


Assume VDSAT,n=0.63V, VDSAT,p=1.0V.
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3.3 
 

NMOS:

⎪
⎪
⎭

⎪
⎪
⎬

⎫

⎪
⎪
⎩

⎪
⎪
⎨

⎧

=
=
=

=

−

VV

V

VV

VAk

DSATn

n

nt

n

63.0
06.0

43.0
/115

1
0

2'

λ

μ

  PMOS:

⎪
⎪
⎭

⎪
⎪
⎬

⎫

⎪
⎪
⎩

⎪
⎪
⎨

⎧

−=
−=
−=

−=

−

VV
V

VV
VAk

DSATp

p

pt

p

0.1
1.0

4.0
/30

1
0

2'

λ

μ

 

 

Assume no body effect ⇒  
⎭
⎬
⎫

⎩
⎨
⎧

=
=

pTTp

nTTn

VV
VV

0

0  

 

L = 0.25µm , 1=
L
W  

 

a) NMOS 
 

VVgs 5.2= , VVds 5.2=  
VVVV Tgsgt 07.243.05.2 =−=−= , ⇒≥ 0gtV Transistor is on 

 
( ) ( ) VVVVV DSATdsgt 63.063.0,5.2,07.2min,,min ===  

⇒= DSATVVmin  NMOS region of operation is: Velocity Saturation 
 

( )dsgtnd V
V

VV
L
W

kI λ+⎟
⎠
⎞

⎜
⎝
⎛ −= 1

2
min

min
'  

( ) AId μ1465.206.01
2
63.007.263.0110115 6 =⋅+⎟

⎠
⎞

⎜
⎝
⎛ −⋅⋅⋅= −  

 PMOS 
VVgs 5.0−= , VVds 25.1−=  

( ) VVVV Tgsgt 1.04.05.0 −=−−−=−= , ⇒≤ 0gtV Transistor is on 
 

( ) ( ) VVVVV DSATdsgt 1.00.1,25.1,1.0min,,minmin ===  

⇒= gtVVmin  PMOS region of operation is: Saturation 
 

( )dsgtnd V
V

VV
L
W

kI λ+⎟
⎠
⎞

⎜
⎝
⎛ −= 1

2
min

min
'  

( ) ( )( ) nAId 16925.11.01
2
1.01.01.011030 6 −=−⋅−+⎟
⎠
⎞

⎜
⎝
⎛ −⋅⋅⋅−= −  
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b) NMOS 
VVgs 3.3= , VVds 2.2=  

VVVV Tgsgt 87.243.03.3 =−=−= , ⇒≥ 0gtV Transistor is on 

( ) ( ) VVVVV DSATdsgt 63.063.0,2.2,87.2min,,min ===  

⇒= DSATVVmin  NMOS region of operation is: Velocity Saturation 

( )dsgtnd V
V

VV
L
W

kI λ+⎟
⎠
⎞

⎜
⎝
⎛ −= 1

2
min

min
'  

( ) AId μ2102.206.01
2
63.087.263.0110115 6 =⋅+⎟

⎠
⎞

⎜
⎝
⎛ −⋅⋅⋅= −  

 PMOS 
VVgs 5.2−= , VVds 8.1−=  

( ) VVVV Tgsgt 1.24.05.2 −=−−−=−= , ⇒≤ 0gtV Transistor is on 

( ) ( ) VVVVV DSATdsgt 0.10.1,8.1,1.2min,,minmin ===  

⇒= DSATVVmin  PMOS region of operation is: Velocity Saturation 

( )dsgtnd V
V

VV
L
W

kI λ+⎟
⎠
⎞

⎜
⎝
⎛ −= 1

2
min

min
'  

( ) ( )( ) AId μ5.568.11.01
2
0.11.20.111030 6 −=−⋅−+⎟
⎠
⎞

⎜
⎝
⎛ −⋅⋅⋅−= −  

c) NMOS 
VVgs 6.0= , VVds 1.0=  

VVVV Tgsgt 17.043.06.0 =−=−= , ⇒≥ 0gtV Transistor is on 

( ) ( ) VVVVV DSATdsgt 1.063.0,1.0,17.0min,,min ===  

⇒= dsVVmin  NMOS region of operation is: Linear 

( )dsgtnd V
V

VV
L
W

kI λ+⎟
⎠
⎞

⎜
⎝
⎛ −= 1

2
min

min
'  

