
& 30v L €~ Abrupt change in output voltage
] .
S
>
5
g 20V Gradual decline in output
voltage toward V.
1OV |
VoL Vor
Y ViL Vin | | I |

ov 10V 20V 30V 40V 50V 6.0V
U
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Saturated Enhancement Load

50V NMOS inverter with saturated load Inverter TranSIthnal State
SV .
Input Is Low
40V Output is High
VOH )
% s0v) Abrupt change in output
Z voltage is V| =V1n.s
£ 20vh
10V -
ov - Vi %ﬁon I I |
oV 10V 20V 30V 40V 50V 60V

U;

The abrupt nature of this transition is due to V4y.s<Vy. due to
the body effect. Thus, as Mg begins to conduct, M, is off.

Georgia Tech
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Saturated Enhancement Load
Inverter Transitional State:
Input Is High
Output is Low

Find V

Ips_s = Ips_L

Kn—S (VGS—S _VTNS _O'SVDS—S )VDS—S = Kn—L (VGS—L _VTNL )2
Kn—S (Vi _VTNS _O-5Vo )Vo = Kn—L(VDD —Vo _VTNL )2
solving for v,

V, =V +0.5v +

Kn—L VDD _VTNL
Vo

_ 2(VDD _VTNL )+ Vs :|

n-S

Neglect since the change in
VoL With v, is slow

ﬁ —~ 05+ Kn—L [1_ (VDD _VTNL )2}4_ Kn—L VT

dv, E

-1
Assume No = ( av, ]

dv, 2K, s
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Saturated Enhancement Load
Setting this derivative=-1 and solving for v,

% _ 0.5+&|:1_ (VDD Vi )2 } — 1

2

dv, 2K, Vg
V. = (VDD _VTNL
o =
(W/L),

or in our case,

_ (5-1)
Yo = J1+3(353)3.39) o8

Plugging this back into our expression for v,
Kn—L |:VDD _VTNL

V, =V5s +0.5v, +

n-S VO

o 2(VDD _VTNL )+ Vo }

v. =1+0.5(0.66) + > 1 [5_1

(3.53)(3.39)|.0.66 2A5-1)+ 0-66} =19

V,, =1.97V

All assumptions can be checked and verified!
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Noise Margins:

Georgia Tech

Saturated Enhancement Load

NM L :VIL _VOL
and,
NM H :VOH _VIH
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Depletion Load

Recall that the depletion mode NMOS transistor has a threshold
voltage that is negative, resulting it being on for v=0.

Once again, to insure that Mg is sufficiently
cutoff, we choose V5 <<Vqy_s Or for our example
where V1 .s=1V, V5, =0.25 V. Thus, when
Vi=V., Mg is off.

Thus, when Mg is sufficiently cutoff,

(Vi=Vo <<V1ins ) Vo=Vou=Vpp due to the
depletion load conducting for all output voltages
allowing C, to charge up to the power supply
voltage. (l.e. unlike the enhancement case, the
load transistor never cuts off).

Thus, the depletion load inverter allows V, to equal Vp, a very
nice improvement over the saturated Load case!
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+5V

Inverter State:
Input Is High
Output is Low

Georgia Tech

Depletion Load
Using V,, =5V, V, =0.25V,V,  =-3V,
l,s =50uA, K "= 25uA/V?, 7 =054V and 24, = 0.6V
and noting that when
V., =Vg4, Vo =V =0.25V meansv,,, =V, -V, =4.75V and
Vess =0—> M issaturated,

Thus,

. K. (W

IpsL = 2 T L(VGSL _VTN—L)2
. K. (W

Ips.L = 2 T L(VTN—L)2

but due to the Body - Source voltage effecton M,

Vi = Vi + 7/(\/vSB +2¢. —+/20, )or in our case,
Vo =-3V +05W\ (Jo.zsv +0.6V —~/0.6V ): -2.93V
Thus,

5

= 0.466 = L
2.15
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Uy

I
|

i
B

Inverter State:
Input Is High
Output is Low

Georgia Tech

Depletion Load

Using V, =5V, V, =0.25V,V =1V,

| =50UA, K '=25UuA/V?, y =05V

and noting that when

V., =Vq,,Vy =V, =0.25V meansv,, . =V, =0.25V and
Vess =Vou =Vpp =9V — M isin the linear region,

. (W
Ips = 50/“A: Kn T (VGS—S _VTN—S _O'SVDS—S )VDS—S
S
W
50¢ — 6 = 25¢ — 6| - (5-1-.125)0.25
S
(ﬂ j 2.06
L), 1

NOTE : This is the same as in the resistive load case!
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Depletion Load i
Inverter Transitional State:

