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|deal Inverter

switching

/ point

> Vin

2

Actual Inverter Characteristics, some definitions

Vou TN

Vou (V)

| > Vin (V)

* VL represents the maximum logic 0 (LOW) input voltage that will
guarantee alogic 1 (HIGH) at the output

* V|H represents the minimum logic 1 (HIGH) input voltage that will
guarantee alogic 0 (LOW) at the output
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[llustration of Noise Margin:

Vin
A
VoD [T
Input logic 1
NMy
Vi —=---- 7
Ve~ A
Input logic 0 NML
oV

Calculate noise margin using

NML =ViL-VoL

How do we determine V|, VoL, VoH, and V|H?

We must exam the inverter's transfer characteristic.
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Vout
A

VbD _
I:I } Output logic 1

VoH

--mVoL _
J:l > Output logic 0
ov

NMH =VOH - VIH
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CMOS Inverter Regions of Operation
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Region A:
0<Vin<VTn [ pM OS nonsaturated (cutoff); NnMOS cutoff

* NMOS s cutoff because Vin < VTn
Why is the pMOS device in the linear region?
Linear region = Vspp <Vsgp - [VT1pl|
(5-5)V < (5-0)V - |-0.7]V
[for Vpp =5V and V1p =-0.7V]

oV <4.3V

Note that the pMOS device can be in linear region even if Ipp = OA!
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Region B:
VTnh < Vin<Vth 0 pMOS nonsaturated, nMOS saturated
Why is nMOS saturated? IsVpsn>Vasn-VTn?

Because (Vpsn = Vout) > Vth and (Vesn = Vin) < Vih ,

then Vbsn>VaGsn-VTn
Vout > Vin-VTn [B-1]

Why is pMOS in linear region?

It started out in linear and will remain in linear as long as
Vsbp < VsGp - [VT1pl
(VpD - Vout) < (VDD - Vin) - V1|
Vin<Vout - [VTp| [B-2]

Vout In the above expression (Egn. [B-2]) is decreasing towards Vih and

Vin isincreasing towards Vin . When Egn. [B-2] no longer holds, then the
pPMOS device will become saturated.

For the pMOS device, then
regions A [0 B O C correspond to
linear OJ linear [0 saturated, respectively.
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How can you predict the output voltage for region B?

: 2 B 2
The nMOS is saturated, so Ipn = 32” (Vin-V1n) = 5” (Vasn - VTn)

The pMOS islinear, so
Ibp = @29 (2(Vsap - VTpl)Vspp - (VsDp)?)

Ipp = %Q(Z(VDD - Vin - IVTp)(VDD - Vout) - (VDD - Vout)?)

Can solve for Vgut since

Equivalent circuit for region B [ Vout
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Region C:

Vin = Vith 0 pMOS saturated, nMOS saturated

In order for nMOS to be saturated, need
Vpsn>VeGsn-VTn
Vout > Vin-VTn

In order for pMOS to be saturated, need
Vspp > Vscp - [VTpl
VDD - Vout > VDD - Vin - [VTp|
Vout < Vin+ [VT1pl

S0 Vout inregion C,
Vin-VTn<Vout <Vin+ [VTy|

The CMOS inverter has very high gain in region C so small changesin Vin
produce large changes in Vout. NoO closed form equation for Vout.
Somewhere in this region, Vout = Vin, which is the switching point for this
gate.

Equivalent circuit for region C:
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What is Vin in region C?

In region C, both devices in saturation so

lbp="5 (VDD - Vin - VTpl)?

Bn
Ibn="5 (Vin- VTn)?
So, using Ipn = Ipp, Vin can be solved for (more on this later....)

Region D:

Vih <Vin<VpD - [VT1p| O pMOS saturated, nMOS linear

Hence, Ipp = @29 (VDD - Vin - V1pl)?

2

(3n
lon="7% 2(Vin- VTn)Vout - Vout 7

Again, since Ipp = Ipn, we can solve for Vgut:
Vout? - 2(Vin - VTn)Vout + % (VDD - Vin- VTpl)2=0

_ -b £ VbZ - 4ac

using X 23

and, recognizing from above,

a=1b=-2(Vin-VTn), Cc= % (VDD - Vin - [VTpl)2

we get
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IS
Vout = (Vin-VTn) - '\/(Vin - VTn)?2 - Eng (Vin- VDD - [VTpl)2 .

Equivalent circuit for region D [ Vout

Reqgion E:

Vin>VDD - [VTp| O pMOS is cutoff, NMOS is linear mode
Since Vsgp = VDD - Vin (< V1)),
] Vout =0V

due to nMOS acting as pull-down while pMOS in cutoff.
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CMOS Inverter Transfer Characteristic

A © B

5 15104
Vout
4 \ 1.2 104
~ 3 9105
S _
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0 - = 0 100
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Vin (V)
Anaysis:

VOH: Vin<VTn, the nMOS transistor is in cutoff while the pMOS transistor is
turned-on (inversion layer established). Theresult is

VoH=VDD.

VoL: (VDD - Vin) < |VT1p|, the pMOS is in cutoff while the nMOS is on and
providing a conduction channel to ground. Hence,

VoL =0V.

