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2.1 (a)
k=8.617x 107° eV/K

0.66 eV L
cm

(T =300 K) = 1.66 x 10"°(300 K)3/2 -
il ) X 107(300 K)™ exp | = 5 e S 705 oV /K (300 K

=[2.465 x 10" cm 2|

[ 0.66 eV
(T =600 K) = 1.66 x 10"°(600 K)>/2 — -3
nal ) X 107(600 K)™exp | = e 705 ov /K (600 K) |

=|4.124 x 10'® cm™
4.124 10" cm |

Compared to the values obtained in Example 2.1, we can see that the intrinsic carrier concentration

in Ge at T'= 300 K is % = 2282 times higher than the intrinsic carrier concentration in

Si at T = 300 K. Similarly, at T = 600 K, the intrinsic carrier concentration in Ge is 4124162 —

26.8 times higher than that in Si.

(b) Since phosphorus is a Group V element, it is a donor, meaning Np = 5 x 106 cm

n-type material, we have:
n=Np=

[n:(T = 300 K)]?

(T = 600 K))?
Ini( I 5400 x 10 em? |

=3, For an

p(T =300 K) = =[1.215 x 10" cm 3|

p(T =600 K) =

n
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2.3 (a) Since the doping is uniform, we have no diffusion current. Thus, the total current is due only to
the drift component.

Liot = Iarift
= q(npin + ppp) AE
n=10"7 cm™3
p=n?/n=(1.08 x 10'%)?/10'" = 1.17 x 10®> cm 3
i = 1350 cm?/V - s
pp = 480 cm?/V -5

1V
E=V/d=
/ 0.1 pm
=10° V/cm

A = 0.05 um x 0.05 pm

=2.5x 107" cm?
Since np, > ppp, We can write
Itot ~ annAE
=|54.1 pA
(b) All of the parameters are the same except n;, which means we must re-calculate p.

ni(T = 400 K) = 3.657 x 10'? cm ™
p=mn?/n=1337x10% cm™3

Since nu, > pup still holds (note that n is 9 orders of magnitude larger than p), the hole
concentration once again drops out of the equation and we have

Tyor = qnunAE

NEET



2.4 (a) From Problem 1, we can calculate n; for Ge.

ni(T = 300 K) = 2.465 x 10** cm ™3
Lior = q(npin + ppp) AE
n =107 cm™3
p=n?/n=06.076 x 10° cm™?
n = 3900 cm?/V - s
ftp = 1900 cm?/V - s

1V
E: d:
v/ 0.1 um
=10° V/cm

A =0.05pm x 0.05 um

=2.5x 107" cm?
Since np, > pppy, We can write
Lot = qnu, AE
-
(b) All of the parameters are the same except n;, which means we must re-calculate p.

n;i(T = 400 K) = 9.230 x 10** cm ™
p=n?/n = 28520 x 10'? cm 3

Since np, > pup still holds (note that n is 5 orders of magnitude larger than p), the hole
concentration once again drops out of the equation and we have

Lot = qnun, AE

[



2.5 Since there’s no electric field, the current is due entirely to diffusion. If we define the current as positive
when flowing in the positive x direction, we can write

dn d
Liot = laify = Adaisr = Aq [Dn— -D p]

dx P dx
A=1um x 1 pum=10"% cm?
D, = 34 cm?/s
D, =12 cm?/s
dn _ 5x100em Dy o020 et
dx 2x 1074 cm
16 —3

Tt = (107% em?®) (1.602 x 10717 C) [(34 em?/s) (=2.5 x 10°” em™*) — (12 em?/s) (10*° em™*)]

- [TEsT
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2.8 Assume the diffusion lengths L,, and L, are associated with the electrons and holes, respectively, in this
material and that L,, L, < 2 um. We can express the electron and hole concentrations as functions
of = as follows:

n(z) = Ne~@/bn
p(z) = Per=2)/Lyp

2
# of electrons = / an(x)dz
0

2
= / aNe */Indy
0

2
=—aNL, (e_w/L") ‘0

= —aNL, (725 1)
2
# of holes = / ap(x)dx
0

2
= / aPe®=2/Lv 4y
0

2

=aPL, (e<w—2>/LP)‘

—aPL, (1 - /)

0

Due to our assumption that L,,, L, < 2 pm, we can write

e 2~ 0

# of electrons =~
# of holes ~
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2.10 (a)

po = n?/n = (283 em ™|
npzn?/pp:

(b) We can express the formula for Vj in its full form, showing its temperature dependence:

kT NaN
Vo(T) = = 1In AD
q | (5.2 x 1015)% T3e—Eq/kT
Vo(T = 250 K) ={90
Vo(T = 300 K) =84

Vo(T = 350 K) =78

| |w
||
2 |E
<<

©
<

m

Looking at the expression for V5(T'), we can expand it as follows:

Vo(T) = %T [In(N4) + In(Np) — 21n (5.2 x 10'%) = 3In(T) + E,/kT|

Let’s take the derivative of this expression to get a better idea of how Vj varies with temperature.
dVo(T) &k

7 = [m(Va) + n(Np) = 210 (5.2 107) ~ 31n(T) - 3]

From this expression, we can see that if In(N4) + In(Np) < 2In (5.2 x 10*) + 31In(T') + 3, or

equivalently, if In(NsaNp) < In [(5.2 X 1015)2 T?’} — 3, then V, will decrease with temperature,

which we observe in this case. In order for this not to be true (i.e., in order for Vj to increase with
temperature), we must have either very high doping concentrations or very low temperatures.



2.11 Since the p-type side of the junction is undoped, its electron and hole concentrations are equal to the
intrinsic carrier concentration.
nn, =Np=3x10"%cm™3
pp=n; =1.08 x 10'* cm™?
Npn;
Vo =Vrln ( = )
n

4

= (26 mV)In (ND>
T
=386 mV




212 (a)

C. \/QESi NaNp 1
=N "2 N+ Np

C; = __Gio
V1=Vr/Vo
Njg=2x10"%cm™3
Np =3x10% cm ™3
Ve=—-16V

NuN
VonT1n< AQD) =701 mV

n;

Cjo = 14.9 nF /cm?
C; = 8.22 nF /em?

=10.082 fF /cm?

(b) Let’s write an equation for C? in terms of Cj assuming that C} has an acceptor doping of N}.

¢! =20,

qE€si N,I4ND 1 — 920,
2 N,I4+ND VTIII(NAND/”?) —Vr J
gesi N))Np 1 e

2 N+ Np VrIn(N,Np/n?) — Vg
qesiN4Np = 8C3(N)y + Np) (Ve In(NyNp /n?) — Vi)
N\ [gesiNp — 8C3 (Ve In(NyNp /n?) — Vr)] = 8C; Np(Vr In(NyNp/n7) — Vg)
,  8CINp(VrIn(N,Np/n?) - Vg)
47 gesiNp —8C2(Vyp (N, Np /n?) — Vg)

We can solve this by iteration (you could use a numerical solver if you have one available). Starting
with an initial guess of N’y = 2 x 10'® cm™3, we plug this into the right hand side and solve to
find a new value of Ny = 9.9976 x 10'® cm™3. Iterating twice more, the solution converges to

N/, = 1.025 x 1016 cm™3. Thus, we must increase the N4 by a factor of Ny /N4 = 5.125 ~ .
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2.16

(a) The following figure shows the series diodes.

Ip
[ S
+ vD,
Vb
¥ Do

|

Let Vp1 be the voltage drop across D and Vps be the voltage drop across Ds. Let Isy = Ig2 = Ig,
since the diodes are identical.

Vp = Vp1 + Vp2

Ip Ip
=Vrln| = In| =
Vr n<IS)+VT n<IS)

Ip
=2Vrl —
Tn<h>

ID = IsevD/QVT

Thus, the diodes in series act like a single device with an exponential characteristic described by
Ip = Ige¥P/?Vr,

(b) Let Vp be the amount of voltage required to get a current Ip and V}, the amount of voltage
required to get a current 101p.

VD = 2VT In (I—D)
Is
101
V) =2Vrln ( D)
Is
101 I
Vi —Vp =2Vp [1n< 3D> —In <I—D)]
S S
= 2V 1n (10)

~[20my]



; i, T J T 17 }er 55’?
I+ rho o+l tind  Is, 1 _
| terms of I T e

‘ Vo {n/ 1p
1 ] / . = $ j}’}(ﬂLﬁ A g’; {,ﬁ(u____>
gﬁ kﬁvii Vg B L’% L% ! } Tsz

Is, isy
| VB §
¢ V{gf = 7 z‘g . éf( -~
T N2 21/
¢ In *"‘*fj g, [s> éxf? SN :

? Iés

Ji

Vr MJ L, + V&

Avely [fo+ VB
| = >
nNoA52



; i oz
Vr in In = r [wf_E B
152 i’}%i des )

& = NI, Lsz F ?V

(herwase Lo 557 [0 times .

Ig peyr = 10 18
w2y e ¢ Z . e . 2
D Vanew = 7 f%}(_@ﬁ%) =r {gﬁz‘{@; ]
Le Z}gz if';; 212;5 |

4 {3’?(,,._55: + I v (oo
_Jﬁ’;igg
Va +Vplnwlco = bzt 0020V

S Ve increases b\?f Oi20 V.



2.19

Vx =IxR1+ Vpy

I
— IxR, +Vpln (—X>

Is

Vx Vr Ix
Ix=2X_ (X
TR R1D<IS>

For each value of Vx, we can solve this equation for Ix by iteration. Doing so, we find

Ix(Vx =0.5 V) = 0.435 pA

Ix(Vx =0.8V) =823 uA
Ix(Vx =1V) =173 pA

Ix(Vx =1.2V) = 267 pA

Once we have Iy, we can compute Vp via the equation Vp = VpIn(Ix /Ig). Doing so, we find

Vb (Vx =05 V) =[499 mV]
Vo (Vx =08 V) =[635 mV]

Vo(Vx = 1V) = [655 mV]
Vp (Vi = 1.2 V) =[666 mV]

As expected, Vp varies very little despite rather large changes in Ip (in particular, as Ip experiences
an increase by a factor of over 3, Vp changes by about 5 %). This is due to the exponential behavior
of the diode. As a result, a diode can allow very large currents to flow once it turns on, up until it
begins to overheat.
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2.22
Vx/2 = Ile = VDl = VTIH(Ix/Is)

IX = ﬁln(]x/fs)

Ry
Ix = 367 pA (using iteration)
Vx =2Ix R,
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Assume  Ts M%jiﬁ%%%

When Dy Ts off mosT of Ix Hows 1 rough
R, When Dy is on, Vo (=1k) fafiah,g”
this relatienships

Vo, == Vg éi?(;%ii_) = r by Iy - W

2 L= I ii?fi? () + 3’}{/%
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3.1

Slope = 1/R;




3.2

Plotting Ix (), we have

Vx<0
Vx >0

1V (Solid)

)

(t) for Vg

L —Vo/ Ry -

—7/w

e}

T/w

Vo

Vx(t) (Dotted)



3.3

0
Ix = { Vx—-VB

Ry

VX < VB
Vx > VB

Plotting Ix vs. Vx for Vg = -1V and Vg =1V, we get:

— 1V

1V

Slope = 1/R;

Ix

Slope = 1/Ry "




3.4

Vx—-Vp Vx > Vg

0 \% V]
IX—{ x < VB

Ry

Let’s assume Vy > 1 V. Plotting Ix(t) for Vg = =1V, we get

—~

Ix(t) for Vg = —1 V (Solid

Vo

(Vo = Vi) /Ry

e

_VB

o fw

Plotting Ix (t) for Vg =1V, we get

Vx(t) (Dotted)



Vo

(po31o) (1)*A

o

_VB

—V

1

(Vo —Vg)/R1 ~

4, 105 (2)X1
(PUOS) A T =

T/w

—7/w



3.5

Vx =V
IX = XRl . VX < O
o0 Vx >0

Plotting Ix vs. Vx for Vg = -1V and Vg =1V, we get:

Ix

IxfOI'VB:—lv
............ IxfOI‘szlv

1/R
Slope = 1/ R,

-1

—l/ﬁl..—
Slope = 1/R;

Vx (V)



3.6 First, note that Ip; = 0 always, since Dy is reverse biased by Vp (due to the assumption that Vz > 0).
We can write Ix as

Ix = (Vx —VB)/R:
Plotting this, we get:

Ix

Vg
Vx (V)

Slope = 1/R;




3.7

Vx =V

Vx—Vg
Bl Rz Vx > Vg

Vx = VB

I =
R1 R,

Plotting Ix and Iy for Vg = —1 V, we get:

[X for VB =—-1V
............ [Rl for VB =—1V

Slope = /Ry + 1/ Ry

Slope = 1/R;

Plotting Ix and Ir; for Vg =1V, we get:

Vx (V)



IxfOI'VB:].V
Ileorngl\/

Slope = 1/R; + 1/Ry

Slope = 1/R;




3.8

Vx

Ve
Ip = Ri1+R2 Vx < Ri+R2
Ry

Ve
e {0 Vx < 522 Ry
- VX VX7VB VB
Ry + R2 Vx > R1+RzR1

Ve Rl

Ve
Vx > Ri1+R2 sl

Plotting Ix and Iry for Vg = —1 V, we get:

[X for VB: -1V
IRl for VB =—-1V

Slope = 1/f31 + 1/R2

~Vg/R
5/ " Slope = 1/R
VB
Ri+R2 .1
,L Vx (V)
Ri1+R>

Plotting Ix and Iy for Vg =1V, we get:



[XfOI'Vlev
]leOI"VB:].V

Slope = 1/R; + 1/Ry

.,.."".Slope: 1/Ry

Vx (V)



3.9

{VB Vi < Vi
‘/out:
Vvin Vvin>VB
=
- 0
S
> .
Slope =1
4 P
3_
1_
| [ O Y Y L L |
—4 -3 -2 -1 1 3 5
i Vin (V)

Vvin_V
‘/out—{ b
0

Vvin<VB
Vvin>VB



Vout = szn - VB

Vout (V)




‘/in ‘/zn < VB
‘/out -
Ve Vin > Vg

Slope = 1

0 ‘/7,77, < VB
‘/out =
Vvin - VB szn > VB






b/




d/




3.11 For each part, the dotted line indicates Vj,(¢), while the solid line indicates V,,+(t). Assume V > Vp.

(a)

VB Vin<Vp
‘/out -
Vvin szn > VB

3
= U

S
~

Vi 1

l _ . l
-7 / w ™ / w
. . "
—V -

Vvin - VB szn < VB
‘/out =
0 szn > VB



%ut(t) (V)

‘/0_.
VB -

Vi
= szn -
Vout -




Vin Vin <VB
‘/out -
VB Vin > Vg

—~
=
N—
—~
= Yo
= .
5 -
~
R 04
VE
' |
—7/w T/w
YV,

0 szn < VB
‘/out =
Vvin - VB szn > VB



T/w

Vo~

(A) ()™

Vi

. vy

—7/w



3.12 For each part, the dotted line indicates Vj,(¢), while the solid line indicates V,,+(t). Assume Vy > Vp.

(a)
‘/out = { b =B

0 Vvin>VB
=
= Vo]

Ve

T —Vo

—Vy— Vg -

Vvin szn < VB
‘/out -
Ve Vin>VB



.. _.V%ut (t) (V)
A
1

—7/w

0
‘/out—{

Vvin_VB

V;)ut (t) (V)