Input Is Low

Output Is Hlﬂh
Forv;nearV, ,vpgs willbelargeand v WI|| be small. Thus,

V.:

‘é’-——lu m | Weassume: M. is saturated and M is in the linear region,
L~ T C,

Ips_s = Ips_t

Kn—S (VGS—S _VTN—S )2 = Kn—L (VGS—L _VTN—L _O'SVDS—L )VDS—L

Kiss (Vi —Vinss )2 = Kn—L(O_VTN—L _O'S(VDD —Vo ))(VDD _Vo)
Solving for v,

Ve :VDD +VTN—L + VT?\I—L - KR(Vi _VTN—S )2

where K, = —"2
Small Kot Small
dv, 1 : AV |
S0, dv, :h\é(\f +§[\/T?\1L — KR(Vi —Viy_ 8)2] 2|:2VTN L dv - _ZKR(Vi —Vinss )_
dV -K (V VTN s)
av; \/VT?\I L~ Vi =Vins )2
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Depletion Load

V.:
Setting this derivative equal to -1and solving forv, =V, ,
dV _K(I VTN S) -1
av; \/VTil L~ Vi —Viuss )2
V
Vi :Vn_ :VTN—S - ZTN_L
JKZ+K,

Note : that V,,_, is a function of Vg (V,_; is not!)

Assume a value of v (~Vpp)

Vine = Vo + 7/(\/VSB + 20 —2¢¢ )using Vs =Vo|™ |

Georgia Tech

VTN L

Vi:Vn_ :VTNS_\/KZ K
+

#

Vo =Vpp +Vi + VT?\I—L - KR(Vi —Vinss )2

Iterate until
convergence!
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Depletion Load

For our numerical example:
Vi =223V (>-3V)

V, =150V

Vo=4.74

Also, our assumptions regarding transistor operation
conditions are correct.
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Depletion Load

we assume : M, issaturated and M. is in the linear region,

Ips_ L = Ips_s

i KoL (VGS—L —VinL )2 =K, s (VGS—S —Viy_s — 0.9V )VDS—S
Kn—L (O_VTN—L )2 = Kn—S (Vi _VTN—S _0-5(\/0 ))(Vo)

Vo N K. VT?\I—L

2 2K, v,

Solving for v, V, =V s +

-1
Assuming, Vo _ {dv,}
av; [ dVo | gmall
%_E_ KL VT?\I—L +2K|_ VTN—L d L
dv, 2 2K (vy)" 2Kg v, (v,
dv, 1 1 V2,

—L == , Where K, = —"=
dvy 2 2Kg (v, ) TOKo
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Depletion Load

VH® Setting the derivative equal to - 1and solving for v,

% _ 1 . 1 VT?\I—L _ _1
dvo, 2 2Ky (vo )
Vg =— VTN—L
L 3K 4
) Thus,
Inverter Transitional State: vo K, V3.,
- - Vi :VTN—S + +
Input is High 2 2K, v
Output is Low [ V J
_ VTIN-L
3K V.2
V, =V, ¢ + R/ Ko N-L

! 2

2Ks . Vinot
v 3K,

1 VT?\I—L 3KR

Vi =V s — -
TN-S [2 3KR} ZKR

Georgia Tech

VTN—L

Cont’d...
ECE 3040 - Dr. Alan Doolittle
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Depletion Load

Cont’d... VAN 1 V& 3K,
Vinss —

2,/3K¢ 2K Vit

v~ Vne (Ke ) Vannf3Ke [ 3K,
23K, LK 2Ky | /3K,

VTN—L|<R +VTN—L3KR

V. =

V. =

V, =V s —
B 2K /3K
V. =V 2VTN—L

i TN-S m

Vi :VIH :VTN—S +2Vo
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Depletion Load

3V M, V|H: Cont’d...
_l ———
= Assume a value of V| (~Vno.L)
O——I:“‘ T Vinot
r— VO -
- V3K
Vin =Vinos T2V
Iterate until
l convergence!