ViL: Input low voltage, here the nMOS transistor is saturated and the pMOS is
nonsaturated. Equating the currents provides

an (ViL - VTn)2 =

2
% 2(Vop - ViL - VTp) (VDD - Vout) - (VDD - Vour) 2.



EE 4253/6253 Lecture Notes September 3, 1998 page 32

ViL:

VIH:

(continued) Since two unknowns exist, Vin = VL and Vout, a second
eguation is needed. Use the unity-gain condition to obtain this second
eguation,

dVout _ (O1Dn/0Vin) - (0IDp/dVin) -1

dVin — (0lpp/dVout) ’

provides

B Bn
VILﬁl + ,{;ﬁ= 2Vout + Ro VTn-VDD - VT1pl .

Now the two equations needed to solve for VL and V gyt exist.

Input high voltage, here the nMOS is nonsaturated and the pMOS is
saturated. Equating the drain currents yields

(3n 2
> R(VIH - VTn)Vout - Vout o= %9 (VoD - ViH - VTpP),

the first of two equations needed to solve two unknowns, Vin = V|4 and
Vout. Use the unity-gain condition to get the second,

dVout _ (dlDp/0Vin) - (dlDn/0Vin) _

dVin (Olpn/oVout) L

This provides
3
VIH@ + éng ﬁ: 2Vout+VTn+ %ng (VDD - |VTp|) )

the second equation needed to solve for the two unknowns.
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Vih: At the CMOS inverter's switching point, or inverter threshold, Vih = Vin
= Vout and both the pMOS and nMOS transistors are saturated. Again,
equating the drain currents,

Bn
> (Vth-VTn)2 = @29 (VoD - Vth - [VTpl)?

Is obtained which can be easily solved to provide Vi,

V1n+ V% (Vbp - [VTpl)

0 _QQD
%“\/rzn%

Vith =

\%
Note: switching point of gate (Vth) is [2>D -1f- fénp: 1and VTn=-VTp.

So, switching point of inverter is function of the ratio of the nMOS/pMOS gains
and the threshold voltages of the nMOS, pMOS transistors.
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Bn / Bp Ratio

The 3, (gain of NMOS) / 3, (gain of pMOS) ratio determines the switching point
of the CMOS inverter.

Vout (V) Equal lel-up/prlfllll-down
A strengt

5
_7 Strong
pull-up

3
: Bn%
3
2
1

0
0 3 4 5
Vop
Strong 2
pull-down \
Switching point = Vpp/2
if B3y/By=1and Vn = V1pl

157’\

> Vi, (V)
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Recall that

If we assume that the nMOS and pM OS transistors have equal W/L ratios, then
Mne Wn

Bh  tox Ln _ Mn_ electron mobility
By MpE Wp ~Hp  hole mobility
tox Lp

©

In silicon, the ratio pn/pp is usualy between 2 to 3.

This means, that if Ln=Lp,
then Wp must be 2 to 3 times W
in order for Bn="0p.
i Wp - Wn rSn
V;)\UIt |fL—p—L—nbecause@> 1
> ¥
4
3
2
1
\
0 —> Vin
0 1 2 3 4 5
Vb
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Cadlculate the switching point of a static load inverter as function of [3y/13:

In region C, already know nMOS device is saturated from previous analysis.

<
]
o

For pMOS to be saturated need:

Vsbp > Vscp - VT1pl
VDD - Vout > VDD - OV - V1|
Vout < [VTpl|
Vout Not true!!!
(If Vout in region C is about \f(Vpp,2)

VDD
and T > |VTp|

(typically thisis true))

H L L

0 pMOS must bein linear region
3 3
Then Ibn=" (Vesn-VTn)2="5 (Vin- VTn)?

2
and IDp = LS2@ 2(VsGp - IVTpl)Vspp - Vspp

lpp = %Q (2(VDD - [V1pl)(VDD - Vout) - (VDD - Vout)z)

Equate Ipn = Ipp and solve for Vout.

1S
Vou = Vel + 1/ (VDD - VTpD2 - ) (Vin - VTn)?
Can also solve for 3/,

Bn_ (VDD - IVT1pl)2 - (Vout - [VTpl)?
3o (Vin- VTn)2
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Consider again

& _ (Vpp - |VTD|)2 - (Vout - |VTp|)2
3o (Vin - VTn)?

for the pseudo-nMOS inverter.

v
Let VTp| = VTn = 0.2Vpp and Vin = Vour = 5 . Then, for Vpp = 5V,

o
Bp 6.1 !

Note that thisis very different result from the CMOS inverter case!

If Vbp = 3.3V, but the value of V1n = [VT1p| is unchanged (i.e., 1V in the above
example), then

[3n
By~ 11.5

o : VbD
for a switching point equal to 5 -

The Rn/l3p ratio depends on the absolute value of Vpp! This means that the
operation of the pseudo-nMOS inverter will NOT scale with Vpp (for a given
CMOS technology).

For the CMOS inverter, the [3y/Bp ratio for a switching point of Vpp/2 is
independent of Vpp so its operation will scale with supply voltage. Thisis a
another big advantage of CMOS technology.

Not unusual for static CMOS circuits to operate over a very large range of power
supply voltages, i.e., 2.0V to 6.0V is common.



