E MOS Field-Effect Transistors
~ (MOSFETs)

[15 minutes] 5.1 (b) The MOSFETs in the circuit of Fig. 5.1.1(b) [6 points]
[10 points] have V; = 0.4V, k, = 0.4mA/V?, and 1 = 0.
Find (W/L)1, (W/L),, and (W/L)3 to obtain the
/ reference voltages shown.
5.2 [18 minutes]
+ +18V [10 points]
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Figure 5.1.1 l

[4 points] (a) For the circuit shown in Fig. 5.1.1(a), show . ®)
(neglecting A) that Figure 5.2.1
The MOSFETs in the circuits of Fig. 5.2.1 have
V=V, + Vi =104V, kJn 04mA/V=, A =0, and L
k,(W/L) 0.4 um.
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[4 points] (a) For the circuit in Fig. 5.2.1(a), find the val-
ues of W and Rp to operate the MOSFET at Ip =
0.2mA and Vp =0.6 V.

[6 points] (b) For the circuit in Fig. 5.2.1(b), find W1, W5,
and W3 to obtain V1 =0.5Vand V> =1.1 V.

[18 minutes] 5.3

1 int
[10 points] L18V

ln\l, Rp

Vp

Figure 5.3.1

The MOSFET in Fig. 5.3.1 has V; = 0.5V, k), =
0.4mA/V2, V,4=10V, and W/L = 10. Find the
value of Rp that results in

i.Vp=0.1V

ii. Vp=15V

In each case, find /p and the incremental drain-to-
source resistance of the MOSFET.

[25 minutes] 5.4
[15 points]

Figure 5.4.1

The MOSFET in the circuit of Fig. 5.4.1 has V; =
1Vandk, =2 mA/Vz, and the Early effect can be
neglected.

[6 points] (a) Find the values of Rg and Rp that result in
the MOSFET operating with an overdrive voltage
of 0.5V and a drain voltage of 1.5 V. What is the
resulting /p value?

[4 points] (b) If Ry is reduced from 15 kQ to 10 k€, what
does Vp become?

5-2

(c) If Ry, is disconnected, what does Vp become? [2 points]
(d) With Ry disconnected, what is the largest Rp [3 points]
that can be used while the MOSFET is remaining

in saturation?

5.5 [20 minutes]

[20 points]
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I \L R,
0.1V
+3V o—I
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+5V

SVo—e Vo

-5V
(©

Figure 5.5.1

The MOSFETs in the circuits of Fig. 5.5.1 have
k=1mA/VZ, |V;]=1V,and 1 =0.
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[6 points] (a) For the circuit in Fig. 5.5.1(a), find the values
of Rp and Ry that result in the MOSFET oper-
ating at the edge of the saturation region with
Ip =0.1mA.

[4 points] (b) For the circuit in Fig. 5.5.1(b), find /p and Rp.

[10 points] (c) For the circuit in Fig. 5.5.1(c), find Ipy, Ipp,
and V. Also, find the drain-to-source incremental
resistance of each of Q) and QOp.

[25 minutes] 5.6
[20 points]
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Figure 5.6.1

The transistors in the circuit of Fig. 5.6.1 have
kn = ky =2mA/V? and ¥y, = — Vi = 0.4 V. Find
vo for each of the following cases:

5-3

@)y =0V
®) vy =+1V
C)uy=—-1V
(d)yy=+2V
(e)vyy=-2V
5.7
+1V
R

Vio

Figure 5.7.1

The MOSFETs in the circuit of Fig. 5.7.1 have
UnCox = 400 LAV, V; =04V, 1 =0, L =
0.4 um, Wi =2 um, and W = W3 = 10 um.
Find R to obtain a reference current /rgp of 40 pLA.
Also, find the values of V1, I, V>, and V3.
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[3 points]
[5 points]
[3 points]
[6 points]
[3 points]

[15 minutes]
[15 points]
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E MOS Field-Effect Transistors
~ (MOSFETs)

5.1 (b)
()

+
®

<
+
W
<

L

Figure 5.1.1(a) %—@ +0.6V

0
The MOSFET is operating in saturation; thus, for
2=0, -

L

Figure 5.1.1(b)

Ip = S K,(W/L)(VGs — Vi)
For 01,

Here,

0.6=04+ | 202
o 0.4(W/L)

= (W/L); =25

Ip =1, Vas=V

Thus,
For 0y,

1= 3k,07/L)(V = V) W

13-06=04+ |— =

I . QED 040K/
Y kL) o = (W/L), = 11.11

5-5
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For 03, (b)

+1.8V
21-13=04+ 2x 02
ST 0.4(W/L); \L 0.ImA

= (W/L)3 = 6.25

5.2
o —I (0

+1.8V

Figure 5.2.1(b)

For 01,
Ip =YK, 0m/L), (11 = V)?
0.1=1 x0.40w/L),(0.5—0.4)?
Figure 5.2.2 = (W/L); =50
For L =0.4 um,
W1 =20 pm
Vas=Vg=Vp=06V
For 0y,

The MOSFET is operating in saturation, A = 0,
0.1= % % 04(W/L), (V2 = V1 = V)?