Vine = Vo + 7/(\/VSB + 20 — /20 )USing Veg = Vo
For our numerical example:

Also, our assumptions regarding transistor operation

conditions are correct.
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Depletion Load

VTC
6.0V
NMOS inverter with depletion-mode load
Vou
50V
-1

40V
Vo 30V}

20V

1OV}

v -1 &l
oL
0 V ¥l VIL 1 VIH [ 1 J
ov 1.0V 20V 30V 40V 50V 60V
V1

ECE 3040 - Dr. Alan Doolittle




NMOS NOR Gate

+5V
My,

—_—
xm—
ma

——a—0 Vo

Via |
D—|“Ei ! Ms-a Vicb :_]MS—b

1 1

If either input, v;_, or v;, goes high (vi=V), V, goes low (v,=V,)
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NMOS NAND Gate

+5V
My
ii

e
e

—o Vo

Vig
—] ijms—a
D‘ﬁ;hlthME—b

If both inputs, v;_, or v, , goes high (v;=Vy), Vv, goes low (V,=Vg,)

Georgia Tech
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Depletion Load

The Depletion Load NMOS gate...

... takes up much less area, leading to higher
density (more complex and faster) circuitry.

... hasaVgo,=Vpp

...Switches faster leading to higher frequency
operation.

... dominated microprocessor design until
“CMOS” or Combination-MOS replaced it.
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CMOS Logic Gates

NMOS Logic Gates “waste” power

L by having a current flow from V,
v -II to ground during the “0” output
oy | state. All we really need during
i T=C; this state is a current path to

discharge C,. Analogous to a Class
A out put stage.

CMOS Logic Gates eliminate this
DC or “Static” power dissipation.
CMOS logic gates only dissipate
power during a switching event.
Once In a state, no power Is used.
Analogous to a class B output stage

(push pull).
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CMOS Logic Gates

*CMOS Inverter uses one NMQOS
and 1 PMQOS transistor.

sEach Transistor Is design to have
Vy=-Vp (recall for PMOS,
V1p<0)

Since the Body can be connected
to source for the NMOS and VDD
for the PMOS, there is no problem
with the body effect FOR THE
CMOS INVERTER (ONLY)
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CMOS Logic Gates

OVDD=‘SV OVDD=5V
~ -
—In Mp Off r.la M, On
UI-":SV — VOL:OV U‘!=0V - VOH=5V
e i S £
1 — 0 —
—Il My On — ——|l My Off b

*For vi>V, and vi>Vp+Vqp

(examp

V. p=-1V this is satisfied)
*Visp> Ve (Vse.p<-Vip), Vesn>Vin
*M; is OFF, M, is ON

L_oad Capacitor discharges all the

le: if vi=5V, V=1V and
V. p=-1V this is satisfied)

*M; is ON, M, is OFF

way down to ground up to Vpp.

oFor vi<V4y and vi<Vpp+Vqp
(example: if vi=0V, V=1V and

Visp<V1p (Vse.p>-V1p): Vosn<Vin

L_oad Capacitor charges all the way

a

Thus, V5, =0V and V5,=Vpp

nd there is NO STEADY_STATE DC CURRENT FL(

- A0
oUSU

Dy 1
T,




CMOS Logic Gates

Only during switching are both
transistors turned on
simultaneously

50V 4 A
@
40V My, off My s.aturatcd
Mp linear

9 M linear| Vo =v;+1

30V
= M), and Mp saturated
© e
o 7
=
=
g 20VrF ©

M saturated
10V |- M), linear
VIH @
av | | Mp off
NIy linear
ov 1.0V 20V 30V 40V S.gl'\—l/
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CMOS Logic Gates
Vg

For vi~V,,, Vps.p IS large and vpe IS small implying Mg is

saturated and My is linear

Ips-n = Ips_p

Kn (VGS—N _VTN B 0'5\/DS—N )‘/DS—N

Kp
2(V

Ko (v, Vi, =05V Vg = -2 (Vo =V, )+Vip
\J TN IV 0—2 oo — Vi)t Vi

Solving for v,

. (VDD —V; +VTP )2
KR

As before, taking he derivative, ‘:'jVo
v

SG-P +V )2

where K, = —

Inverter Transitional State:
Input is High
Output is Low

n

p

and setting this equal to -1and solving for v,

_ 2KR(VDD - Vi +VT|:>) (VDD -K: Vi +VTP)

Vih =V, dvg _

dv;

-1

(Kg —1)y1+3K,

(KR _1)

Georgia Tech

ECE 3040 - Dr. Alan Doolittle




CMOS Logic Gates
V4 (cont’d):

For a very useful case where K =K (Kz=1)

Do not use this equation without mathmatical manipulation to
eliminate (K , -1)terms in denominator

_ 2KR(VDD - Vi +VTP)_ (VDD -Ki Vi +VTP)

c;\\//?:_l (KR _1)\/1+3KR (KR _1)

Instead, go back to,

VIH =V,

2
Vo =V, =V, i\/(vi ~V,, ) - Vop Vi +Vry ) where K, = AL
K, K

p

: .. dv : . :

As before, taking he derivative, d—o and setting this equal to -1and solving for v,
(5Vyp +3Voy +5V;, )

de:

-1
dv; 8

VIH =V,

K
For K, :K—”:l

p

Georgia Tech ECE 3040 - Dr. Alan Doolittle




Georgia Tech

CMOS Logic Gates
V.