( ) AId μ39.11.006.01
2
1.017.01.0110115 6 =⋅+⎟
⎠
⎞

⎜
⎝
⎛ −⋅⋅⋅= −  

 PMOS 
VVgs 5.2−= , VVds 7.0−=  

( ) VVVV Tgsgt 1.24.05.2 −=−−−=−= , ⇒≤ 0gtV Transistor is on 

( ) ( ) VVVVV DSATdsgt 7.00.1,7.0,1.2min,,minmin ===  

⇒= dsVVmin  PMOS region of operation is: Linear 

( )dsgtnd V
V

VV
L
W

kI λ+⎟
⎠
⎞

⎜
⎝
⎛ −= 1

2
min

min
'  

( ) ( )( ) AId μ3.397.01.01
2
7.01.27.011030 6 −=−⋅−+⎟
⎠
⎞

⎜
⎝
⎛ −⋅⋅⋅−= −  
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3.6 
 
Given the data in table 0.1 for a short channel NMOS transistor with VVDSAT 6.0= , 

2' /100 VAk μ= , calculate 0TV , λ, γ, Fφ2  and 
L
W  

 
Eq gsV  dsV  bsV  [ ]AId μ  

1 2.5 1.8 0 1812 
2 2 1.8 0 1297 
3 2 2.5 0 1361 
4 2 1.8 -1 1146 
5 2 1.8 -2 1039 
 
Unified MOS model: 
 

( ) ( )dsTgsnd V
V

VVV
L
W

kI λ+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−= 1

2

2
min

min
'  

( )( )DSATdsTgs VVVVV ,,minmin −=  
 
- First, determine the region of operation 
- To have a transistor in saturation region for any of these given data, VT should be: 

TgsDSAT VVV −>    ⇒    DSATgsT VVV −>    ⇒    6.00.2 −>TV   ⇒    4.1>TV  
 
For this process a threshold voltage of > 1.4V is high so we can assume that all data are taken 
in velocity saturation. We can always assume a region of operation as long as it is verified 
afterwards. (Note here that Eq.1 sets an even higher constraint on VT) 
 
Use Eq.1 & Eq.2 to find VT0: 
 

VVV DSAT 6.0min ==  

( ) ( )

( ) ( )

( )

( )
2
6.06.00.2

2
6.06.05.2

1297
1812

12978.11
2
6.06.00.2

18128.11
2
6.06.05.2

2

0

2

0

2

0
'

2,

2

0
'

1,

−−

−−
=⇒

⎪
⎪
⎭

⎪
⎪
⎬

⎫

⎪
⎪
⎩

⎪
⎪
⎨

⎧

=+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=

=+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=

T

T

Tnd

Tnd

V

V

V
L
W

kI

V
L
W

kI

λ

λ
 

( ) ( )
2
6.06.05.2

1297
2
6.01812

1297
6.00.21812 2

0

2

0 −−=−
−

⇒ T
T V

V  

2
6.06.06.05.2

12972
6.01812

1297
6.01812

1297
0.26.01812 2

0

2
0 −⋅−⋅=

⋅
⋅

−
⋅⋅

−
⋅⋅

⇒ T
T V

V  

0238242.0105011.0 TV=⇒  
VVT 44.00 ≈⇒  

Check our assumption that the transistor was in velocity saturation: 
4.144.00 <<= TT VV  so in equations 1,2 and 3 the transistor is in velocity saturation. 
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Use Eq.2 and Eq.3 to find λ 
 

( ) ( )

( ) ( )

( )
( )5.21

8.11
1361
1297

13615.21
2
6.06.044.00.2

12978.11
2
6.06.044.00.2

2
'

3,

2
'

2,

λ
λ

λ

λ

+
+

=⇒

⎪
⎪
⎭

⎪
⎪
⎬

⎫

⎪
⎪
⎩

⎪
⎪
⎨

⎧

=+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=

=+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=

L
W

kI

L
W

kI

nd

nd

 

( ) ( ) 647.7928.1113615.211297 =⇒+=+⇒ λλλ  
108.0 −≈⇒ Vλ  

 
To find VT for Eq.4 and Eq.5, use Eq.2 as reference: 
 
Eq.2 and Eq.4 

( ) ( )

( ) ( )

( )

( )
2
6.06.00.2

2
6.06.044.00.2

1146
1297

11468.108.01
2
6.06.00.2

12978.108.01
2
6.06.044.00.2

2

4,

2

2

4,
'

4,

2
'

2,

−−

−−
=⇒

⎪
⎪
⎭

⎪
⎪
⎬

⎫

⎪
⎪
⎩

⎪
⎪
⎨

⎧

=⋅+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=

=⋅+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=

TTnd

nd

VV
L
W

kI

L
W

kI
 

( ) ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−−⇒

2
6.06.044.00.2

1297
1146

2
6.06.00.2

22

4,TV  

( )