Ip =5k, (W/L)(VGs = Vo) 0.5=(W/L),(1.1 —0.5—0.4)°
0.2=1 x 0407/1)(0.6 —0.4) = (W/L), =12.5
= W/L=25
For L =0.4 um,
For L =0.4 pm, Wy =5 um
W=10 um For O3,
From Fig. 5.2.2, we see that 0.1= % x 0.4(W/L);(1.8 =V, — V>
=02(W/L); (1.8 — 1.1 — 0.4)
1.8—Vp
Ip=-—-_"D = (W/L), =5.56
Rp
02— 18206 For L = 0.4,
Rp
= Rp = 6kQ W3 =222 um
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5.3
+1.8V
ID\L Rp
Figure 5.3.1

(i) For Vp=0.1V,Vgp=1.8—0.1=1.7V, which
is greater than J; = 0.5V, thus, the MOSFET
is operating in the triode region. Neglecting the

Early effect, we have

Ip=K,(W/L) [(VGS —V)Vps— %V%)s]

=04x10[(18-05) x 0.1 - } x 0.17]

=0.5mA

From the circuit,

1.8—Vp
Ip=—"2"2
Rp
1.8—0.1
05= ——
Rp
= Rp =3.4kQ
1
DS

(i) For Vp = 1.5V and Vgg = 1.8V, Voy =

1.8—-05=13W.

Thus, Vps > Vop, which implies operation in

the saturation mode and

In = Y, 07/D) (Vs — Voz(

=1 x04x 10(1.8—0.5)2(

=3.89 mA

T K,W/L) Vs — Vi)
=0.192kQ =192 Q

5-7

Since
1.8 =V

Ip= 18D

Rp
1.8—1.5
380 = ——

Rp

=SRp=77Q

The incremental drain-to-source resistance is

vy 10
ro=-A = _257kQ
In _ 3.89
5.4
(a)
Vpop=+5V

“Vgg=-5V

Figure 5.4.2

With Vp = 1.5V and Vg = 0V, the transistor

operates in saturation, thus

Ip = YkaV%,
= % x2x0.5%

=0.25mA

Refer to Fig. 5.4.2 above. A node equation at the

drain provides
I=Ip+1; =0254+0.1 =0.35mA

We can now find Rp from

_Vpp—-Vp 5-15

R
b 7 035

=10kQ
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To find Rg, we first determine Vg from

Vs=—Vgs=—Vi+Voy)=—(1405)=—-15V

Then, we determine Rg from

Vs —Vss
Ip
—1.5—(=5)

= Y - 14kQ
025

Rg=

(b) Refer to Figure 5.4.3 below. We assume that
with Ry reduced to 10 kQ, the MOSFET remains
in saturation. Thus, /p remains unchanged at 0.25
mA. Figure 5.4.3 shows the circuit before and after
Thévenin theorem is applied to simplify the drain
circuit. Now,

Vp=25-025%x5=125V

Thus, Vp > Vg, and saturation-mode operation is
confirmed. The drain voltage becomes

5-8

()
+5V
0.25 mA ¢, 10 kQ
Vi
0.25 mA ¢, 14 kQ
-5V
Figure 5.4.4

If Ry is disconnected, the circuit becomes as in
Fig. 5.4.4. Assuming that the transistor remains in
saturation, then /p = 0.25 mA and

Vp=5—-025%x10=2.5V

which is greater than Vg, thus confirming
saturation-mode operation. The drain voltage is

now
Vp=125V Vp=42.5V
+5V +2.5V
10kQ 025mA |, $ 5k
° o Vp Vb
\L 0.25 mA
=

10 kQ

[

0.25 mA ‘L 14kQ =

[

14 kQ

Figure 5.4.3
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(d) For operation at the edge of saturation,
+5V
Vap=Vi=1V
0.25 mA \l, Rp Thus,
Vp=—-1V
Vp=-1V

The circuit is shown in Fig. 5.5.2. To obtain I/p =
0.1 mA, Vpy can be found from

-[_ Ip = %kn V20V

1 2
O.25mA¢, 14 kQ 0.1=§X1XV0V
= Voyr=0.447V

Thus,
Figure 5.4.5

Vas=Vi+Vor=1+0447=1447V
With Ry disconnected and the MOSFET operating es=VitVor=1+

at the edge of saturation, Vpg = —V;, thus
and
Vp=—1V
Vs=—Vgs=—1447V
and the current remains unchanged,

The value of Rg can be found from

Ip=025mA
Vg—(=5) —1.447+5
From the circuit in Fig. 5.4.5, we can write Rg= =
Ip 0.1
b=, T 02
—24kQ The value of Rp can be found from
5.5 5-Vp 5—(-1
@) RD=+I p_3=CD_ga
D 0.1
+5V
(b)
I,=0.1 mA ¢ 5V
Vpy=-1V
ID\L Rp
I 0.1V
= Vs +3vo—]
I,=0.1 mA ‘l,
Figure 5.5.2 Figure 5.5.1(b)
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Here, Vgp =3 —0.1=2.9V, which is greater than
Vi. Thus, the transistor is operating in the triode
region with