VO/VB/

_%_

Vot

Vb

Vvin<VB
Vvin>VB

N

T/w

—7/w

T/w



Vout - ‘/zn - VB

RO Vo

—Vy— Vg -

VB Vin<Vp
‘/out -
Vvin szn > VB



T/w

(A) (DA

—7/w



Vov\'t




b,

Véu-(










Vau'{
0§ J

® o

0.%

Vous

b/
</
4/



3.16 (a)

Vp,
I o Iin Izn < R—lon
R1 — VD,on Izn > VD,on

Ry Ry

VD on/Rl n

)

Slope =1

1
VD,on+VB I > VD, on+VB
m

VD, on+Vi
Iin Izn < D’RiJrB
Ip =

Ry

Ry



I

(VD,on + VB) /Rl n
|
(VD,on + VB) /Rl
Slope =1 Lin
(c)
Iin Izn < VD.on Vs
Ip = {VD,on_VB I VD,jzl_VB
R1 m Rq
Iz
|
(VD,on VB) /Rl
Iin
(vD,on - VB) /Rl

Slope = 1




Vp,
I o Iin Izn < Rlon
R1 — VD,on I > VD,on
wmn

Ry Ry

VD on/Rl n

)

Slope =1




3.17 (a)

VD,on

VD,on Iin > R

. X VD,on
Vout = {IZﬂRl Izn < 1ty

I
.:';\ — VD,on/Rl
o VD,on
[9p]
— 0 ’
=
o~
—IyR;
o ' —1Iy
—7jw 0 T/w
t

VD,on+Vi

v . Iian Iin < = R, >
out — VD,on+V
VDon + Ve lin > 25—

I;n(t) (Dotted)



Vour(t) (Solid)

‘/out (t) (SOhd)

VD,OTZ + VB 1

— {QD,on'i'VB)/Rl

—IyR,

Vout - {

t
7VB
VD, on
in <
IinR1+ Ve Iy VDYO}?_VB
Vb Ly > R
,on

VD on ~|

)

—IgRy + Vg

— (VD,on - VB) /Rl

—7/w

_]0

I;n(t) (Dotted)

I;n(t) (Dotted)



V;)ut (t) (SOhd)

Voutr = {

ImR1 + VB
VD,on + VB

L <
Ly >

VD,on

VD,on
Ry

Io

VD,O’VZ + VB 1

— VD,on/Rl

—I()Rl + VB ]

—7/w

I;n(t) (Dotted)



Vau-ﬁ
©® o :
2
/\ -‘th
1.2
R
i
..,l-g R;
O T
_v%ﬁ" -O.g
4\ Vnu\{
K /A
_J/w bo2
| > I,
_,oifa




Tg,
4\
(9 »

1 !
" f )

12

R,

N T
|
" 2k // o1
R,

</




3.20

(a)

V;)ut (t) (SOhd)

Vout = {

Iin Ry
VB - VD,on

Ly >
I;

VE—VD.on

Ry
VE—VD.on

Ry

Io

Iy Ry

VB - VD,on 1

— (VB - VD,on) /Rl

—7/w

Voutr = {

IinR1 + VB
_VD,on

Iy > —
Lip < —

T/w

VD.on+Ve

R

1
VD.on+Ve

Ry

I (t) (Dotted)



IyRy + VB

Vour(t) (Solid)

— *(VD,on“l’VB)/Rl

—7/w

Vout = {

IinR1+VE

/W

VD, on

—40

IoRy + Vg

VB_VDon_

)

‘/out (t) (SOhd)

—1I,

—7/w

/W

I;n(t) (Dotted)
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3.23

()

2

Ro g g Ri+Ro
% _ Ri+Ro szn szn < R VD,on
out Ri+Ro
VD,on szn > R—2VD,on

—
N—
5 VD,on ]

N

Slope = R/ (R + Ry)

Ro g g Ri+Ro
‘/out _ RitRa ‘/zn ‘/zn < RTR VD,on
Vvin - VD,on szn > %VD,O’N,

Ri+Ro
Ry

D,on



Vvout (V)

Ry

Slope =1

Slope = Ry/ (R1 + R»)

Ri+Ro
Ry

VD,on



3.24

Vin g Rit+Ry
Ir = W Vin < le “VD,on
in ,on R R
7R1D V;n > 1};_2 2‘/vD,on
Ri+R
7 B 0 V;n < %VD,OW,
D1 — Vin—=VD,on VD, on
RlD - 11)32 ‘/”l > RIE2R2 VD"O"
Ip
............ Iy Slope = 1/R;
- Slope = 1/R;
VD,on/RZ n
1
Ri+R
1R—22‘/D,on
Slope = 1/ (R; + R») Vin (V)
(b)
Vin g RitRy
Ip = 51+R2 Vin < Ry VD on
,on R R
TR Vin > SR VDon
7 B 0 ‘/”1 < RlR;thVD,on
D1 — ‘/in_VD,on _ VD,on

- Ri+Ro
= T V;n > Ry VD,on



VD,on/Rl ]

-"..Slope =1/Ry

L

Rit Ry VD,on
Ry

Vin (V)

Slope = 1/ (R, + R»)




3.25 (a) -
( Vi + Rs (V _ VB) Vin < Vg + _Rllile VD,O”
BT Ri+R, \Vin Ry
‘/out = {szn _ VID,O: V;n > VB + - R, D,

Slope = 1

V;)ut (V)

Ry —
Ve + Ry Vb,on

|
Ri1+Ro
VB + %TVDpn

Vin (V)
Slope = R,/ (R1 + R»)

=R Vin < 8252 (Vb,on + KB;
R m R
Vout - {{Zij_sz)on _ VB V;n > RIR;12 (VD,on + VB



Vour (V)

g_i (VD,on + VB) —

Slope = 1

Slope = RQ/ (Rl + RQ)

Ve + —ngle (VD@n + VB)

Vin (V)
(c)
Voo - % (Vin = VB) Vin >V + RIR;E%VD’O"
ot Vvln + VD,on - VB V;n < VB + &R;FVD,on
=
E Slope = Ry/ (R1 + Ry)
N
%VD,on ]
|
Vg + fotiayy, o,
Vin (V)

Slope = 1




V;n - VD,on szn > VB + RlR;f% (VD,on - VB)
=
K]
L3 Slope =1
R
R_iVD,on ]

|
VB + M’zﬁ/D,on - VB)

Slope = RQ/ (Rl + Rg)




3.26 (a)

Ri+R
Yo BV, < Vp + B2V,
Ipy = { {1tRe Ri+Roy,
R1 II)%—}M Vi > Vg + ~R, VD.on

R
0 Vin < Vp + 2 Vp o
R
IDl = {‘/7:7L_VD,OTL_VB _ VLI)%,on ‘/’Ln > VB —+ }%IR;12VD"OH
R, 1
—Ip; VD,on/Rl n

SlOpe — 1/R2
|

Ri+R
Ve + 11—%_1 QVD,M

Vin (V)

Slope = 1/ (Ry + Ry)

(b)
. Ri+R» Vi

i Vin < IR—IR (VD,on + VB)

Ipy = e tVs vy, o Batla (v, 4 V)
Ri+R

. Vi < gt (VD.on + Vi)

Ip, = VinVoon Vo VoontVn v Batla (v, 4 V)
2



l_.-".Slope =1/R,

Slope = 1/ (Ry + Ry)

Vin—VB > V —
Ip = Ri+R2 Vin B
Rl BRI VAP V.

Byt (VD on + VB)
Ry )
Vin (V)

RIR;PVD,on
Rl}—{le VD,on

Ri+Ro
‘/in > VB - R—lvD,on

0
Ri+Ro
Ip1 = {_wn+va,on+va Vb vy v RitRay

Ra



Slope = —1/R;

"

Slope = 1/ (R; + R»)

Ri+R
Ve + 1R—12VD,

TV/U,on/Rl -

Vin—Vg - Ri+Ry —
Ip = { Ri+ R, Vin < Vi + 2572 (Vp,on — Vi

Ry

0
Ip1 = {vm—vp,on _ Ybon=Vs

Ro R

‘/1n<v +R1+R2 VDon_VB)
Vin > Vg +R1+R2 VD.on = VB)

)
Yoon=Ve S Vg + &R;lm (VD.on = V)
(
(



IR
Iy

Slope = 1/R2

Ry)
Slope = 1/ (R; + Ry

Ry 11ty (VD,on
Ve + S5

(vD,on -




3.27

()

0
Vout = { Rs

Ri+R2

V;n < VD,on
(V;n - VD,on) V;n > VD,on

Vvout (V)

Slope = R/ (R + Ry)

‘/out -

_VD,on
_Rs /.
Ri+R» Vin
V;n - VD,on

Ri+R
‘/MIL% <R_ lérz 2 VD70n Ri+R
_%VD,on < szn < 11-{] 2VYD,on

Ri+R
V;n > %VD,O’IL




Vvout (V)

R
R_TVD,on .

Slope = 1

Slope = RQ/ (Rl + RQ)

Ri+R
- 1R2 2‘/D,on

Ri+R
1R—12VD,07L

Vin (V)
_VD,on -
()
v L = % (V;n + VD,on) - VD,on szn < _VD,on
in szn > _VD,on
=
Slope = 1
|
_VD,on
Vin (V)

D,on

Slope = RQ/ (Rl + RQ)




0 V;n <V on
Vout = { b

R
m (V;n - VD,on) V;n > VD,on

‘/out (V)

Slope = Rg/ (Rl + Rg)

v o Rll-%ﬁRg (‘/zn + VD,on) ‘/zn < _VD,on
ot szn > _VD,on



‘/out (V)

Slope = R/ (R + Ry)

—/V D,on




3.28

()

IR o 0 szn < VD,on
1= ‘/'Ln_v ,on
ng«z szn > VD,on
I o 0 ‘/zn < VD,on
D1 — ‘/'Ln_v ,on
TE‘Q szn > VD,on
Iz
............ IDI
Slope = 1/ (R; + R»)
VD,on
Vin (V)
(b)
Vin+VD, on Vi < — Ri+Ro VD on
Ry R> )
_ Vin Ri+R Ri+R
IRl - Ri+Ra - 1}%—2 2VvD,on < V;n < 1}%—1 2VvD,on
,on R R
1})%1 ‘/zn > %VD,on
Ri+R
0 V;n < _—11%_2 2VvD,on
— Ri+R Ri+R
IDl - 0 _%VD,on < ‘/’L’n. < %VD,on
Vin—=VbD,on  VD,on - Ri+Ry
Ro R1 szn > R1 VD,on



Ir V'D,on/}%1 n :
............ Ipy
Slope = 1/ (IR1 + Rs)
.+~ Slope = 1
| Lo
— 5V A Voon
D,on/R2 N Vin <V)

Slope = 1/R;

Ri1+R>

Vin+VD,on
o LT Don YL < —VD,on
R1

0 ‘/”1 > _VD,on

Ip, =

0 ‘/zn < _VD,on
O ‘/zn > _VD,on



—/V D,on

Slope = 1/ (R, + R»)

0
IRl = ‘/'Ln_VD,on

Ri1+R2

0
Ip1r = § vi, Vi oon

Ri1+R2

SIS

= N

< VD,on
> VD,on

< VD,on
> VD,on



Slope = 1/ (R; + R»)

IRl—{
IDl—{

Vin+VD,on
LindtVbon  yo < —Vpon

0

0
0

R1+R2
Vin, > _VD,on
Vi < _VD,on
Vip > _VD,on



Slope = 1/ (R, + R»)




329 (a)

Vvi V;n < VD,on
‘/out = VD,on + % (‘/’Ln - VD,on) VD,on < ‘/zn < VD,on + RlR;le (VD,on + VB)
Vvin - VD,on - VB V;n > VD,on + Rl}-{’_le (VD,on + VB)
=
X
Slope = 1
R
Vi.on+ &5 (Voon + Vi) - Slope = Ry/ (R + Ry)
VD,on i I |
VD on VD + BatRy (VD + VB)
Slope = 1 7 o = o
Vin (V)

Vout _ {‘/zn + VD,on - VB ‘/zn < VD,on + RIR;P (VB - 2VD,on)

ﬁ (‘/’Ln - VD,on) ‘/zn > VD,on + RIR;P (VB - 2VD,on)



Slope = RQ/ (Rl + RQ)

‘/out (V)

% (VB - 2VD,0n) ] I
VD,on VR(RLP (VB - 2VD,0n)

Vin (V)
Slope = 1
(c)
Vv _ sz szn < VD,on + VB
out VD,on + VB szn > VD,on + VB
=
3 VD,on + VB 1
N
|
VD,on + VB
Vin (V)

Slope = 1




0 V;n < VD,on

‘/out = ﬁ (‘/’Ln - VD,on) VD,on < ‘/zn < VD,on + RII;;R2 (VB + VD,on)
VD,on + VB V;n > VD,on + Rl}-{’_sz (VB + VD,on)
Z
- VD,on + VB 1
W3

Slope = Rg/ (Rl + RQ)

VD on VD,on + RIRL? (VB + VD,on)




3.30 (a)

0

Ip = Ri1+R2
Vp,ontVE

Vin—=VD, on

Vvin < VD,on
VD,on < ‘/’L’n. < VD,on + RIR;F (VD,on + VB)
Vvin > VD,on + ft Ry (VD,on + VB)

Ry el
0 Vin < Vb + Lt Ry (VD + VB)
]Dl _ v Vo v in ,on R}-T-IR ,on
in R2,on _ ’Olgl ‘/;77, > VD,On + 1R—12 (VD;O"Z + VB)
Ig
............ IDI

VD,on + VB 7

Slope = 1/ (R + Ry)

Slope = 1/R;

I

(b) If Vg < 2VD,on:

0
Ir1 =1Ip1= 4 Vi Vpoon

VD,on + RlRLIRﬁ (vD,on + VB)

‘/in < VD,on

Ri+Ro ‘/’L’n. > VD,on



Slope = 1/ (R + R»)

If VB > 2Vp on:

D L 2 ( B D,on)
R
B—2VD,on Vin < Vb.on \V oV

1
L huon + BB (Vg — 2V on)
R i
- Vini‘}D’on ‘/zn > VD,on
Ip1 = Ip; 2V,

Slope = 1/ (R + Ry)

VB _QVD,on
Ry

Rit Ry (VB - 2‘/D,on)
VD on TF TR




0
IRl - {Wn_VD,on_VB

R,
0
Ip1 =<0

Vin—2VD on—VB

R2

Vvin < VD,on + VB

Vvin > VD,on + VB
Vvin < VD,on + VB
VD,on + VB < szn < 2VvD,on + VB
‘/in > 2‘/D.,on + VB

Slope = 1/R;

_..,.-"'.Slope: 1/ Ry

<O

in—VD, on

Ir1 = Ri1+Ra

Vin—=2VD on—VB

Ry

Vin—=VD,on

Ip1 = Ri1+Ra

Vin—=2VD on—VB

Ry

VD,on + VB 2VVD,on + VB

‘/in < VD,on
VD,on < ‘/zn < VD,on + RIR;F (VB + VD,on)
‘/in > VD,on + RIR;P (VB + VD,on)

‘/in < VD,on

VD,on < ‘/zn < VD,on + Rl];r;b (VB + VD,on)

‘/in > VD,on + Rl};r;b (VB + VD,on)




Slope = 1/ (R + Rs)

Slope = 1/R;

VD,on

VD,(m + RlRL:b (VB + VD,on)



331 (a)

Vin — Vb,on =1.6 mA
R
_ T 6950
= Ip1
B Ay —[0840mv
AVour = TRy
(b) Yin = 2V on = 0.8 mA
Ipy = Ips = T
- 550
Tdl = Td2 = IDl
B v Ay 9605 mv
AVou = gy
’ Vin =2Vb.on _ ) g
IDl = ID2 = T
5950
Tdl = Td2 = IDl
L2 AVi, =[3.05 mV
AVout = R T
(d) Vin = Vbon _ Yoo _y 5400
Ips = 7 o8
_ T _s1670
Td2 = ID2

Rollrae  ny o _Giomv
AVou = Ry [ 1



3.32

()

AVour = Al Ry =

Ip1 =1Ips =1, =3 mA

v
T4l = Td2 = ﬁi = 8.67 Q)

A‘/outi - AI'Ln (Rl =+ ng) =1{100.867 mV

Ip1 = Ips = I;;, = 3 mA

1%
Tal = Ta2 = ﬁ — 8670

Vo = Al =

VD on
Ipo = I;; — — = 2.6 mA
D2 R2
Vi
o = —— =10 Q
Ipo

AVyus = ALy, (Ry || 7g2) ={0.995 mV



{1n

0.1 mh.