6.0
2
6.0

2
6.06.044.00.2

1297
1146

0.2

22

4,

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−

−=⇒ TV  

VVT 587.04, ≈⇒  
 
Eq.2 and Eq.5 

( ) ( )

( ) ( )

( )

( )
2
6.06.00.2

2
6.06.044.00.2

1039
1297

10398.108.01
2
6.06.00.2

12978.108.01
2
6.06.044.00.2

2

5,

2

2

5,
'

5,

2
'

2,

−−

−−
=⇒

⎪
⎪
⎭

⎪
⎪
⎬

⎫

⎪
⎪
⎩

⎪
⎪
⎨

⎧

=⋅+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=

=⋅+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=

TTnd

nd

VV
L
W

kI

L
W

kI
 

( ) ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=−−⇒

2
6.06.044.00.2

1297
1039

2
6.06.00.2

22

5,TV  

( )

6.0
2
6.0

2
6.06.044.00.2

1297
1039

0.2

22

5,

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−

−=⇒ TV  

VVT 691.05, ≈⇒  
 

( )FFSBTT VVV φφγ 220 −++= , Eq.4 and Eq.5 gives: 

( )
( ) FF

FF

FF

FF

φφ

φφ

φφγ

φφγ

222

221
44.0691.0
44.0587.0

22244.0691.0

22144.0587.0

−+

−+
=

−
−

⇒
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

−++=

−++=
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A=
−
−

44.0691.0
44.0587.0  and XF =φ2  gives: 

( ) XAXXAXXXAXA
XX
XX

A 11212
2
1

−=+−+⇒−+=−+⇒
−+
−+

=  

( ) ( ) ( )( ) ( ) XAXXAXXA 22 112212 −=++−+++⇒  

( ) ( )( )XXAXAAXXAA ++=+−−+++⇒ 1221212 222  
( ) ( )( )XXAAAAXA ++=−+−+++⇒ 12212112 222  

( ) ( )( )XXAAXA ++=++⇒ 122212 2  

( ) ( ) ( )( )XXAXAAAXA ++=++++⇒ 124412412 222222  
222222324 4128484144 XAXAAXAXAAXAA ++=+++++⇒  

XAAXXAAAA 32224 84128144 −−=−++⇒  
( )32224 84128144 AAAXAAA −−=−++⇒  

32

224

8412
8144
AAA

AAA
X

−−
−++

=⇒  

32

224

8412
81442
AAA

AAA
F −−

−++
=⇒ φ  

VF 6.02 ≈⇒ φ  
 
Eq.4: ( )6.06.0144.0587.0 −++= γ  

γ=
−+
−

⇒
6.06.01

44.0587.0  

2
1

3.0 V≈⇒ γ  
 
Use Eq.1 to find W/L: 
 

( ) ( ) 6
2

6
1, 1018128.108.01

2
6.06.044.05.210100 −− ⋅=⋅+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−−⋅=

L
W

Id  

( ) ( )8.108.01
2
6.06.044.05.2100

1812
2

⋅+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−

=⇒
L
W  

15≈⇒
L
W  
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3.8 
 
An NMOS device is plugged into the test configuration shown below in figure 0.4. The input 
Vin = 2V. The current source draws a constant current of 50 µA. R is a variable resistor that 
can assume values between 10 kΩ and 30 kΩ. The transistor M1 experiences short channel 
effects and as the following parameters: 2' /110 VAk μ= , VVT 4.0=  and VVDSAT 6.0=  

The transistor has  
m
m

L
W

μ
μ

25.0
5.2

= . For simplicity, body effect and channel length modulation 

can be neglected (λ=0, γ=0) 
 

a) 
 
When R = 10 kΩ, find the operation region, VD and VS. 
 

VIRVddVD 0.25.05.2105010105.2 63 =−=⋅⋅⋅−=⋅−= −  
 
Assume the device is in saturation, this assumption will be 
verified afterwards. We need to assume one region to calculate 
the current and  
 

( ) AVV
L
Wk

I Tgs
n

d μ50
2

2
'

=−=  

VV

L
Wk

V T
n

gs 7.07015.04.0

25.0
5.2110

502

2

1050
'

6

≈=+
⋅

=+
⋅

=
−

 

VVVVVV gssggs 3.17.027.07.0 =−=−=⇒=−=  
 
Now verify that the assumption about saturation region was correct? 
 

( )( ) ( ) ( )( ) ( ) 3.06.0,7.0,3.0min6.0,3.10.2,4.07.0min,,minmin ==−−=−= DSATdsTgs VVVVV  
⇒= gtVVmin  NMOS region of operation is: Saturation 

 
Answer: VD = 2V, VS = 1.3V, Mode of operation: Saturation 
 

b) 
 
When R = 30 kΩ, again find the operation region, VD and VS. 
 