Ip =k [(Vas = V)Vps = 3 V]
=1x[G=1x01-}x01?]
—0.195mA

From the circuit,

5-0.1
Ip= =0.195mA
Rp
= Rp =25.1kQ
()
+5V

-SVo—e Vo

Figure 5.5.1(c)

Since Vggy =0V, Oy will be cut off and

Ipn=0

Since Vggp = 10V, Op can conduct. However,
since the drain current has no path to ground,

Ipp=0

and Qp will be operating in the triode region with
Vsp =0, thus

Vo=4+5V

Since Qy is off, its incremental resistance will be
infinite. Since Qp is operating in the triode region,

5-10

its incremental resistance will be

1

rSp = T
k(VsGg — Vil)
1
=————— =0.111kQ
1x (10—1)
=111Q
5.6
(a)
+1V

7=0V o—¢

Figure 5.6.2

From Fig. 5.6.2, we see that when v; = 0V, both
transistors are cut off and

=0V
(b)
+1V
y=+1vo—]| Oy
b
Yo
10 kQ
Figure 5.6.3

With v; = +1V, Op cannot conduct and can be
eliminated, reducing the circuit to that shown in
Fig. 5.6.3. Since vgpy =0V, Oy will be operating
in saturation with

ip = Ykn(vGs — Vin)?
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But
. v0
=——=0.1 A
D= 10kQ I
and
vGs =v—vo=1—v0
Thus,

0.1vp = § x2(1 —vp — 0.4)°
= (0.6 — vp)?
=036— 1200+

which can be rearranged in the form
% —13v9+0.36=0

This quadratic has two solutions: 0.775V, which
is physically meaningless since vgg becomes 1 —
0.775 =0.225V, which is less than V,; and 0.4V,
which is possible. Thus,

vp=04V
()
Yo
bo
gy=-1vo—]| 2 S 10kQ
-1V -
Figure 5.6.4

With vy = —1V, Qp cannot conduct and can be
eliminated, reducing the circuit to that shown in
Fig. 5.6.4. Since vgpp =0V, Op will be operating
in saturation. We recognize this situation to be the
complement of that in (b) above. Thus, we do not
need to do the analysis again and we can simply
write

vp=-04V

(d)
+1V
y=+2vo—]|| oy
Vi
Yo
10 kQ
Figure 5.6.5

With vy = 42V, Op cannot conduct and can be
removed, thus reducing the circuit to that shown
in Fig. 5.6.5. Since vgpy = 1V, which is greater
than Vy,, On will be operating in the triode region.

Thus,
ip =kn [(sz — Vin)ups — %v%)g]
Here,
) 0)
= =0.1 A
L=k 0 ™
UGS =2—v0
vps=1—1p
Thus,

0.1 = 2[ (1.6 = w0) (1 = v0) = 11 = 10)?
=2[16-26v0+ % - } +vo - 1]
=} —3200+22
%

= 1} —33u0+22=0

which has the following solution

_ +33+V332-88
B 2

=0.927Vor237V

Y0

The second solution is physically meaningless as
v exceeds vp. Thus,

00 =0.927V
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Yo
iD\L
y=—2vo—]|| 0 10K
v

Figure 5.6.6

With vy = -2V, Oy cannot conduct and the circuit
reduces to that shown in Fig. 5.6.6. We recognize
this situation to be the complement of that in (d)
above. Thus,

vo=—0927V
5.7
+1V
R
>
IREF\L
Vio
9 ||—<>—|
-1V
Figure 5.7.1

Consider first the R, Q1 branch. Transistor Q1 has
Vpg = 0 and thus is operating in saturation,
Irer =Ip1 = 3 nCox(W/L), (VGs1 = V1)
40 =1 x 400 x & [V - (=1)— 041
=V =-04V

The value of R can now be determined from

o=V 1-(04)
~ Irer | 0.04
R=35kQ

Next, consider Oy; it has a width 1, that is five
times that of Q1. Since 0> and Q| have the same
Vs, and assuming that O is in saturation, the
current in O will be five times that in Oq:

12 :SIREF =5x%x40=200 LLA

Transistor O3 has Ip equal to /5. Since O3 and O
have the same /L, then, if we assume that O3 is
in the saturation region, we obtain

Vess=Vesa=V1—(=1)
= VGS3 =0.6V

Thus,

Vy=—=Vgs3=—-0.6V

which is lower than Vg, = V1 =—-04V by 0.2V,
which is less than Vy,, thus O is in saturation as
assumed.

Finally, /3 can be found as

V3=4+1-6x02=—-02V

Thus, Vgp3 = 0.2V, which is less than V%, con-
firming that Q3 is operating in saturation, as
assumed.
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