3.34

Voon +05V ] ¢

0.5 V-

7r/w 27r/w




3.35

............ Vm(t)
‘/out(t)
V;) -
0.5V ;
—VD,on + 05 V — 27{'/
_V;) + VD,on
_‘/p _



3.36

Vo = Vb.on
V= RpC1fin
V, =35V
Ry =100 Q
Cy = 1000 uF
fin = 60 Hz

Ve - [05 V]



3.37

I,

Vi = <300 mV
i Cifin — o
fin =60 Hz
I, =05A

Iy,
C, > 7(300 V) o =|27.78 mF



3.38 Shorting the input and output grounds of a full-wave rectifier shorts out the diode D, from Fig. 3.38(b).
Redrawing the modified circuit, we have:

D3
Bl
1

+ +
Vin 2D R; § Vour D11

Ll

On the positive half-cycle, D3 turns on and forms a half-wave rectifier along with R; (and Cj, if
included). On the negative half-cycle, Dy shorts the input (which could cause a dangerously large
current to flow) and the output remains at zero. Thus, the circuit behaves like a half-wave recifier.
The plots of V() are shown below.

............ Vin(t) = Vp sin(wt)
Vout(t) (without a load capacitor)
—————— Vout(t) (with a load capacitor)

Vb_
‘/0 - VD,on .




3.39 Note that the waveforms for Vp; and Vps are identical, as are the waveforms for Vpz and Vpy.

—————— 3(t), Vpa(t)
% —
% — QVD,on — L~ . PN
B ke \ / N n
/ \ / \ : \
, . \ ‘/ \
\ / . /
\
\ .
2VD,0n — ! \ / / \
/ \ \

A
{ [
_VD,on 1 \ /
. ¥
A\ E
3 I
—2Vp om -\ I
o
3 J
L\ :
- /!
A\ /)
—Vb + 2VYD,on \\ -
: /
N .
s
—Vo+ Vb.on T




3.40 During the positive half-cycle, Dy and D3 will remain reverse-biased, causing V,,: to be zero as
no current will flow through R;. During the negative half-cycle, D; and D3 will short the input
(potentially causing damage to the devices), and once again, no current will flow through R, (even

though Dy will turn on, there will be no voltage drop across Ry). Thus, V,,: always remains at zero,
and the circuit fails to act as a rectifier.
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3.42 Shorting the negative terminals of V;,, and V,,: of a full-wave rectifier shorts out the diode D, from
Fig. 3.38(b). Redrawing the modified circuit, we have:

D3
Bl
hd 1

+ +
Vin 2D R; §Vout D, 1

Ll

On the positive half-cycle, D3 turns on and forms a half-wave rectifier along with Ry (and Cp, if
included). On the negative half-cycle, Dy shorts the input (which could cause a dangerously large
current to flow) and the output remains at zero. Thus, the circuit behaves like a half-wave recifier.
The plots of V,,(t) are shown below.

............ Vin(t) = Vi sin(wt)
Vout(t) (without a load capacitor)
(t) (with a load capacitor)

V'O_

7r/w sz/w
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e
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3.44 (a) We know that when a capacitor is discharged by a constant current at a certain frequency, the

ripple voltage is given by ﬁ, where [ is the constant current. In this case, we can calculate the
current as approximately %‘?"’” (since V,, — 5Vp oy is the voltage drop across Ri, assuming
Ry carries a constant current). This gives us the following:

1V, —5Vp on
VRN_P D,

T2 RiCifin
V,=5V
R =1kQ
C7; =100 uF
fin = 60 Hz

Vi - (16667 mV]

(b) The bias current through the diodes is the same as the bias current through R;, which is
Ye—2Vben = mA. Th have:
o = 1mA. Thus, we have:

L ?’ldg Vi =[12.06 mV
1 Td



3.45

Vin(t)

| Vo—VB1—VD,on
Ry

R1

s 0 Vin < VbD,on + Vb1
B e A 0
I %ﬁn—’_m szn < _VD,on - VBZ
P2 0 szn > _VD,on - VBZ
,,,,,,,,,,,,,,,,,, Vm(t)
Ipi(t)
—————— Ips(t)
Vo
VD,on + VBI n
0 ‘\
\ /'
\ /
\ / \ ,
\ / vy
N/ N
_VD,on - VB2 n
) L e
—7/w 0 T /w

| —VW+VB1+VD,on

]Dl(t) and ]D2<t)
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4.4 According to Equation (4.8), we have

We can see that if W increases by a factor of two, then ‘ Ic decreases by a factor of two |.
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4.11

Ver =15V — Ig(1kQ)
~ 1.5V —Io(1kQ) (assuming 8 > 1)

Ic
=Vrln| =
Tn<k>

Ic =775 pA
VX =~ Ic(l kQ)

=[775 mV]



4.12 Since we have only integer multiples of a unit transistor, we need to find the largest number that
divides both I; and I3 evenly (i.e., we need to find the largest a such that I; /x and Is/x are integers).
This will ensure that we use the fewest transistors possible. In this case, it’s easy to see that we should
pick = 0.5 mA, meaning each transistor should have 0.5 mA flowing through it. Therefore, I; should
be made up of 1 mA /0.5 mA = 2 parallel transistors, and I5 should be made up of 1.5 mA /0.5 mA =3
parallel transistors. This is shown in the following circuit diagram.
"

Now we have to pick Vp so that Ic = 0.5 mA for each transistor.

VB = VT In (I—C)
Is

= (26 mV)In (

- [zav]

5x 1074 A
3 x 10716 A
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4.15

VB - VBE _ IB
Ry
_Ie
g
Ic = Rﬁ [VB —Vr ln(IC/IS)]
1

Ic:
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4.17 FiI’St, note that VBEl = VBE2 = VBE'

Ve = (g1 + Ip2)R1 + VBE
R
= ?I(IX + Iy) + Ve In(Ix /Is1)
5

Iso = 5151

5
:>IYZ§IX

8R
Vg = 3—511)( +Vrin(Ix/Is1)
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4.21

Ver =[08 V]

Ic = ISeVBE/VT

- [55mA]

Vee = Vee — IcRe
_

(1 is operating in forward active. Its small-signal parameters are

o = Lo/ Vo = [T10 5]
1o = g ~[1110]
ro =[00]

The small-signal model is shown below.

Be— C
+
E
(b)
Ip =10 },LA

Io = 815 = [LmA]
VBE = VT ln(Ic/Is) =724 mV

Ver = Vee — IcRe
=

(1 is operating in forward active. Its small-signal parameters are

= IV =

S Y
ro =[9]

The small-signal model is shown below.

Be— C

+
Tr §’Uﬂ' ImUr




_Voc-Ve _ 140

Ig = = 1
E RC ﬁ C

I — ﬁ VCC — VTln(Ic/Is)
“T1+8 Re

Io =
Ve = Ve ln(Io/Is) =
Ver = Vip =

(1 is operating in forward active. Its small-signal parameters are

gm =1Ic/Vr =

re = Blom - 2650
ro =[9]

The small-signal model is shown below.

Be— C

+
T'r § U ImUrn




4.22

Ig =10 pA
VBE = VTIH(Ic/Is) :

Ver = Voo — Ie(1kQ)

=Voeo - #(1 kQ2)

=[099 V]

Q1 is operating in forward active. Its small-signal parameters are

gm = Ic/Vr =[38.5 S
re = 8/om =[26 k0]
ro =[]

The small-signal model is shown below.

Be— C
+
’I”ﬂ-g’l)ﬂ- dmUr
E
(b)

7 :Vcc—VBEzl—i-/BI
L 1kQ 3 ¢
I _ ﬁ Vcc—VTln(Ic/Is)
T 118 1kQ

o = [126mA]
VBE‘ = VTIH(Ic/Is) :
Vor = Ve =[130mV]

()1 is operating in forward active. Its small-signal parameters are

o = 1o/ Ve ~ (53 05]
rx = B9 = [20780]
ro =[0]

The small-signal model is shown below.



Be— C

Tr g’l}ﬂ- gmUr

IEzlmA

Ver = Ve ln(Io/Is) =
Ver = Ve =

(1 is operating in forward active. Its small-signal parameters are

gm = Ic/Vr =[38.1 mS]
A T
ro =[]

The small-signal model is shown below.

Be— C
+
rﬂgvﬂ' gmvﬂ'
E
(d)
IE =1mA

le = 1 =[099 mA]

VBE‘ == VTIH(Ic/Is) :
Vor = Vpp =[724mV]

Q1 is operating in forward active. Its small-signal parameters are

o = 1o/ Ve ~ [T 8]
re = Bgm = [203501]
ro =[0]

The small-signal model is shown below.
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4.31
IC = IsevBE/VT 1 + —VCE
Va
IcTotar = nlc

=nlge"BP/VT (14 —VCE
Va

ale
9m,Total = BVBE

= ngm

=|n x 0.4435 S

1
I Total = BIC,Total

o Total = (aIB,Total>
w,Total —
’ OVBE

(IC,Total ) !
BVr

()
-\ BV

Tr

Q

n

225.5 Q
= (assuming 5 = 100)
n

o aIC’,Total -
To,Total = m

IC,Total !
Va
Va

nlc
To

n
693.8 Q

n

Q

The small-signal model is shown below.
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4.32 (a)

Ver = Ver (for Q1 to operate at the edge of saturation)
Vrin(Ic/Is) = Voc — IcRe
Io = 885.7 pA

Vi = Vip (255 m]

(b) Let I, Vi, Vig, and VY correspond to the values where the collector-base junction is forward
biased by 200 mV.

Vi = Vip + 200 mV
Vi In(IL/Is) = Vee — I Re + 200 mV
I}, =984.4 pA
Vh =1731.3mV

Thus, Vg can increase by V} — Vg = if we allow soft saturation.
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4.34

Ve = Voo — IgRp
VT ln(Ic/Is) = VCC - ICRB/ﬁ

Ic = 1.67mA
VBC = Vcc — IBRB - (VCC - ICRC)
< 200 mV
IcRc — IpRp < 200 mV
200 mV + I
Re < 200wV F Islis
Ic
~ 200mV + IgRp/f
— i

e <[11214]
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4.41

Ves = Vge (for Q1 to operate at the edge of saturation)
Voo — IpRp = Veoe — IcRe
IcRp/B = IcRc
Rp/B = Rc
8= Rp/Rc

= [100]
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444 (a)

Ig =2 uA
Ic = pIp
:
Vis = Ve ln(Io/Is)
]
Vec = Voo — Ie(2 k)
1+06

= Voo — I0(2kQ)

=[21V]

Q1 is operating in forward active. Its small-signal parameters are

o = 1o/ Ve ~ (L5 m5]
re = 3o =[50
ro =[9]

The small-signal model is shown below.

Be— C
_|_
E
(b)
e Vee — VeB
B 5 kO
1 —l—ﬁI _ Voo — Vr 1D(Ic/Is)
g 5 kQ

Ve - [f52mV]
Vec = Ven — [152mV]

(1 is operating in forward active. Its small-signal parameters are

o = 1o/ Vo =[BT 5]
re = B9 = [10230]
ro =[o9]

The small-signal model is shown below.
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()
1
IE = —;ﬂfc = 0.5 mA

Ve =971 mV]
Ve = Vs =[971 mV]

Q1 is operating in forward active. Its small-signal parameters are

= IV =

r2 = /g ~ 5250
ro =[]

The small-signal model is shown below.
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4.49 The direction of current flow in the large-signal model (Fig. 4.40) indicates the direction of positive
current flow when the transistor is properly biased.

The direction of current flow in the small-signal model (Fig. 4.43) indicates the direction of positive
change in current flow when the base-emitter voltage vy, increases. For example, when vp. increases,
the current flowing into the collector increases, which is why 4. is shown flowing into the collector in
Fig. 4.43. Similar reasoning can be applied to the direction of flow of i, and 4. in Fig. 4.43.
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453 (a)
Vepa <200 mV
IcoRe < 200 mV

Ieo < 400 pA
Vep2 = VE2
=VrIn(Ie2/1Is2)
< 741 mV
% ppaRe <200 mV
14 32
1%52 ! ;151 Io1Re < 200 mV
Io1 < 396 pA
Vee1 = VrIn(Ic1/Is1)
<712 mV
Vin = VBE1 + VEB2
<
(b)
Ioy = 396 pA
I = 400 pA
Tol =
re =
To2 =
The small-signal model is shown below.
B Cq
+ + =
Vin Tr1 §'Uﬂ—1 Im1Urx1
= E;/Eq
T2 ng2 ? Im2VUr2
+
B, Co —=evou
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4.55 (a)

Voo < 200 mV
Ver2 — (Voo — Ic2Re) < 200 mV
Virin(Ico/Is2) + Ic2Re — Voo < 200 mV

Ioo < 3.80 mA
Vero < 799.7 mV

1+
Ig = 6151 Ich = Ipa = Ica /0
Ich < 75.3 HA

VBEI < 669.2 mV

Vin = VBE1 + VBE2

<1469V
(b)
Ic1 =753 uA
Ico = 3.80 mA

To1 =
gmeo = | 146.2 mS
reo =342 Q
To2 =
The small-signal model is shown below.
B, Cy
+ +
Vin Trl gvﬂ'l Im1VUr1
= E1/B2

=

Cz ® Uout
+
7"71-2§’Uﬂ-2 Im2Ux2 §RC
B 2

+




- -1
@ Iﬁgng—jﬁi‘:"‘éx o A, jg; :—-%5} ;‘@2 =160

@ kz—;. zmﬁ

o 57 - 1 NV
Vig = Veln 252 206 (20 _}= 3274
2 v 3’;&?5
%
" . e ¥ A% 0 ;
e =V =2 4 (e ) = 689.9 mV

) . Kl ma
\V}nm VCC — QCEC:, - VE{B?_":" V,(gg} E =S5 x2 L 0.FT 4 05T

gt

= 1"7?1) = 1.362V
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5.3

(a) Looking into the base of @1 we see an equivalent resistance of 7.1, so we can draw the following
equivalent circuit for finding R;,:

Ry
NN

R Trl

Ry =|Ri+ Ry || 1

(b) Looking into the emitter of ()1 we see an equivalent resistance of g% | 7z1, so we can draw the
following equivalent circuit for finding R;,:

Ry %gil | 771

1
Rin =Ry || — || mm1
g

ml

(c) Looking down from the emitter of )1 we see an equivalent resistance of | 722, so we can draw

1
gm
the following equivalent circuit for finding R;,: ’

Vee
Q1
Rin
S5l

1
Rip, =|7rr1 + (1 + ﬂl) <g— || TTK’Q)

m2

(d) Looking into the base of Q2 we see an equivalent resistance of 7,2, so we can draw the following
equivalent circuit for finding R;,:



Vee

@1

Rin - ‘ Trl + (1 + ﬂl)rﬂ'Q ‘




5.4 (a) Looking into the collector of Q1 we see an equivalent resistance of r,1, so we can draw the following
equivalent circuit for finding Rgq+:

Tol Ry

Rout

(b) Let’s draw the small-signal model and apply a test source at the output.