For vi~V,., Vg IS large. Thus, vy p IS Small and vpg y IS
large implying Mg is linear and M, is saturated

Inverter Transitional State:

K

— (VGS—N _VTN )2

Kp(VSG—P +Vip 0.V p )‘/SD—P - 2

K
K p ((VDD —V, )+VTP — 0'5(VDD —Vo ))(VDD —Vo ) = 2n (Vi _VTN )2

Again, solving for v, taking he derivative, Z& and setting this equal
Vi

to -1and solving for v.,

_ 2\/ KR (VDD 'VTN +VTP)_ (VDD - KRVTN +VTP)

o™ i, -K, 53 (Ke-1

VIL =V

_ Input is Low
'os-p = los-n Output is High

ECE 3040 - Dr. Alan Doolittle



CMOS Logic Gates
V, (cont’d):

For a very useful case where K =K (Kz=1)

V. —v _ 2\ Ky (VDD - Vi +VTP)_ (Vo - Kg Vi JrVTP)
e (Ke-1K, +3 (Ke =)
—
V, =V, o = (3Voo +5\;TN +3Vp) for K, :% _1
dv; P

As always, we can calculate the appropriate noise margins.
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CMOS Logic Gates

Example: Calculate the noise margins for a logic family

V,, =3.3V

V, =0V

v (5Vpp +3Viy +5Vip) _ (5(3.3)+3(0.75)+5(-0.75)) L 86V
IH 8 8

v - (3Vpp +5Viy +3Vy, ) _ (3(3.3)+5(0.75)+3(-0.75)) _ L a3y
IL 8 8 o

NM,, =V, =V, =V, —V,, =1.43V
NM, =V, -V, =V, =143V

Georgia Tech ECE 3040 - Dr. Alan Doolittle




CMOS Logic Gates

Dynamic Response of a CMOS Inverter:

For the case when V. =-V+p and Kg=1, the transistors are said to be
“electrically equivalent” meaning they have identically “opposite”
current-voltage characteristics (“on resistance” in the linear state is
the same, the voltage turn on points are symmetric etc...).

In this case, the turn on transient and the turn off transient are
Identical (charging of C, is through a resistor, R, pmos @nd
discharging of C, is through a resistor, R, xnmos Where R, pmos=

ROn—NI\/IOS)

1 1
oS Kn (VDD - VTN ) o oS Kp (VDD + VTP )
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CMOS Logic Gates

The charging time is related to the “RC time constant” of this
resistance and the load capacitor. Detailed analysis indicates a slight
elongation of the time constant (due to the resistance of the channel
changing during the switching cycle) leading to,

Top = L.29R  .amosC L and Torn = L29R  omosC L

It can also be found that,

t. =27, and t. =27,

For Kg=1, these are equal greatly simplifying timing designs in
complex circuits.

T + T
_ TpHL T lpH _ _
Tp = 5 = TpLH = TpHL

Georgia Tech ECE 3040 - Dr. Alan Doolittle




CMOS Logic Gates

Power Considerations:

Since power is only dissipated during a switching event,
It can be shown that for a CMOS inverter the power

dissipated is,

PD — CLVI§D f

Where f Is the switching frequency (assuming a 50%duty

cycle).
Note that for DC, f=0, P,=0 as expected

Georgia Tech
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CMOS Logic Gates

CMOS NOR GATE: JM
T = -
B - L
Ao——->—1 El Bb‘[—‘ ':[Mg Voifr

(5]

*If both A and B are low, M, and M, are off, and M; and M, are on
allowing V,, to be pulled high

ut

oIf either A, B or both are high, M, or M,, or both are on and M, or
M, or both are off allowing V,; to be pulled low

ut

*Note that the body effect would modify our design (W/L) of M,
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CMOS Logic Gates

CMOS NAND GATE: '
Ao—*»—‘c{ M, ﬁ M,
Ae] — | r
e = A

*If both A and B are high, M; and M, are on, and M, and M, are off
allowing V,, to be pulled low

oIf either A, B or both are low, M, or M,, or both are off and M, or
M, or both are on allowing V., to be pulled low

*Note that the body effect would modify our design (W/L) of M,
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