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Outline

e Basic idea of CMOS inverter

* Switch model of inverter
 Static behavior

* Voltage transfer characteristics
e Switching threshold

* Noise margin

* Gain calculation
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CMOS INVERTER - Basic Idea

Vdd

o

M1 1
| E —— Cload

\Y4

Figure : A static inverter with capacitive load




o J
CMOS INVERTER — switch model

vidd vad

\ .

When, Vin = Vdd, When, Vin= 0, vout
NMOS is on, —3" NMOS is off, '
PMOS is off, PMOS is on,

Rn
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CMOS INVERTER — static behavior

* High Noise margin, ideally equal to supply voltage
e Ratio-less logic level

* Low output impedance - less prone to noise

* High impedance - improve fanout

* No static power consumption




CMOS INVERTER - voltage-transfer characteristics

CMOS Voltage- transfer characteristics can be

achieved by superimposing of drain current of
NMOS and PMOS onto a common co-ordinate

IDnmos

plot. ,
Assuming Vdd = 2.5
Ippmos Mirroring
t around x V=0
axis
V =15
>
VDSpmos
VGSp:_l IDnmos_ ~ 'bpmos
VGSp:_Z'S Vin - 2.5+ VGSD

Transforming the PMOS I-V transfer characteristics onto same coordinate
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A
>
Vout
Horizontal I onmos
shift over AV,,=0
vdd
Vin:1 5
> >
VDSpmos Vout
Vour= 2.5+ Vg,




CMOS INVERTER - voltage-transfer characteristics

IDnA

Vin=0 Vin= 2.5

Source: Digital Integrated Circuits (2nd Edition)- Jan M. Rabaey
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Vout

2

1.5

0.5

NMOS sat

PMQOS linear

CMOS INVERTER - voltage-transfer characteristics

NMOS off
PMOS linear

./‘.
./.
/NMOS sat
[ PMOS sat
NMOS linear
PMOS sat NMOS linear
PMOS off
1.5 2 2.5 /
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CMOS INVERTER - switching threshold

* Switching threshold V,, can be obtained from the VTC graph, where V.. =V_,
e At this point both transistors are in saturation region.
e Byignoring channel length modulation, we can equate the transistor currents

V V
anDSATn (VM B VTn B %) + kaDSATp (VM o VDD _ VTp o D;ATp ) =0

( + DSATn ) + r(VDD + VT + VDSATp Wh r= k VDSATp Usatpr
P ere,
V, = 2 2 K Vosamn VWV,

1+7r
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CMOS INVERTER — noise margin

e The characteristic of inverter which defines the allowable noise voltage on the

input of gate so that output will not be affected.

* The noise margin of an inverter is defined by Noise Margin Low (NM,) and Noise

Margin High (NM,,).

Output characteristics

Logical High
output range

Logical Low
output range

— NFTEL OWLIME
B CERTIICATION ICOURSE
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Input characteristics

Logical High
input range

Logical Low
input range

NM; =V, = Vo
NMy =Vou —Vig

In this case,

Vor = Vpp
VOL - 0

NMy, =V
NMy = Vpp = Vin
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CMOS INVERTER - calculation of V;

By Definition, when V,. =V, , NMOS is |n saturation region and PMOS is in linear region.

AV _ _ n K
Also, dV._ =-1 dIDn_IDp So, 2 (VGSn VTn)2:7p[2(VGSp )VDSp DSpZ]

We know, VGSp :Vin _VDD and VDSp :Vout _VDD
K,

K
7 m VTn) — [2(\/in _VDD _VTp)(\/out _VDD) - (Vout _VDD)Z]

Taking derivative w.r.t V. in both side to satisfy V,, condition.

K K, t t
7n(\/in_ VTn) - 7[(\/"1 _VDD )( Ou ) T (Vout DD) o (Vout DD)( ou )]
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CMOS INVERTER - calculation of VIL
K

K
7n \/in - VTn) = 7p[(vin _VDD )( OUt ) + (Vout _VDD) — (Vout DD )( OUt )]

|n

dv

out

Putting, V. =V, and Gy

Kn
7(V|L_ VTn) = Kp (2Vout — Vit VTp_VDD)

2V

out

+ Vo, —Vpp + Ke V) Where, K. = K,

L 1+ K, K
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CMOS INVERTER - calculation of V

Similarly, when V, =V, NMOS is in linear region and PMOS is in saturation region.

K, , K Ky )
7 (VGSp o VTp ) - [2(VGSn T ) VDSn o VDSn ]

KP 2 n 2
7(\/m_VDD_VTp) 27[2(\/”] VTn) out out]

Taking derivative w.r.t V,_ in both side to satisfy V|, condition.

Ko (Vin= Voo = Vi) = K, (Vi — )( °“t) Vou ~ out( °“t)]

|n
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CMOS INVERTER - calculation of VIH

Kp(\/in_\/DD_\/Tp):Kn[(\/m VTn)( VOUt) V o out( OUt)]

In

dv,

Vio =i and d\;m =-1

Putting,

Kp(VlH _VDD_VTp) =K, (_VIH + Vi, + 2Vut)

_VDD+V +K (2 out+VTn)
o 1+ K,




CMOS INVERTER - VTC w.r.t process variation parameter

2.5

o ]

Good PMOS

1 Bad NMOS |

é‘l“ Ke<1
E D Nominal
> 11Good NMOS K.=1
Bad PMOS
08 Ke>1 Where, K :ﬁ
Kp
15 2 2.5

0 L 1
0 0.5 1

Vi (V)
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CMOS INVERTER - voltage gain

* During transition region, both NMOS and PMOS are in saturation region.
* In order to calculate the gain in this region , channel length modulation can not

be ignored.
VDSAT I‘J'JYD.S'.-‘!T
KnVDSATn (Vin _ VTn _ 2 n) (1 + "{nVout) + Kp VDSATp Vin _ VDD _ VTp _ 2 2

(1+ ApVour —ApVpp) =0

Differentiating and solving for dV""t/de

AVour _ KVpsarn(1 + 2nVour) + KpVosarp (1 + 2pVoue — 25Vpp)
v,

V Vpsar
M KnVpsarn(Vin — Vrn — DSZATH) + A KpVpsarp(Vin = Vop — Vrp — 2 p)

- s NFTEL OMWLIME
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CMOS INVERTER - voltage gain

Ilgnoring second order term and setting V, =V,,

B 1 KyVpsarn + KpVpsarp
ID (VM) An - /Ip

1+7r
(Vas = Ve = Vpsarn/2) (An — AP)

g:

e Gainis almost purely determined by the technology parameter
* |tisslightly depends on the transistor sizing ratio.

- s NFTEL OMWLIME
e W FoCREE CERTIFICATION COURSE



CMOS INVERTER - voltage gain

25 0.2
]!
0.15¢
15 —
2 \ 35 0.1}
2 o
S >
1t
0.05}
” | \
0 .
0 : : ' 0 0.05 0.1 0.15 0.2
0 0.5 1 15 2 2.5 Vin V)

Vin(v)
Adapted from Digital Integrated Circuits (2nd Edition)- Jan M. Rabaey
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Recapitulation

e CMOS inverter consists of pull-up PMOS block and pull-down NMOS
block.

* Aideal inverter exhibits high input impedance and low output
impedance, typically in kilo ohm.

* The logic swing is equal to supply voltage and does not depends upon
device relative device size.

e @Gain of inverter is function of technology parameter.
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