Rp

= + +
Trl gvﬂ'l Im1Ur1 grol Z.t @Ut
L

Ut
1t = gm1Ur1 + —
Tol
Url = 0
. Ut
1t = —
To1l

(¢) Looking down from the emitter of ()1 we see an equivalent resistance of ﬁ || 722 || 702, SO We
can draw the following equivalent circuit for finding R,q¢: ‘

17 Rout

O

gﬁ || T'r2 || T'o2

2%

1
Rout =|Tro1+ (1 + gmlrol) (rﬂ'l || g— || Tr2 H roQ)

m2




(d) Looking into the base of Q2 we see an equivalent resistance of 7.4, so we can draw the following

equivalent circuit for finding Rgq+:
17 Rout

O

MWV

T2

Rout -

rot + (14 gmiror) (rt || 72) |




5.5

(a) Looking into the base of @1 we see an equivalent resistance of 7.1, so we can draw the following
equivalent circuit for finding R;,:

Ry
NNV

R Trl

Ry =|Ri+ Ry || 1

(b) Let’s draw the small-signal model and apply a test source at the input.

J:_
TTI'1§U71'1 Im1Ur1

it f\)vt

. Ur1
1t = ——— — dm1Ur1
Tr1
Ur1 = — V¢
. Ut
1= —+ gmits
Trl
. 1
1 =V | Gm1 + o
w1
UVt 1
Ry = — = H Tl
123 ml

(¢) From our analysis in part (b), we know that looking into the emitter we see a resistance of
s || z2. Thus, we can draw the following equivalent circuit for finding R;,,:



Vee

1
Rin =|1rr1+ (14 51) (g— l 7°7r2)

m2

(d) Looking up from the emitter of (); we see an equivalent resistance of g% | rz2, sO we can draw
the following equivalent circuit for finding R;,:

Vee

1
§g7n2 || T2
e

1
Rip, =|7rr1 + (1 + ﬂl) <g— || TTK’Q)

m2

(e) We know that looking into the base of Q2 we see Ry, = if the emitter is grounded. Thus,
transistor (1 does not affect the input impedance of this circuit.



5.6 (a) Looking into the collector of )1 we see an equivalent resistance of r,1, so we can draw the following
equivalent circuit for finding Rgq+:

To1 RC

Rout

(b) Looking into the emitter of Q2 we see an equivalent resistance of ﬁ || 72 || o2, SO we can draw
the following equivalent circuit for finding Rq:: '

17 Rout

@1

§RE: L T

gm?2

1
Rout =701 + (1 + gmlrol) (Tﬂ’l || g— || T'r2 H 7’02>
2

m




5.7 (a)
VCC - IB(:[OO kQ) = VBE = VT hl([c/]s)
1
Voo — =1c(100 kQ) = Vi In(Ie/Is)

p
Vep = Veln(le/Is) =
Vep =Voe — 1c(500 Q) =
@1 is operating in forward active.
(b)

I = Ig2 = VBE1 = VBE2
Voo — I (100 kQ) = 2V

Voo — l101(100 k) =2VrIn(Ic1/Is)

B
Iei = Icr =
Vee1r = VBr2 =
Veps = Vg2 =

Verpr = Voo — Ic(1kQ) — Vop
-
Both @, and @4 are at the edge of saturation.
(c)
Veo — 1g(100kQ) = Ve + 05V
Voo — %Ic(l()() kQ) =Vrin(log/Is) + 05V

Ie - (122 mA]

Ve =Vee — Ic(1kQ) — 05V
=[738 mV

Q1 is operating at the edge of saturation.



5.8 See Problem 7 for the derivation of I for each part of this problem.

(a)
Iot = 1.754 mA

o = Ien Vi =
ot = B/ =

100 kO

Tl §vﬂ1 Gm1Un1 §500 0

Ic1 = Ico = 1.034 mA
Im1 = gme = Ic1/Vr =|39.8 mS
Trel = Tr2 = ﬂ/gm1 =12.515k

100 k2
— +
Tr1 gvﬂ'l 9m1Ux1 1k
+
Tr2 §Uﬂ2 Im2Ux2
(c)
Ic1 = 1.26 mA

o = Ion Vi =
ot = B/ =

100 kO

Tr1 §Uﬁ1 Im1Vr1 §1 k)




5.9

Vee—Vee Vee . o
34 kO 6k 73
I :ﬁVCC_VTln(IC/IS) _ VTln(Ic/Is)
© 34 kQ 16 k2

Vae ~ (26 mV ]
Ver = Voo — 1c(3kQ) =

Q1 is in soft saturation.
(b)

I

= ICl
= VBE1
2VpE
16 k2

Voo —2Vee
9 kQ

I

Icy
VBE!L

Ver:

=Ip
= lc2
=Vgr2 = VBE
1
—Ip = %
_ 5VCC — 2VT 111(]01/]5) . 2VT 111(]01/]5)
9 kO 16 kQ

.
=Vpp2 = Vepe =
=Vee —101(500 Q) — Vops =

@1 is in forward active and Q)2 is on the edge of saturation.

(c)

VCC—VBE—O.5V_VBE+O.5V7

12 kQ 13 kQ

Ic =4

_Ic

g

— 1B

VCC — VT ln(Ic/Is) —05V _ VT ln(Ic/Is) + 0.5 Vv

12 k2

Ve = (T3]

Ver = Vee — Io(1kQ) — 0.5V =[987 mV

Q1 is in forward active.

13 k2



5.10 See Problem 9 for the derivation of I for each part of this problem.
(a)
Ic =677 uA
dm — Ic/VT =126.0 mS
Te = B/gm =|3.84 kQ

_l’_
(34 kQ) || (16 k) - gv,r G §3 kQ

101 = Icg = 1.72mA

9m1 = gm2 = Ic1/Vr :
Tr1 = Tr2 = 3/gm1 =

+
(9 kQ) || (16 k) Tr1 §vﬂ Gm1Vz1 <500 Q
+
Tr2 §U7T2 Im2Ur2
(c)
I =1.01 mA

gm = Ic/Vr =[38.8 mS]
A

(12kQ) || (13 kQ) - gv,r G §1 kQ




511 (a)

Ver > Veg (in order to guarantee operation in the active mode)
Voo — 16(2kQ) > Vi ln(Ic/Is)

I < 886 HA
Vec —VBe Ve g _Ic
Ry 3k P 3
VCC - VTln(Ic/Is) o VTln(Ic/Is) - I_c
Ry 3 k0 ]
IC VT ln(Ic/Is)
R — ] = —
B ( 3 + 30 Voo — Vrin(Ie/Is)
Rn — VCC — VT ln(Ic/Is)
B= T | Vein(Ic/Is)
I¢] 3 k2
Rp >|7.04 kQ
(b)
Vec —VBe Ve g _Ic
Ry 3k P B
. VCC - VT ln(Ic/Is) VT hl([c/]s)
Ie =p -
Rp 3k
Ic =114 mA
VBE =735mV

VCE = VCC — 10(2 kQ) =215mV

Ve = Ve — Vo =



12). 2. V=28V
5k Sk sokn Vo= 25%55;
& I = 29375
Zohl ko Mayaan p _ JoAfy b
1 = [ e SR o
= = 18ISk

s g e O 1 oI5
I, = Is > 15 = SR = F93X0 TmA)

b At the aa’je ?f Saturgtin means Ve — Vg = 0.
(Sﬂ*ft saturstion. ad gllevied D
%ﬁﬁg %ﬁ;ﬁ

Vig= 25 - 1¢ (5:’%) . which 1= 513 fg{ -y

S0 Ve = 25@%?&” e

{3k )

Selve Fux ef;fwffm .

Vae = 0.4

2 8 (M%E)
= e gt - e
ZS eﬁ?ﬁf/%’) - @ Vae /) -~ zglﬁ[u}{j@ {MA )




5.13 We know the input resistance is R;, = Ry || Rz || r=. Since we want the minimum values of R; and
Ry such that R;, > 10 k2, we should pick the maximum value allowable for 7., which means picking
the minimum value allowable for g, (since rr « 1/gy,), which is g,, = 1/260 S.

1
Im = 260
IC = ngT =100 LLA
VBE = VT hl(]c/]s) =760 mV

1

IB:§:1HA
VCC_VBE_VBE:I
I R, °

Vee — VBE

Rl: I +M

B Ro

rﬂ:£:26kQ
9Im

Rin = R1 || Rz || rx
- (%) | Ba | s
> 10 kO

r, > (35570

Ry > [52.32 k0]



5.14

Ic 1
m:_>_s
Im = Y =96
rﬂ:£:2.6kﬂ

9Im
Rin =Ri || Ra || 7

< T

According to the above analysis, R;, cannot be greater than 2.6 k2. This means that the requirement
that R;, > 10 kQ cannot be met. Qualitatively, the requirement for g,, to be large forces r, to be

small, and since R;, is bounded by r,, it puts an upper bound on R, that, in this case, is below the
required 10 k).



5.15

Rout = RC = RO

Ay = —gmBRc = —gmRo = —V—Ro = —Ay
T
Ao
Ic = —V,
=RV

_Vr Ro
Tﬂ—ﬁIC—BAO

AoV,
VBE:VTln(Ic/Is):VTln 0T
Rolg
Vec —VBe  Vbe :IB:I_C
Ry Ry B
Veo — Ve
By= 72 + Vor
B8 R2

Rin=Ri || Rz || 7=

Vo — Vrln (42 -
= 2 _
%C + E—Tzln (—AOVT) Ao

Rols

In order to maximize R;,, we can let Ry — oo. This gives us

A
ﬁVCC—VTln(R‘;‘g) 5o
Ic Ao

Rin,ma;ﬂ =




516 (a)

I = 0.25 mA
VBE = 696 mV
Vec = Ver —Iplp _ Vb +IplE _ Iy = Ic
Ry Ry B
Vee = Ve — %ICRE
te I VBE+§ICRE

- [

(b) First, consider a 5 % increase in Rp.

Rrp =210Q
Vec = Ve —IpRep _ Vpe +IpRp _ Iy — Ic
Ry Ry g
Veo —Veln(lo/Is) — 2 IcRe  Vrin(le/Is) + “21oRp .o
Ry - Ry P
Ic =243 },LA
IC - IC,nom
T Tonem M0=
Now, consider a 5 % decrease in Rg.
Rp =190 Q2
Io = 257 A

fe —Ienom 100 ~[ 2.8 %]

IC,nom



5.17

Ver > Veg (in order to guarantee operation in the active mode)
Vee — IcRe > Vp ln(IC/IS)

Io < 833 uA
Voo —Vee —IgRp Ve +1eRE . Ic
30 k2 Ry B~ 3
Vi IgR
Ry = BE +1gRE

Vec—Vee—IgRE _ Ic
30 k2

Vrin(lo/Is) + “2 10 Rp

Voc—Vrin(lc/Is)=*2IcRe 1.
30 kQ B

Rz <2066 k0]




5.18 (a) First, note that Vg1 = Veg2 = Vig, but since Is; = 2Iga, Ic1 = 2Ice. Also note that

p1 = B2 = 3 = 100.
It Iciv Voo —Vee — (Up1 +Ig2)Re Vee+ (U1 + Ip2)RE
Bl = — = -
ﬁ Rl Rg
Voo —Vrin(Ie1/Is1) — %%101315 Vrin(Ic1/Is1) + %%101315
Ier=p 7 - 7

(b) The small-signal model is shown below.

Rc
+ + =
Ry Ry Tl ngl T2 gUWQ Im1Vr1 Im2Vr2
Rg
We can simplify the small-signal model as follows:
Rc
+ =
Rl H RQ Tr1l || T7r2§v7r Im1Vx Im2Vr2

Rp



gm1 = Ic1/Vr :
rr1 = B1/9m1 :
Gm2 = oo /Vp =
Tr2 = B2/gm2 :



5.19 (a)

Vee — 2VBe1

I = Ig2 = VeE1 = VBE2

2Vpe1 e

9 k0 B

6k P 5

. VCC - 2VT 111([01/]51) 2VT 111([01/[51)
Ior=h 9 kO BTy

Icr =1Ic2 =
Vep1 = Vpr2 = VrIn(lo1/1s1) =
Vegs = VBr2 =
Ve = Vee — 1c1(100 Q) = Vops =

(b) The small-signal model is shown below.

(9kQ) || (16 kQ)

_|_

Tﬂlgvﬂ’l Im1Ur1 100 Q
+

T2 §UT(2 Im2Ur2

1
gt = gz = - = [OLLuS]

ml
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5.22

Voo — I5(500 Q) — I5(20 kQ) — I5(400 Q) = Vg
144

1
3 1c(500 © + 400 Q) — —=1c(20 kQ) =Vr ln(Ic/Is)

B
VBE == VTln(Ic/Is) :

Ver = Voo — Ip(500 Q) — T5(400 Q)

=Voc — 1;610(500 Q +400 ) =[1.060 V

Vee —

Q1 is operating in forward active.



5.23

Ve < 200 mV
Voo —Ip(1kQ) — IgRp — (Voo — Ip(1kQ) — I(500 Q) < 200 mV
I (500 Q) — IpRp < 200 mV
IpRp > Ic(500 Q) — 200 mV
Voo —Ip(1kQ) — IgRp = Vg = VpIn(Ig/I5)
144

Voo — ch(l kQ) — I(500 ) 4+ 200 mV < Vp ln(Ic/Is)

Ic > 1.29mA
I1(500 Q) — 200 mV
1

C

B

>[34.46 kO]

Rp >




243 40 Ti’i’,&x&gi‘j
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525 (a)

101 =1mA
VCC - (IE‘l + IEQ)(5OO Q) = VT 111([02/[52)
1+ 1+
Voo — < 3 6[@1 + TﬁICQ) (500 Q) =Vr 111([02/[52)
Ics = 2.42 mA

Ve — (IE1 + IEQ)(5OO Q) =Vr 111([01/151)

1+ 1+
Ve — (75101 + ﬁICQ) (500 Q) =Vr 111([01/151)
Ve =(2.68V
(b) The small-signal model is shown below.
200 2
Trl gvﬂ'l T2 §U7T2 Im1VUr1 Im2Ur2

500 Q

gm1 = Ic1/Vr =
rr1 = B1/9m1 :

gm2 = Ic2/Vr :
Tro = B2/gma :



526 (a)

Vee — Ip(60 kQ) = Vi

VCC - 10(60 kQ) = VT ln(Ic/Is)

T = [La7amA]
Vg = Vrln(Io/Is) =
Ve = Voo — 10(200 Q) =

1
ﬁpnp

@1 is operating in forward active.
(b)
Voo — Ver1 — IB2(80 k) = Vips
VCC - VT 111([01/15) - 132(80 kQ) = VT ln(ICQ/IS)
Brpn
1+ Bnpn
_ Bopm
1+ Bnpn
_ Brpn 1 4 Bpnp Ico
I+ ﬁnpn Bpnp

) ICQ(SO kQ) = VT ln(Icg/Is)
ﬂpnp

Veez = Veln(Ioe/Is) =
Veer = Veln(Ie1/Is) =
Veer = Ve =

Vere = Voo — Verr — I02(300 Q)
=|1.585V

Q1 is operating on the edge of saturation. ()2 is operating in forward active.