VIRVddVD 0.15.15.2105010305.2 63 =−=⋅⋅⋅−=⋅−= −  
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Assume the device is in linear region since TgD VVV −< . 
  

( ) A
V

VVV
L
W

kI ds
dsTgsnd μ50

2

2
' =⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−−=  

( )( ) ( ) 6
2

6 1050
225.0

5.210110 −− ⋅=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−−−−⋅ sd

sdTsg
VV

VVVVV  

( )( ) ( ) 50
2

114.021100
2

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−−−− s

ss
V

VV  

1100
505.05.06.26.1 22 =−+−+− ssss VVVV  

0
11
12.22.32 =−+− ss VV  

6715.06.1
11
12.26.16.1 2 ±=⎟
⎠
⎞

⎜
⎝
⎛ −−±=sV  

VS = 0.93V or VS = 2.27V (unrealistic since higher than drain voltage). 
 
Check region of operation: 
 

( )( ) ( ) ( )( ) ( ) 07.06.0,07.0,67.0min6.0,93.01,4.093.02min,,minmin ==−−−=−= DSATdsTgs VVVVV

 
⇒= dsVVmin  NMOS region of operation is: Linear region 

 
Answer: VD = 1V, VS = 0.93V, Mode of operation: Linear 
 

c) 
 
For the case of R = 10 kΩ, would VS increase or decrease if λ≠0. Explain qualitatively. 
 
It would increase! VD is fixed due to the fixed current. (1+ λVds) would try to increase the 
current to more than the available 50 µA, thus Vgs must decrease to compensate for this and 
keep the current constant. Since Vg is fixed VS will increase. 
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3.10 
 
The circuit of figure 0.6 is known as a source-follower configuration. It achieves a DC-level 
shift between the input and ouput. The value of this shift is determined by the current I0. 
Assume: 4.0=γ , 2' /115 VAk μ= , VF 6.02 =φ , 0=λ , VVT 43.00 =  

and 
μ
μ

2.1
4.5

=
L
W  (no short channel effects). 

 

a) 
 
Derive an expression giving Vi as a function of Vo and VT(Vo). 
If we neglect body effect, what is the nominal value of the level shift 
performed by this circuit? 
 
Assume saturated device: 
 

( ) 0
2

'

2
IVVV

L
Wk

I Toi
n

d =−−=  

To
n

i VV

L
Wk

I
V ++=

2

'
0

 

 
Neglecting body effect (γ = 0) we have VT = VT0 
 

oT
n

i VV

L
Wk

I
V ++= 0'

0

2

, where the first two terms is the level shift (LS). 

VLS 8.07977.043.0

2.1
4.5

2
10115

1035
6

6

≈=+
⋅
⋅

= −

−

 

 

b) 
 
The NMOS transistor experiences a shift in VT due to the body effect. Find VT as a function 
of Vo for Vo ranging from 0 to 1.5V with 0.25V intervals. Plot VT vs Vo. 
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VT[V]

0,4

0,45

0,5

0,55

0,6

0,65

0,7

0,75

0 0,25 0,5 0,75 1 1,25 1,5

0,5
0,7
0,9
1,1
1,3
1,5
1,7
1,9
2,1
2,3
2,5

0 0,25 0,5 0,75 1 1,25

( )FFSBTT VVV φφγ 220 −++=  

VSB = Vo ( )6.06.04.043.0 −++=⇒ oT VV  
 
Vo[V] VT[V] 
0 0.43 
0.25 0.489 
0.5 0.540 
0.75 0.585 
1.00 0.626 
1.25 0.664 
1.5 0.700 
 
 
 
 
 
 
 

c) 
 
Plot Vo vs Vi as Vo varies from 0 to 1.5 with 0.25V intervals. Plot two curves, one neglecting 
the body effect, and one accounting for it. How does the body effect influence the operation 
of the level converter? At Vo(body effect) = 1.5V, find Vo(ideal) and thus determine the 
maximum error introduced by the body effect. 
 

oT

n

i VV

L
W

k

I
V ++

⋅
= 0

'

02
 

 
 

 

 
Maximum error is 0.27 V for Vo = 1.5 V  

Vo [V] Vi,ideal Vi,body 
0 0,798 0,798 
0,25 1,048 1,107 
0,5 1,298 1,408 
0,75 1,548 1,793 
1,00 1,798 1,994 
1,25 2,048 2,282 
1,5 2,298 2,568 