Ici = ——— I

——1Ipo

ﬁnpn . 1+ ﬁpnp . @
1+ Bnpn ﬁpnp IS

VCC — VT In (



5.27 See Problem 26 for the derivation of I for each part of this problem.

(a) The small-signal model is shown below.

60 kO
L T
I gvﬂ GV § 200 O
L
Io = 1.474 mA

re = 2 - [L76430)]

Im

(b) The small-signal model is shown below.

I
Tﬂ’lgvﬂl Im1Urx1

Ic1 = 680 pA

9Im1
Ico = 674 pA

m2
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5.30

Voo — Ie(1 k) = Vge = Vip (in order for 1 to operate at the edge of saturation)

= Vrin(lc/Is)
Ic = 1.761 mA
VEB =739 mV
Vec —Ves  Ves :IB:I_C
Ry 5 kO 3
Rp = 9.623 k)

First, let’s consider when Rp is 5 % larger than its nominal value.

Rp =10.104 k2
VCC — VT ln(Ic/Is) _ VT ln(Ic/Is) _ I_C

Rp 5k B
Ic = 1.411 mA
VEB =733 mV

Vee = Voo —Ic(1k2) =1.089 V
Vep =| =355 mV | (the collector-base junction is reverse biased)

Now, let’s consider when Rp is 5 % smaller than its nominal value.

Rp =9.142 kQ
VCC - VT hl([c/[s) _ VT hl([c/]s) _ I_c
Rp 5 kQ B
Ic = 2.160 mA
VEB = 744 mV

VEC = VCC — Ic(l kQ) =340 mV
Ve =|405 mV | (the collector-base junction is forward biased)



5.31
Voo +1c(5K2) Voo —Vec —Ic(5k) __ Ic

10 kQ 10 kQ BT
Vee = 300 mV
Ic =194 HA

Vep = Vrin(Ig/Is) = 682 mV
Voo —IgRp — Io(5kQ) = Ve = Vep + 300 mV
1+p
B

IcRp — Ic(5 kQ) = Vgp + 300 mV

e = (27700

Veeo —

Let’s look at what happens when Rp is halved.

Rp = 1.383 kQ
Vec —1gRg —Vep  Vec — (Vec — IgRi — Vi) S e

10 kO 10 kO P8

5VCC - %ICRE = Vrn(Ic/Is) gvcc _ (VCC B %ICRE —r m(IC/IS)) —
10 K0 10 k0 -

Io = 364 pA

VEB = 698 },LV

Ve = 164 pV

Thus, when Rpg is halved, @ operates in deep saturation.



5.32

VCC - 13(20 kQ) - IE(16 kQ) = VBE = VT hl([c/]s)

I 1
Vo~ 12.2010) - L 1001610) = Vi — V(i 1)
Ic
Is = [Voo—1¢ (20 k) - L5210 (1.6 k)| /-
elVee—5 g foll T
I():lmA

Ig =[3x107" A
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5.38 (a)

Rin =1|Tr1
1

Rout - H Tr2
Im

1
Av =|—9m1 <RC + g— || T7'r2)

m2

Rin =1|Tr1

1
Rout = RC + g— H T'r2

m2

(d) Let’s determine the equivalent resistance seen looking up from the output by drawing a small-
signal model and applying a test source.

Re

+
'Ut@ Ty Tﬂzgvﬂz Im2VUr2

. U2
1t = —— + Gm2VUn2
T'r2
Ur2 = Ut
. 1
U =V | — + gm2
T'r2
Ut 1
—=— | ra2
(23 gm2
1
A’U =|—9mi1 <— || Tr2
gm2
Rin =|Tr1
1
Rout = | H Tr2
gdm2




(e) From (d), we know the gain from the input to the collector of Q1 is —gm1 (gﬁ I Tﬂ—g). If we find
the gain from the collector of Q)1 to veyut, we can multiply these expressions to find the overall
gain. Let’s draw the small-signal model to find the gain from the collector of Q1 to vyyt. I'll refer
to the collector of ()1 as node X in the following derivation.

(1
Ux
C

Thus, we have

Re
AN ® Uout
+
Tr2 §U7T2 Im2Ur2
VX — Vout = Gimav
- 5  — Ym2Un2
Re
Ur2 = UX
VX — Vout Gma¥
75  — Ym2UX
Re

_ Vout
R gm2 | = RC

Vout

=1- ngRC
vx

A, =

1
—9mi1 (g— || 7'71'2) (1 - gm2RC)

m2

Rin = [7z1]

To find the output resistance, let’s draw the small-signal model and apply a test source at the
output. Note that looking into the collector of Q1 we see infinite resistance, so we can exclude it

from the small-signal model.

Re

Vv
+

T'r2 §U7'r2

+

Im2Vr2 Ut @Ut

L



Un2
+ J—
2 T
gm2Ur
i =

T2
— 5 Ut
Tr2 | Ut
Tr
Rc
- Tr2 + . o
U2 - )
(gm2 + oo
i =

Ut

Rout = i




5.39 (a)

1
Ay = | —gom (rol |2 e 7’02>

m2

Rin =|Tr1

1
Rout = |To1 H H Tr2 || T'02
9dm2

1
Ay =] —gm1 {7’01 H (Rl b e 2)]

m2

Rin =1|Tr1

1
Rout = |To1 H (Rl + g— H T'r2 || TOQ)

m2

m2

1
Ay =| g [rol H <Rc L] 2>]

Rin =|Tr1

1
Rout =1To1 H (RC + g— || Tr2 H 7'02)

m2

(d) Let’s determine the equivalent resistance seen looking up from the output by drawing a small-
signal model and applying a test source.

Re X
AA'A%

_|_

_|_
Ut @ it Tr2 §U7T2 Im2Ur2 gro2




i =
T'r2 RC
VX — Ut
R + Im2Ux2 + — = 0
C 02
Un2 = Ut

1
i = — a T 5 5 — Y9m o R
B Tﬁ2+ c Rcvt<Rc 92)(T2| c)
1 1 1 1
= V¢ |:— + = - = (_C _gm2> (7‘02 H RC)j|

- 1 + 1 + 1 To2
- rr2 B¢ Jm2 Rc ) ro2 + Re

) roo + R, 1
L =1 || Re || -5 ]

1t

Av =|—9mi1 (rol H T2 || RC H

ro2 + Ro 1
To2 gm2 — RLC

To2 + RC 1 1
c

Rin =1|Tr1

Rout =701 H T'r2 || Re H Too Gmo 1
o m2 T RS

(e) From (d), we know the gain from the input to the collector of Q1 is —gm1 ( 7o1 || 72 || Ro || | Zeztie —11—} ) .

To2  gma— g
If we find the gain from the collector of @1 to vy, we can multiply these expressions to find the
overall gain. Let’s draw the small-signal model to find the gain from the collector of Q1 to vyy:.
I'll refer to the collector of @)1 as node X in the following derivation.

Yite]
NN ® Uout

+ -

vx @ T7'r2§v772 Im2Ux2 §T02

-



Vout — VX Vout
——— t gm2Ur2 + =0
RC To2
Ur2 = VX
Vout — VX Vout
——F—— t 9m2Ux + =0
RC To2

1 + 1 1
Vou -5 — | =7 - — 9m
"\Rc ' 702 *\Re ~Im

Vout 1
=\ 75 " 9m R o
vx (Rc 92)( c |l ro2)

Thus, we have

ro2 + Re 1

1
02 gm2 Rc

A’U =|—9mi1 <rol || T2 H RC ||

) (25— ome) (e 7o)

To find the output resistance, let’s draw the small-signal model and apply a test source at the
output. Note that looking into the collector of ()1 we see r,1, so we replace 1 in the small-signal
model with this equivalent resistance. Also note that r,o appears from the output to ground, so
we can remove it from this analysis and add it in parallel at the end to find Rgq:.

Re
NV
+ +
Tol § T2 § Ur2 Im2Ur2 it @ Ut
—

U2

Rin =1|Tr1

it = gm2Ur2 +
Tr2 || To1l

Tr2 || Tol
—————U¢
Tr2 || o1 + RC

i = (g + 1 ) T'r2 || To1l v
t — 2 t

" Tr2 || Tol Tr2 || o1 + RC
%%

Ur2 =

Rout =To2 || 3
1t

o 1 Tr2 H To1 + RC
=|roz2 || . | 772 | 701 | —————
m2

Tr2 || To1l
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5.43

R
Ay = _170
o + (200 Q)
___ B
4+ (2000)
= —100
Vr
Re = 100— + 100(200 €2)
Ic
IcRC — IE(200 Q) = VCE = VBE = VT ln(Ic/Is)

1+
B

We can see that this equation has no solution. For example, if we let I = 0, we see that according to
the left side, we should have Vg = 2.6 V, which is clearly an infeasible value. Qualitatively, we know
that in order to achieve a large gain, we need a large value for Rc. However, increasing R¢ will result
in a smaller value of Vg, eventually driving the transistor into saturation. When A, = —100, there
is no value of R that will provide such a large gain without driving the transistor into saturation.

Io (100¥—T +100(200 Q)) - 1(200 Q) = Vi In(Ic/Is)
C
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5.46

(a)

Lo

9m1

_Rl—i_gﬁ H 72

REg

Rin = |7z + (1+ B1)Rp|

1
Rout = Rl + — || T2

gm?2

=

A, =|— ¢

9m1 gm?2

! + ! ||T772

Rip =|rm1+ (14 51) <

1
— || 2
gm?2

Rout =

Rin: RB+T7T1+(1+51

1
) (— 7o
gm2

)

Rout =

Re

gm1 gm?2

l—l—lHT‘,Tg—l—%

Rin: RB+T7T1+(1+51

1
) (— 7o
gm2

)

Rout =




5.47 (a)

_RC"'ﬁ H T'r2

L 1+ Rp

9m1

Rin =|rm1 + (1+ B1) R |

1
Rout = RC + — H Tr2

9Im2
(b)
1
o _fetgglte  gg e
T .
m‘i‘RE Rc-l-gﬁHTﬁQ
_|_ gﬁ H T2
1
gmi1 + RE

Rin:‘rﬂl+(1+51)RE‘

1
Rout = | || Tr2
m2
(c)
1
A, = _Rc+ - [| 72

T T
gm1 gm3|[T=3

Rin =Tz + (1 +ﬁl) (é)

gm3 ” Tr3

1
Rout = RC + — H Tr2

gm2
(d)
Av | }EC || Tr2
9gm1 + RE

Rin:‘rﬂl+(1+51)RE‘

Roue =
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5.49 (a) Looking into the emitter of Q2 we see an equivalent resistance of g% [ 772 || To2, SO wWe can draw
the following equivalent circuit for finding Rq::

17 Rout

O

1

Gm2 || Tr2 || To2

2%

1
Rout =|To1+ (1 + gmlrol) (rﬂl || g— || Tr2 H 7‘02>

m2

(b) Looking into the emitter of Q2 we see an equivalent resistance of 2 || T”lfﬁf’a

in parallel with the resistance seen when V4 = o), so we can draw the following equivalent circuit

for finding Ryy::
17 Rout

@1

(ro2 simply appears

Sra || e

Tr2 + RB)

Rout =|7ro1 + (1 +gm1rol) (Tﬂ'l H T2 || 1 +6
2

(¢) Looking down from the emitter of @1 we see an equivalent resistance of Ry || rr2, so we can draw
the following equivalent circuit for finding Rq::



Rout =

ro1 + (14 gmiro1) (e || R || 7r0) |




5.50 (a) Looking into the emitter of Q1 we see an equivalent resistance of g% [ 771 || 701, SO we can draw
the following equivalent circuit for finding Rq::

Vee

g% || Tr1 || Tol

Q2

Rout J

1
Rout =|To2 + (1 + ngTOZ) (rﬂ'Q || g— || Tr1 H rol)

ml

(b) Looking into the emitter of ()1 we see an equivalent resistance of r,1, so we can draw the following
equivalent circuit for finding Rgq:

Vee

Q2

Rout J

Rout =

To2 + (1 + ngTOZ) (TTI'Q || rol) ‘

Comparing this to the solution to part (a), we can see that the output resistance is larger because
instead of a factor of 1/g,,1 dominating the parallel resistors in the expression, r;o dominates
(assuming 7,1 > 752).
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5.52

(a)

VCC - IB(IOO kQ) - IE(IOO Q) = VBE = VT hl(]c/]s)

1 1
VCC — BIg(lOO kQ) — ;610(100 Q) = VT 1n(Ic/Is)
IC = 1.6 mA
1kQ
Ay =—g——ro>
. + 100 Q2
gm = 61.6 mS
A=
VCC - 13(50 kQ) - IE(2 kQ) = VT ln(Ic/Is)
I = 708 pA
1kQ
A, = —
v 1 (1 kQ)||(50 k)
am T 1+5
gm = 27.2 mS
A, =|—-21.54
In— I_c . Vee — Ve — IE(2.5 kQ) B VBE —|—IE(2.5 kQ)
BT 14 kQ 11kQ
, Voo —Viln(lo/Is) — H210(25kQ)  Viln(lo/Is) + 52 10(2.5 k)
c=h 14 k0 - 11kQ
I = 163 pA
g 10 k2
v (1 kQ)[[(14 kQ)[[(11 kQ)
L +5000+ 5
gm = 6.29 mS

4, = [T



5.53

(a)

;. _Veo—15V
O TR
=4 mA
VBE = VT ln(Ic/Is) =832mV
Vee =V,
Rp
Ic
8= - =[60]

(b) Assuming the speaker has an impedance of 8 (2, the gain of the amplifier is

Ay = —gm (RC ” 8 Q)

Thus, the circuit provides greater than unity gain.



5.54 (a)

Av — ngC
Ic
m = — = 76.9 mS
g Vr m
A, =138.46
1
Rin - H T'r
9m
Tw = ﬁ = 1.3k
9m

.~ [57)
Rout = RC =

(b) Since A, = gmRc and g, is fixed for a given value of I, Re should be chosen as large as
possible to maximize the gain of the amplifier. V; should be chosen as small as possible to
maximize the headroom of the amplifier (since in order for @)1 to remain in forward active, we
require V, < Voo — IcRe).
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5.56 (a) Looking into the emitter of Q2 we see an equivalent resistance of g% | 72, so we can draw the
following equivalent circuit for finding R;,:

Vee
Ry
1
e
Rin h
R - Tr1 + (]lez H T'r2

(b) Looking right from the base of Q1 we see an equivalent resistance of Ra, so we can draw the
following equivalent circuit for finding R;,:

Vee
Ry
Q1
Ry
Rin -
rr1 + R
Ry =| ——7—
1+ 5

(¢) Looking right from the base of Q1 we see an equivalent resistance of Ry || g% | 772, so we can
draw the following equivalent circuit for finding R;,:



Vee

R

Q1

Ry || o= [l 72

rx1+ Ra || gﬁ | 772

Rin =
1+

(d) Looking right from the base of Q1 we see an equivalent resistance of Ry || 7r2, so we can draw the
following equivalent circuit for finding R;,:

Vee
R
Q1
Ry || 772
Rin -
ra1 + Ro || 7r2
Rin -
1+ 5
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558 (a)

I_Ci Vcc—VBE—IE(4OOQ) Ve + Ig(400 Q)

Is = 3 13 kO 12 kO

Voo —Vrin(Io/Is) = 5210(400 Q) Veln(le/Ts) + 22 10(400 Q)
Io = 13k - 12kQ
Io =

VBE = VT 1D(Ic/Is) =725 mV
Ver =Veoe — Ic(1kQ) — I5(400 ) =|1.07V
Q1 is operating in forward active.
(b)

Ay = gm (1 kQ)
gm = 39.2 mS

A, - [552]



5.61 For small-signal analysis, we can draw the following equivalent circuit.

Ry
Vout ® AAA%

-
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5.61 For small-signal analysis, we can draw the following equivalent circuit.

Ry
Vout ® AAA%

-
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5.63 Since Ig1 = 2[s5 and they’re biased identically, we know that Ico1 = 2I¢s2, which means g1 = 2gm2-

Voutl
- gmlRC - 2gm2RC
Vin
Vout2
— =gm2lc
Vin
- Voutl _ 2Uout2

Vin Vin




R A
Xg%% —g%{: p%-m/ki-—- 5 /& Wag
& | .
s > : f ¥y %Eﬁ \éjf i@?}”ﬁ b ?; izm
= v |
3fe
* R
\?éﬁ g
Xj%ﬂ
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5.67

rr + Rg
Routzm
BVr/Ic + Rs
T 1+ 8
<5Q
I 5 5 I
o=

1+ [J’IE 1183
1%
BULOVE | po (8Ve |

I
B o

1+8 N 1+4
<50

1o > [0 mA]



5.68

(a) Looking into the collector of Q2 we see an equivalent resistance of r,o = 0o, so we can draw the
following equivalent circuit:

Vee
Vin 1
= Vout
goo
A, =
Rin =
1
Rout = | H Tr1l
9dm1

(b) Looking down from the emitter of (); we see an equivalent resistance of qulz | 772, so we can draw
the following equivalent circuit: '
Voo

Vin Q 1

—® Vout

S35 e

1
— || 7r2
Av : gm2 |]‘~ 4
gm1 + gm2 || T'm2
1
Ry = |71 + (1 =+ ﬁl) - || T'r2
9gm2
1 1
Rout = | || Trl || — H T'r2
9Im1 m

(c) Looking into the emitter of Qo we see an equivalent resistance of Zz2tfis
following equivalent circuit:

Tr5, s S0 We can draw the



Vee

Vin Q 1

§T1r2+RS
1+82
Tﬂ2+ﬁRS
o 1+32
Ay = 1 rr2+Rs
gm1 1+82
Tr2 + Rs
Rip =|rm1+ (14 51) (ﬁl—l—iﬂ)
2
1 ro+ Rg
Rowi =| — —_—
out Gm1 || Tr1l H ( 1+ﬂ2

(d) Looking down from the emitter of Q1 we see an equivalent resistance of Rp + g% | 772, so we
can draw the following equivalent circuit:

Vee

Vin Q 1

—® Vout

§RE + L | 7o

gm?2

RE‘F% H Tr2

1 1
m"‘RE"FmH 72

m2

Rin =|Trx1+ (1 + ﬁl) (RE + L)

1 1
Rowt = | -2 7 | <RE + —)
g g

ml m2

(e) Looking into the emitter of Q2 we see an equivalent resistance of q% | 772, so we can draw the
following equivalent circuit: ‘



Vee

Vin Q 1

RE + (]Lz || Tr2 H Tr2

1
A _ gm 9m2
v =

g%"—RE-i-gﬁHTﬂg RE—’_gﬁHT}Q

1 1
m‘i‘RE‘i‘m HTﬂ-Q

1
Rip =|rm1+ (14 51) (RE + 7)
9m2 || T'r2

1 1
Rous = (— | +RE) [P
g g




5.69

(a) Looking into the base of Q2 we see an equivalent resistance of 72 (assuming the emitter of Qs is
grounded), so we can draw the following equivalent circuit for finding the impedance at the base

of Qll

Vee

03}

Req =|rm1 + (14 B1)res |

(b) Looking into the emitter of Q)1 we see an equivalent resistance of q_11 || 771 (assuming the base of

Q1 is grounded), so we can draw the following equivalent circuit for finding the impedance at the
emitter of Qo:

Vee

Tr2 + g% H Tr1

14 Bo

Iov+Ica Bilpr + B2(1+ 51)Ip:
IBl IBl

:‘514-»32(14-51)‘

If we assume that 31, 82 > 1, then this simplifies to (102, meaning a Darlington pair has a current
gain approximately equal to the product of the current gains of the individual transistors.



570 (a)

Rcs =

ro + (14 gmaroz) (rr2 || Ri) |

702 + (1 + gmaroz) (rz2 | RE)
L+ roo + (14 gmaro2) (T2 | RE)

gm1
Ry =[rm + (14 B1) [ro2 + (1 + gmare2) (72 || Re)]]
1

Rowt = | —— || 7 || [roz + (1 gmarea) (a2 || Rp)

m
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5.72

(a) Looking into the base of Q2 we see an equivalent resistance of 7.2, so we can draw the following
equivalent circuit for finding R;,:

Vee

O
§RE | 72

Rin - ‘ Tr1 + (1 + 51) (RE || rol) ‘

Looking into the collector of @2 we see an equivalent resistance of r,2. Thus,

(b) Looking into the base of Q2 we see an equivalent resistance of 7.4, so we can draw the following
equivalent circuit for finding vx /vjy:

Vee
UVin Ql
——eoUx
§RE | rr2
vx __ Relrmlra
Vin g% + RE || T'r2 H Tol
We can find vy, /vx by inspection.

Vout

Ux

—gm2 (Rc || mo2)
A, = X Lout
Vin Ux

Rg |l r r
g2 (Re: || 722) I rr2 [ o1

=+ R || o2 [| 71




5.73 (a) Looking into the emitter of Q2 we see an equivalent resistance of g% | 72, so we can draw the
following equivalent circuit for finding R;,:

Voo
@1
Rin
She 5 e

1
Rin =|Tr1 + (1 +ﬁl) (RE || g— H 7'71'2)

m2

Looking into the collector of @2, we see an equivalent resistance of oo (because V4 = 00), so we

have
Rout =

(b) Looking into the emitter of Q2 we see an equivalent resistance of g% | 7z2, so we can draw the
following equivalent circuit for finding vx /vin:

Vee

Vin Q 1

v Bellg e
Vin gﬁ—’—E || gﬁ H Tr2

We can find vy, /vx by inspection.

Vout

= ngRC
VX

VX  Vout
Av - = .
Vin UX

Rp || == | rx2
= ngRC 1 gm2

1
i TE I T | 72




5.74

Rout - RC =

A’u = _ngC =-10

gm = 10 mS
Ie = g Vi = 260 pA
Voo — Vee :IB:I_C
Rp B

VCC — VT ln(Ic/Is)

Rp=p Te

— [ori]

R;, = Rp || rr = 9.86 kO > 5 k2

In sizing C'p, we must consider the effect a finite impedance in series with the input will have on the

circuit parameters. Any series impedance will cause R;, to increase and will not impact R,,;:. However,

a series impedance can cause gain degradation. Thus, we must ensure that |Zp| = jwch ‘ does not

degrade the gain significantly.
If we include |Zg| in the gain expression, we get:

B¢

"1, (ZsDlRs

A, = :
gm + 1+

Thus, we want ﬁ |Zp] < gi to ensure the gain is not significantly degraded.

1 1 1
1 +6 jWCB dm
1 1 11

1+ 827fCs  10gm

Cp =[788 nF|



5.7
Rout = Re <500 Q

To maximize gain, we should maximize R¢.

e - (509

Voo — IcRe > Vg — 400 mV = Vi ln(Ic/Is) — 400 mV
Ic <4.261 mA

To maximize gain, we should maximize I¢.

Io - (125 mA]

Ic Voo — Ve

I = — =
e Rp
_ I_c _ VCC — VT ln(Ic/Is)
B Rp

s = (100135



5.76

Rout = Re =
|A'u| = gmRc
_ IcRc
=7
> 20
Io > 520 A

In order to maximize R;, = Rp || r», we need to maximize 7., meaning we should minimize I (since
Tp = %)
Io = 520 pA
_Ic _Voc—Var
B Rp
_ Vec = VrIn(Ic/Is)
Rp

Ry =[34310]

Ip




5.77

Rout - RC -

A, = —gmBc
IcRo
-
=—-15
Io = 195 uA

VBE = VT ln(Ic/Is) = 6892 mV
Ver > Ve — 400 mV = 289.2 mV

To minimize the supply voltage, we should minimize Vo p.

Ver = 289.2mV

Vee —Vee
Re

Voo = 679.2mV

:IC

Note that this value of Vg is less than the required Vpp. This means that the value of Voo is
constrained by Vpg, not Vog. In theory, we could pick Voo = Vpg, but in this case, we’'d have
to set Rp = 0 ), which would short the input to Veoe. Thus, let’s pick a reasonable value for Rp,

i - [1009]

Voc — VBe :IB:I_C
Rp g

Vee ~ [@01mv]



5.78

|Av| = ngC
_ IcRe
= v
= AO
Rout = RC
ICRout
A =
0 Vr
AoV
I = ——
¢ Rout
P=1IcVeo
AoVr
= Vi
Rout ce

Thus, we must trade off a small output resistance with low power consumption (i.e., as we decrease
Rout, power consumption increases and vice-versa).



5.79

Vee — VBE

P = (IB +Ic)Vcc
1+
B
=1mW
Ic = 396 pA
Ic
:I = —
Rp P B
Voo — Verln(Ig/1
Rp =8 cc TIn(lc/Is)

Ic
=
Ay = —gmRc
IcRc
-
=-20

e =131

IcVee




2R %Qé y A\i =5
1 E,__ 5 Viud
i w_.._-ﬁ o Rost = Re= 508
22, | FzI, 2 3umy
2
ue

T =W =T, = 32 wh
Ladoml = Rﬂ-?

Av=_RJI . RIL _, R
ReL+Vy 3wt R

ﬁi_x %:S' (\5&2"(9-3) \ge =V, ﬁﬂ( }'- 0. 324
o Ig |0Ig= 0337 wA

R = 25— (0Fak193) - HAK
0-33 o
Ro= (034 +03) _ 30K
1Y 2-0320)
Vg = 25-162- 032 0-5F, Nge = 0-72%,
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5.81
Rout = RC > 1kQ

To maximize gain, we should maximize R,;.

Ro =
Voo — IcRc — IgRp = Vogp > Vg — 400 mV
Voo — IcRe — 200 mV > Vo ln(Ic/Is) — 400 mV

Ic <1.95mA
To maximize gain, we should maximize I¢.
Ic =1.95mA
IgRp = L BICRE =200 mV

e ~[1015]

VCC — IOIBRl — IERE = VBE = VT ln(Ic/Is)

. = [F95079]

9IBR2 — IERE = VBE = VT ln(Ic/Is)

P



5.82

P=(10Ig+ Ic) Vee

1
= (10—C + Ic) Veeo

54
=5mW
Ic = 1.82 mA
1
IpRp = “;BICRE — 200 mV
Rp =
_ Re
v 1
___Bc
1=+ R
=-5
Rc =616 Q
VCC — 1OIBR1 — 200 mV = VBE = VT hl([c/[s)
Ry =|8.54 kQ

9IBR2 — 200 mV = VBE = VT 1D(Ic/15)

7 ~[57914]



5.83
1

R = — =50 Q (since Rg doesn’t affect R;;,)
gm = 20 mS
I = g Ve = 520 pA
1
IgRp — ;ﬁIcRE — 260 mV
Ry =495 Q
AU = ngc =20
Ro =

VCC — 1OIBR1 — IERE = VBE = VT ln(Ic/Is)

. - [203519]

QIBRQ - IERE = VBE = VT ln(Ic/Is)
Ry =120.83 k2

To pick Cp, we must consider its effect on A,. If we assume the capacitor has an impedance Zg and
|ZB| < R1, Ra, then we have:

Re
=T
9m 1+
Thus, we should choose ﬁ |Zp| < qim
1 1 1 11
7 148l = =

T 1+82rfCs 10 gm



5.84

Rout = RC =

Av :ngC =8

gm = 16 mS
TIo = gV = 416 pA
1
IpRp = gﬁlcRE — 260 mV

R - [6199]

Voo —10IpRy — IgRg = Vg = Vp ln(IC/IS)

7y = 36806 k0]

9IBR2 — IERE = VBE = VT ln(Ic/Is)
Ry =|25.878 kQ

To pick Cp, we must consider its effect on A,. If we assume the capacitor has an impedance Zp and
|Z5| < Ri, R, then we have:

e
1 + 1Zs]
Thus, we should choose ﬁ |ZB| < gi.
1 1 1 11
1ZB| = =

1+ 827fCs 10 gm

1+ 0



5.85

Rout = RC =

IcR
Av:ngC: S

=20
Vr

Ic = 2.6 mA
P=Vceo (10]3 + Ic)

I
= Veo <10FC + IC)

- [T5aw]



5.86
P = (Ic+10Ip) Voo

= (IC + 1OI—C) Veeo

g

=5mW
Ic = 1.82 mA
Av = ngC

_ IcRe

= VT

=10
Rc =

1
IERE = %ﬁfcRE =260 mV

Rp =|141.6Q

VCC — IOIBRl — IERE = VBE = VT ln(Ic/Is)

7, ~[52109]

9IBR2 — IERE = VBE = VT ln(Ic/Is)
Ry =|6.155 kQ

To pick Cp, we must consider its effect on A,. If we assume the capacitor has an impedance Zg and
|ZB| < R1, Ra, then we have:

R
A, = <
L + IZBI
9m 1+
1 1
Thus, we should choose 15 |Zp| < -
1 1 1 11
1ZB| = = —

1+32rfCs 10 gm

1+



5.87
1
R;, = — =50 Q (since Rg doesn’t affect R;;,)

m

gm = 20 mS
1o = g Vi = 520 pA
A’U = ngC =20

e = [19]

1
IERE = + ﬁ[cRE =260 mV

Ry =495 0]

To minimize the supply voltage, we should allow 1 to operate in soft saturation, i.e., Vgc = 400 mV.

VBE = VT hl(]c/]s) = 715 mV
VCE = VBE — 400 mV = 315 mV
Voo — IcRc — IgRp = Vog

Ve - [L05V]

Vee —10IgR, — IR = Vg

. = (230519

9IpRy; — IgRg = VpEg
Ry =120.827 k2

To pick Cp, we must consider its effect on A,. If we assume the capacitor has an impedance Zg and
|ZB| < R1, Ra, then we have:

Rc
A=z
9m 145
1 1
Thus, we should choose 15 |Zp| < -
1 1 1 11
I |ZB| — [

T 1+ 82rfCs 10gm
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5.90 As stated in the hint, let’s assume that IpRg > V. Given this assumption, we can assume that Rg
does not affect the gain.

IERE = 10VT =260 mV

R
g7n+ L
gm = 80 mS

IC = ngT = 208 mA
1405
p

IcRg = 260 mV
Rg =124 Q
Vec —IpR1 — IgRg = Vg = VrIn(Ic¢/Is)

7, - (o]

To pick C7, we must consider its effect on A,. If we assume the capacitor has an impedance Z; and
|Z1] < Ry, then we have:

REg
Ay = 1Z1]

1
g—m+RE+ 1+8

1 1
Thus, we should choose 115 [Z1] < -

1| 1 1 11
1+

7il= — _
1 1+ 82rfCr 10 gm
Cy =[12.6 pF

To pick Cy, we must also consider its effect on A,. Since the capacitor appears in series with Ry, we
need to ensure that |Zs| < Ry, assuming the capacitor has impedance Zs.

1 1
Zy=——=—R
2] 2rfCy 10 ©
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6.4

Q(x) = WCOI (VGS — V(l‘) — VTH)
= WCOI (VGS — VTH) — WCOIV(x)

Increasing Vpg

X

L

The curve that intersects the axis at @ = L (i.e., the curve for which the channel begins to pinch
off) corresponds to Vps = Vigs — Vg

(b)

RLocal(x) X ,UQ((E)

RLocal (:E )

Increasing Vpg




Note that Rpocq; diverges at « = L when Vps = Vs — Vg .
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6.15

Ip

Increasing Vpg

Vru Vs

Initially, when Vg is small, the transistor is in cutoff and no current flows. Once Vg increases
beyond Vg, the curves start following the square-law characteristic as the transistor enters saturation.
However, once Vs increases past Vps + Vpy (i.e., when Vps < Vigs — V), the transistor goes into
triode and the curves become linear. As we increase Vpg, the transistor stays in saturation up to larger
values of Vg, as expected.
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6.17
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6.21 Since they’re being used as current sources, assume M7 and M, are in saturation for this problem.
To find the maximum allowable value of A, we should evaluate A when 0.99/p> = Ip; and 1.011py =
Ipy, i.e., at the limits of the allowable values for the currents. However, note that for any valid A
(remember, A should be non-negative), we know that Ips > Ipj (since Vpsa > Vpsi), so the case
where 1.011ps = Ipy (which implies Ips < Ip1) will produce an invalid value for A (you can check this
yourself). Thus, we need only consider the case when 0.99/ps = Ip.

1 w
09913 = 0.995 finCor— (Vi - Vrr)? (14 AVpss)

L
=1Ip1
1 w
= g,uncoxf (Ve = Vem)? (14 A\Vps1)

0.99 (1 4+ A\Vps2) =1+ AVps1

r=[002v]
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5.27

21
Vop —IpRp = Vas = Vru + 7DW
,uncomf

21p 9

D Vpp — Vi — IDR
i Con ™ (Vbp —Vra —IpRp)
! w 2 2 p2
Ip = §Nncowf [(VDD —Vru)" —2IpRp Vbop — Vi) + IDRD}

We can rearrange this to the standard quadratic form as follows:

1 w w 1 w
(§MWCO:ETR2D) I%) - (,U/ncomfRD (VDD - VTH) + 1) ID + ilufncomf (VDD - VTH)2 =0

Applying the quadratic formula, we have:

B (11nCoz ¥ Rp Vpp — Vru) +1) £ \/(Nncom%RD (Vbp — Vru) + 1)2 —4 (340 Cos - Rp (VoD — VTH))2

In =
? 2 (31nCoz T RY)

2 2
11nCos ™ Rp (Vpp — V) + 1 £ \/(Mncom%RD (Voo = Vru) +1)" = (4nCos - Rp (Vop — V)
Mncow%RQD

11nCos ™ Rp (Vpp — V) + 1 £ \/1 +2unCos - Rp (VoD — V)

:U'nCo;E % R%

Note that mathematically, there are two possible solutions for Ip. However, since M; is diode-
connected, we know it will either be in saturation or cutoff. Thus, we must reject the value of Ip
that does not match these conditions (for example, a negative value of Ip would not match cutoff or
saturation, so it would be rejected in favor of a positive value).
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6.33 (a) Assume M; is operating in saturation.

Vas =1V
1 W ,
Vps = Vpp —IpRp = Vpp — §,uncozf (Vas — Vru)” (1 4+ AVps) Rp
Vps = 1.35V > Vgs — Vg, which verifies our assumption
Ip = 4.54 mA

gm = anoz% (Vas —Vru) =
D

J:_ +
Vgs 9ImUgs g To g RD

) =

(b) Since M; is diode-connected, we know it is operating in saturation.

1 w
Vas =Vps =Vpp —IpRp = Vpp — -1t C. (Vas — Vru)® (1 + AVas) Rp

oot
Vas = Vps = 0.546 V
Ip =251 pA

w
gm = unComf (Vas — Vry) =|3.251 mS
To = % =139.881 kQ
D

+
Vgs ImUgs g To g RD

) =

(c) Since M, is diode-connected, we know it is operating in saturation.

ID:1IHA

Im = \/ 2ﬂncom%ID =
D



+
Ugs ImUgs g'f'o

) +

(d) Since M; is diode-connected, we know it is operating in saturation.

Vas = Vps

14
Vbop —Vas = Ip(2kQ) = =11, Co

1
2 “f(

Vas = Vps = 0.623 V
Ip = 588 pA

w
Im = Mncomf (VGS — VTH) =14.961 mS
To = )\% =116.996 kQ2
D

Vas — Ver)® (1+ \Vas) (2 kQ)

ImUgs §T0

1

§2kﬂ

(e) Since M is diode-connected, we know it is operating in saturation.

Ip =0.5mA

gm = 2,“710095%ID :

1
ro = —— =20k
AMp

9ImUgs §T0
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6.38 (a)

— +
Vgs2 ¢ Im2Vgs2 §7’02 RD
Vip &—o
_|_
Vgs1 ¢ 9Im1Vgsi grol
(b)
Vip —o ® Vot
+
Vgs1 * Im1VUgs1 §T01 RD
b
+
* Im2Ugs2 gro2 Vgs2
(c)
Vip &———1— ® Vot
+
Vgs1 ¢ 9Im1Ugs1 grol RD
L o
+
Vgs2 ¢ Im2Vgs2 §r02
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W%\&fﬁ Vg = f’}g V}g_

A

= | bplox W (Vog = [Viul)
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6.43 (a) Assume M; is operating in triode (since |Vgs| = 1.8 V is large).
Vas| =
1 w
Voo = [Vps| = [1p] (500 ©) = 5p,Coa [2 (Ves| = [V l) [Vos| = [Vos || (500 2)

|[Vbs| =10.418 V| < |Vigs| — |Vra |, which verifies our assumption
Ip| =[2.764 mA

(b) Since M; is diode-connected, we know it is operating in saturation.
Vas| = [Vps|
Vb — Vis| = To|(1 k) = S Cox
\Vas| = |Vbs| =
p|=

(¢) Since M is diode-connected, we know it is operating in saturation.

w
T (Vas| = [Vrul)® (1 kQ)

Vas| = |Vbs|
[Vas| = Vpp — lIp|(1kQ) = Vpp — [Ip|(1 k) =
Ves| = Vas| =[0.952 V]

bl :

Npcow (|VGS| - |VTH|)2 (1 kQ)

N | =
SIS



6.44 (a)
Iy Saturation ~ Cautoft

Vop — Vru Vop Vx
M goes from saturation to cutoff when Vx = Vpp — Vg = 1.4 V.
(b)
Ix

Saturation Triode

M goes from saturation to triode when Vx =1+ Vg =14V,

(c)



(d)

IX N N
Vbbb * Vi VL}D Vx
Saturation Cutoff
M goes from saturation to cutoff when Vx = Vpp — Vg = 1.4 V.
Ix| Cutoff . Saturation
Vru Vbp Vx

M goes from cutoff to saturation when Vx = Vg =04 V.
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7.1

Vas =Vpp =18V
Vbs > Vs — Vg (in order for M; to operate in saturation)
Vbs = Vpp — Ip(1 k)
1 w
=V -3 ncow_
DD 2M I
>Vas — Vru

w
f<

(Vas — Vrr)? (1 kQ)



To 8¢t Ivs = I wA

[
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—éﬁ/l(ﬂf [t{),, (\/(U.. \/-ru/ - (XIO“g A

2
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~2
2
(Ves ~ Vo ) = 0.07
Vos= Vrn = 0-3,
e V¢;S = 0 ;
V _ _._,_...&"__..,”_8
S.ihce Grs - Rt'('Rz
R2
- 4
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0. 7 £, = Ezr
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7.3

Vas = Vpp — Ip(100 Q)
Vbs = Vpp — Ip(1 kQ + 100 Q)
> Vas — Vrm (in order for M to operate in saturation)
Voo — Ip(1kQ +100 Q) > Vop — Ip(100 Q) — Vg
Ip(1kQ+ 100 Q) < Ip(100 Q) 4+ Vg
Ip(1kQ) < Vg
Ip < 400 pA

Since g,, increases with Ip, we should pick the maximum Ip to determine the maximum transconduc-
tance that M7 can provide.

ID.maz = 400 pA
21D max
Vas — Vru
21D, maa
" Vb — IDmae(100 Q) — Vg

=[0.588 mS]

Im,max =




2 g.2
LIpe = Lo
100

Zp_g = 2mA.
. a."ft'ah,
Fg)f r, 'fa g‘fﬁ7 i N Safr

Vs 2/ Ves - Mr"‘"
S Vos = Ve - Vs
= ﬂ.g —-(2 x;o’ijxfofi - 0.2

Y-

g;“te' ZDJ = (Mh Cax/ (E“Z—) (VGS - l/?'H/;Z
(%) [§8 min, Wl'\lh (V‘U“ Vf;.}) g M“X’
. Min (-—":_}, P s when (Va;- Vo ):: 0.6\(

2
2xr0 = A (200 57 (F), (08



b/ with (Ves— Ven /2 0

V&; = |

£

S Vfa - 1+ W
Ve > (-2\//?

le ISK Pl - 1.2V,
K! "f‘R:;_
._E..i - 2 .__________@
R
In’?h'{ f'"-re danee = Ra /R ;

W Rk > 3okt —&

Se€¢ R, = Zoka and R,z JooklL
Wil So\'e‘—.’.sw[}/ borh © L @.



7.5

Ip; = 0.5mA
2Ipy
Vas = Vrg +
,uncom%
=0.612V

Vas = —Ip1Ra

Ry = (1224310
11

1
= Voo — —Ip1 Ry — —1
Vas = Vbp 0 p1l 10 p1ls

. 2570



7.6

IDzlmA
20,1
gm_VGS_VTH_m
Vas =06V

Vas = Vpp — IpRp

ko~ 1219



14

€] Tos

2
OS xib"a: IOQK]D'G ( ;o—’ (V%_‘— ‘/'f’f-))
2.8

L M Coxe J( 1) (Vs bin)’

o Vas= 0.534

0.£34
. Ra 0. 05 x1073

i’

K = (0. 68k ST

B Y

Vor = 18 -~ (lIxz x2kR) = 0.1 7, (R, +Re)

4L = B o+ ro. 68k

<. Kq ay 332 0(0




7.8 First, let’s analyze the circuit excluding Rp.

Vi — 20 k€2
“ T 10K+ 20 kO
Vas =Vo —IpRs = Vps = Vpp — Ip(1 kQ+2OOQ)

Vpp =12V

Ip = 600 pA
Vas = 1.08 V

W 2Ip

— = 5 = 12.9758 ~

L 11,Cor (Vas — Vru)
Now, let’s analyze the circuit with Rp.

Vbp

10 kQ§ Ip+ Ir, §1 kO

20k9§ RS§2OOQ
Vo =12V
Vop — Vbs
Ip+1Ig, = —22 D5
DRy = T30 1200 0
VGSZVg—(ID+IRP)RS:VDS+VTH
Vbp — Vps -
Ve ~ Tha o0 alts = Vos + Vi
Vps = 0.6 V
Vas =1V
1 w 2
Ip = = n“ox -
D = 5HnCos (Vas — Vra)

=467 uA
Vbs Voo — Vbs
I Ip, =1 =
D+ lre =10t B = 0 200 0

e = (L1250




7.9 First, let’s analyze the circuit excluding Rp.

Ves =Vop =18V
VDS = VDD - ID(2 kQ) = VGS - 100 HlV

1 w
Vbp — §anozf (Vas — Vrr)* (2kQ) = Vgs — 100 mV
W
— =1]0.255
!
Now, let’s analyze the circuit with Rp.
14535
30 k9§ § 2 kQ
Rp
AAY
—_—
Ir,
—

Vas = Vpp — IR, (30 kQ)
- VGS _VDS - 50 mV

Ip = =
for Rp Rp
VGS = VDD — (ID — IRP) (2 kQ) + 50 mV
1 w
VDD — IRP(?’O kQ) = VDD — (§Mncomf (VGS — VTH)2 — IRP) (2 kQ) + 50 mV

1 w
VDD — IRP(?’O kQ) = VDD — (§Mncomf (VDD — IRP(?)O kQ) — VTH)2 - IRP) (2 kQ) + 50 mV

Ir, = 1.380 pA

re - 2V _ [G51a]

Ir,




I = T (2e0xse7% (3 /(og 0.4/
(!"LU"(().X//
..3 =
f() 0/6)(/&3 -~ % ( }(/08/

Fol' MZ,
0. xro= = o lbx 10 (7‘“;’}*“/(/ 0 &/

Lo Wi 2 Fos
2 A2Sm
7
Ob\‘f r.,.f yesisfance = Yo
Lo 2
= N I,
, - AL
- lop (0,,/ ( ,;,_{/)
> /0 kﬂ//

- L /
= (O-!/] (O.Sx,fc“"/

2 20'(.)1%/



/ /
ﬁam-ﬁ = —,T (/ Ip/
—

= 0:5%70% )

-/

R I N V/

20kSL



7.12 Since we're not given Vpg for the transistors, let’s assume A = 0 for large-signal calculations

also assume the transistors operate in saturation, since they’re being used as current sources.

1 W
IX = §/J,ncomL—11 (VBl — VTH)2 = 0.5 mA
Wy =13.47 Hm
1 W
Iy = §/J,ncomL—22 (VBQ — VTH)2 = 0.5 mA
WQ =195 Hm
1
Rout1 =701 = —— =20 kQ
tl = Tol M

1
Rout2 =To2 = E =20 k)

. Let’s

Since Ix = Iy and ) is the same for each current source, the output resistances of the current sources

are the same.



7.13 Looking into the source of M we see a resistance of gi. Including A in our analysis, we have

1 1

Im tpCos ™ (Vx — Vg1 — |Vrul) (14 AVx)

~Bzg]




Iy = —éﬁ(/w xzmﬁé/('b_gi}
~ 0. 64m)h
= 7
Iy = ’2,'(100 "‘""*6/(2(%
- /,25“”3/
ro o4 =
I
ond T, = 21,

r‘ou.(.,..,‘ - 2 r;q{,”\z

=

( 1-18+F04,"

A §+54)"



fS’ {ij" = {-7952/

r

2
.Ji,__(zowwo"/(o'_ 3/' ( Ve —o0.¢/ (I ¥ o./xe.7

C 1 (e tneg H(reren )
20
x _’Mo.;g/
2(Ve—o04/ = 23 (L% -w/"

\F% (Ve — o4/ = (/.4 - l/g/

/.C?/él/s = 7‘254



(1906) P M,

T, = J’(Zoox/c‘)‘/ (?{'—?/(%—0-4—/2
ry - 2

( | + o.{x 07/

Loy & 0806 l//

, re s ;

) i o 3npi o o
Eor Vk‘ < ‘/B - ‘/rl-;,, AR IR -f;».‘&?‘le_

9‘”4 /IPSQZ > {'Ib_w/

For Va-Vor|> {ng Voo ~ Mu,/‘ My s in hriede
aﬁJ ZDJ# >/Io!2/

For ‘/!2“\/?’14 < Uy and /Vz“%g/</l/{;..v_ _%"L
M i a"‘J MJ ar? In Ea-ﬁ"'?“'ﬁ’oh.

aml Z;g, = /;rp_;z / > G-S‘MA o€ l/xf?. (}f‘/

I’\ Ot[l Cesey Zx_ = ._lp_s, - Zg_;)_ /




7.17 (a) Assume M; is operating in saturation.

Ip =0.5mA

2Ip

Vas = Vra + | ——w
anox%

- [05Y]

Vps = Vpp — IpRp = 0.8 volt > Vigg — Vg, verifying that M is in saturation

Av - _ngD

21p
- “P R
Ves — Vou ©

[



7.18 (a) Assume M; is operating in saturation.

Ip =0.25 mA

2Ip

Vas =Vrg + | ———
/Lnooz%

- [05V]

Vps =Vpp — IpRp = 1.3V > Vgs — Vg, verifying that M; is in saturation

Vas =055V
Vbps > Vas — Vg (to ensure M; remains in saturation)

Vop —IpRp > Vgs — Vry
1 W ,
Vop = s1inCoz— Vas — Vru)“ Rp > Vas — Vru

2 L
w _ 2(Vpp —Vas + Vru)
L /'I”IICOLE (VG’S - VTH)2 RD

= 366.67
20
=33—
0.18
Thus, W/L can increase by a factor of while M; remains in saturation.
A’U = _ngD

w
= _Mncow_ (VGS - VTH) RD

L
w
Av,maw = _Mncom (f) (VGS - VTH) RD

=|—-22



7.19

P=Vpplp <1mW
Ip < 556 uA
Av:_ngD

/ W
= - 2MncowfIDRD

=5
w20

I <018

> (L0000



720 (a)

IDl = IDQ =0.5 mA
Au = —3gm1 (Tol H 7’02)

w 1 1
- — 2 ncom & I
\/ : <L >1 ot (/\11131 | )\sz2>

=—10

(F) -
1

2|Ips|

Vop = Ve =Vrg + | ——~—
11pCos (%),

Vs = [117]
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{A\,i: \?m. (Voo #/¥or)

fmf :\/Zx(zoox/aﬂey(;%—g—] x(o.OOI/

(SIVIC,& ‘/dg‘ ‘s ‘40{ j"‘,fy-, ,

O LS he

(1€ A Vs, / hes hatnimad quﬁ:c‘f o= _P*‘":/

= 66-} m S (S:-. _[1‘7
|
Voo =
f),xI,,,
- )
- 0.0l x {wh
= Jo k JU.

}/02.‘::9::3
(- Ay << A, )

2

X e xie

> §6. 5
7



7.22 (a) If Ip; and Ips remain constant while W and L double, then g,,1 o< \/(W/L), Ip: will not change
(since it depends only on the ratio W/L), r,1 ﬁ will not change, and r,o o ﬁ will not

change. Thus, A, = —gm1 (o1 || 702) ‘will not change ‘
(b) If Ip1, Ip2, W, and L double, then g1 o« /(W/L), Ip; will increase by a factor of V2, re1 ﬁ

will halve, and ry,y o ﬁ will halve. This means that 7,1 || re2 will halve as well, meaning

Ay = —gm1 (To1 || ro2) will ‘ decrease by a factor of v/2 ‘
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@_ Avr = fmz (ro. ¢/ For/

/
Vot = 8- 1S x 0.SmA

> 13.3 kJS..

\

ra;_ ind

0.0 X 0.5mh

- 40 kJU.
\"Vgg//yﬂl:: {DkJ'L

, --;' o -M
LS _/Jix(:o x 107 (k) Q.gMAJ‘(IO k)

v
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7.26

(a)
IDl = IDQ =0.5 mA
21py

Ves1 =Vru + | ———F
pnCos ('),
=07V
Vbs1 = Vas1 — Vry (in order of M to operate at the edge of saturation)
=Vpp — Vase
21
Vas2 = Voo —Vas1 + Vru = Vru + 7DQW
/J'ncow (T
(F).-
2
(b)
A = _Imi
Y gm2
\/2/1'71001 (%)1 IDI
\/2/1'71001 (%)2 ID2
_ | (),
(),

ST

(¢) Since (W/L); is fixed, we must minimize (W/L)3 in order to maximize the magnitude of the gain
(based on the expression derived in part (b)). If we pick the size of My so that M; operates at the
edge of saturation, then if M, were to be any smaller, Vg2 would have to be larger (given the
same Ips), driving M; into triode. Thus, (W/L)s is its smallest possible value (without driving
M into saturation) when M is at the edge of saturation, meaning the gain is largest in magnitude

with this choice of (W/L)s.



727 (a)

A, = —ImL
gm2

o \/ 240 Coq (
\/ 215 Cog (

(%),

(T),

-5

() -]
1

)1ID1

)QID2

w
L

w
L

Vbs1 > Vas1 — Ve (to ensure M is in saturation)

Vop — Vas2 > Vas1 — Vru

21ps 2Ipy
Vop — Vrmg — >
\/Mncow (%)2 \//,LnCO;I; (%)1




7.28 For this problem, recall that looking into the drain of a transistor with a grounded gate and source
we see a resistance of r,, and looking into either terminal of a diode-connected transistor we see a
resistance of qi | 7o

(a)

1
A’U =|—9m1 (rol H - || To?)
g

m2

1
A’U =|—9m1 (Tol H To2 H - || 7'03)
9gms3

1
Ay = | —gm <r01 e rog)
9ms3

m

1
Ay = | —gms <ro2 ol 1 rog)

m3

m3

1
Ay = | —gms <ro2 ol | rog)

(f) Let’s draw a small-signal model to find the equivalent resistance seen looking up from the output.

Rp
—A\W
+ +
Ut@ it Vgs2 Im2Vgs2 §T02
’ L
. v — 1 RD
Zt = gm2v952 _|_ #
To2
Vgs2 = Ut
. v — i R
it = gmavy + Zt T th
To2
, R 1
Zt(1+ D):’Ut<gm2+_)
To2 02
R
v v, et Bp
Z't gm2 + % 1 + Gm2T o2
ro2 + Rp
A —|— po || T2t D
! Jmi ( ol || 1+gm2r02>




7.30 (a) Assume M; is operating in saturation.

ID =1mA
IDRS =200 mV
Rs =200 Q
C
= + Rgs
— RD
- 1
2anoz%ID +RS
=-4
w
7= 1000
21
Ves = Vru + O CDW
n-ox [’
=05V

Vps =Vpp —IpRp — IpRs
=0.6 V > Vgs — Vrpy, verifying that M; is in saturation

, the transistor operates in saturation.

(b) Assume M; is operating in saturation.

E _ 50
L 018
Rgs =200 2
Rp
R ——
V200 Cox W 1p &
=—4
Rp =|1.179 kQ
21p
Vas = Vru + W
/'I”IICOLIJT
=0.590V

Vpbs =Vpp —IpRp — IpRs
=0.421V > Vs — Vg, verifying that M; is in saturation

, the transistor operates in saturation.
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7.42 (a)

Rouwt = Rp = 500 Q2
Ve =Vbp
Vb > Vo — Vrg (in order for M to operate in saturation)
Vop —IpRp > Vpp — Vru

Ip <
(b)
ID = 0.8 mA
1
Rin -
- 1
\/ 2/anoz%ID
=509
% =1{1250
(c)
A'u - ngD
1
m = A S
Im =50
Rp =500Q

A, ~[10



7.43 (a)
Ip =1 =1mA
Ve =Vbp
Vp =Vg —Vryg + 100 mV
VDD —IDRD = VG - VTH + 100 mV

Rp =|300 Q2
(b)
Rp =300
Av - ngD

/ w
= 2,LLnCox fIDRD

=95

T =[oond



7.44 For this problem, recall that looking into the drain of a transistor with a grounded gate and source
we see a resistance of r,, and looking into either terminal of a diode-connected transistor we see a

resistance of = || 7.
gm

(a) Referring to Eq. (7.109) with Rp = —— and g¢,,, = gm1, we have

gm2

1

_ gm
A=l TR,

9m1

(b) Let’s draw a small-signal model to find the equivalent resistance seen looking up from the output.

Rp
—AAN
+

+
%% @ 7:tE Vgs2 Im2Vgs2

I

1y = Im2Vgs2

Vgs2 = Ut
14 = GmaUt
Ut - 1
it B gm2
A, =|Im
9dm2

(¢) Referring to Eq. (7.119) with Rp = %%, R3 = Ry, and ¢y, = g1, we have

1
Rl || gm1 %
RS + Rl ” g% Im2

9dm2

1
Av =|9mi1 (RD + — H TO3)

1
Av =|9m1 (RD + —)

9dm2




7.45 (a)

v 1
X = g (RDI I —>
Vin gm2

= gm2Rp2
Vx
Vout o VX Vout
Vin Vin UX
1
=|—9gmi1gm2Rp2 { Rp1 || —
gm2

1
pam = gmigmaFips ( p1 || gm2> 9m11iD2

This makes sense because the common-source stage acts as a transconductance amplifier with
a transconductance of ¢,,1. The common-gate stage acts as a current buffer with a current
gain of 1. Thus, the current g,,1v;, flows through Rps, meaning v,y = —gmi1vinRp2, so that
Vout —

2t = —gm1Rpa.

This type of amplifier (with Rp; = o0) is known as a cascode and will be studied in detail in
Chapter 9.



7.40

Ip =0.5mA
1
Rin -

I
\/ 2Mncom%ID
50 Q

" = [2000]

L

Vb > Vo — Vpg (in order for M; to operate in saturation)
Vop —IpRp >V, — Vry
Rp <2.4k0

Since |A,| < Rp, we need to maximize Rp in order to maximize the gain. Thus, we should pick
Rp =]2.4kQ | This corresponds to a voltage gain of A, = —g,, Rp = —48.
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7.42 (a)

Rouwt = Rp = 500 Q2
Ve =Vbp
Vb > Vo — Vrg (in order for M to operate in saturation)
Vop —IpRp > Vpp — Vru

Ip <
(b)
ID = 0.8 mA
1
Rin -
- 1
\/ 2/anoz%ID
=509
% =1{1250
(c)
A'u - ngD
1
m = A S
Im =50
Rp =500Q

A, ~[10



7.43 (a)
Ip =1 =1mA
Ve =Vbp
Vp =Vg —Vryg + 100 mV
VDD —IDRD = VG - VTH + 100 mV

Rp =|300 Q2
(b)
Rp =300
Av - ngD

/ w
= 2,LLnCox fIDRD

=95

T =[oond



7.44 For this problem, recall that looking into the drain of a transistor with a grounded gate and source
we see a resistance of r,, and looking into either terminal of a diode-connected transistor we see a

resistance of = || 7.
gm

(a) Referring to Eq. (7.109) with Rp = —— and g¢,,, = gm1, we have

gm2

1

_ gm
A=l TR,

9m1

(b) Let’s draw a small-signal model to find the equivalent resistance seen looking up from the output.

Rp
—AAN
+

+
%% @ 7:tE Vgs2 Im2Vgs2

I

1y = Im2Vgs2

Vgs2 = Ut
14 = GmaUt
Ut - 1
it B gm2
A, =|Im
9dm2

(¢) Referring to Eq. (7.119) with Rp = %%, R3 = Ry, and ¢y, = g1, we have

1
Rl || gm1 %
RS + Rl ” g% Im2

9dm2

1
Av =|9mi1 (RD + — H TO3)

1
Av =|9m1 (RD + —)

9dm2




7.45 (a)

v 1
X = g (RDI I —>
Vin gm2

= gm2Rp2
Vx
Vout o VX Vout
Vin Vin UX
1
=|—9gmi1gm2Rp2 { Rp1 || —
gm2

1
pam = gmigmaFips ( p1 || gm2> 9m11iD2

This makes sense because the common-source stage acts as a transconductance amplifier with
a transconductance of ¢,,1. The common-gate stage acts as a current buffer with a current
gain of 1. Thus, the current g,,1v;, flows through Rps, meaning v,y = —gmi1vinRp2, so that
Vout —

2t = —gm1Rpa.

This type of amplifier (with Rp; = o0) is known as a cascode and will be studied in detail in
Chapter 9.
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7.48 For small-signal analysis, we can short the capacitors, producing the following equivalent circuit.

Ry || Rs || Rp
J_ W\/ ® Uout

S —

Vip &————]

s,

Ay =|gm (B2 || Rs || Bp)|




7.49
Vas = Vps

1 w
Vas =Vpp — IpRs =Vpp — 51tnCos (Vas — Vrm)* (1+ AVas) Rs
Vos = Vps =0.7036 V

Ip = 1.096 mA
o || R
4, = Lol Bs
= + 7 H Rs
/ 4
gdm — 2,LLnOozTID = 6.981 mS
1
o= — = 9.121 kQ
o= \Ip

A, - [05635]



7.50

R
szlis
g_m+RS
Rs
L + Rg

pnCoz ¥ (Vas—Vru)
=0.8
Vas =0.64V
Ip = %,uncoz% (Vas — Vru)®
=960 A
Va=Vgs+ Vs =Vgs+ IpRs

~[12v]




'}i + Rs
- o/
e ©°
0.f = -
Yw\ -+ Loy
3 - <
j?ms_ Jm
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!

=N ) &M ((.g-— ‘Z;S(S’oc) _,_0,4’)
Tas = 47(10*3( L4~ §oe Tys)
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7.55 For this problem, recall that looking into the drain of a transistor with a grounded gate and source
we see a resistance of r,, and looking into either terminal of a diode-connected transistor we see a

resistance of = || 7.
9m

(a)

Tol H (RS + r02)
g% + o1 || (RS + T02)

A, =

(b) Looking down from the output we see an equivalent resistance of 752 + (1 + gmare2) Rs by Eq.
(7.110).

o1 || [To2 + (1 + gmaroz) Rs]

A, =
gﬁ + 701 || [roz + (1 + gmaroz) Rs]

A = To1 H ﬁ
v L + r || L
gm1 ol gm2

(d) Let’s draw a small-signal model to find the equivalent resistance seen looking down from the

output.
Ry
——A\A\\
* +
R2§ Vgs2 IGm2Vgs2 §T02 it @Ut
’ £

; 4 +
It = = m2Ugs -
t R1+R2 Jm2 952 To2
R
Vg = =0
gs2 Ri + Rs i
, vy Ry Ut
i= = 4 g2y 2
" Ri+ Ry g "Ri+ Ry ' o2
. 1 Imalto 1 >
i =0 + + —
! t<R1+Rz Ri+ Ry 712
Ut R1+R2)
Yo (R +Ro) || (2222 |,
(2 ( ! 2) || ( gm2R2 || ?
| B R | (G e
o || (By+ Ra) || (B2 ) oo

o2 || To3 || q_:ﬂ

g% + o2 || To3 || g%




(f) Looking up from the output we see an equivalent resistance of 7,2 + (1 + gmare2) ro3 by Eq.
(7.110).

o1 || [Toz + (1 + gmaroe2) 03]

A, =
Lt 11 [ [roz + (1 + gmaro2) Tos)
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P:VDDIDZQIDW

Ip=1.11mA
Rplp=1V
Rp =900
A, = —gmBD
= _\/2,uncoz%IDRD
-5
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7.60 Let’slet Ry and Ry consume exactly 5 % of the power budget (which means the branch containing Rp,
M, and Rg will consume 95 % of the power budget). Let’s also assume V,, = Vgg — Vg = 300 mV
exactly.

IDVDD = 095(2 mW)

Ip = 1.056 mA
IDRS = 200 HlV
Rgs =189.5 Q)
Voo = Vas — Vrg = 300 mV
1 w
Ip = §Mnco;va()2v
w
W
A, = Ep
v T T 1 | p
. + Rg
_ Rp
- 1
V 2“710033%113 +RS
=—4
Rp =|1.326 k)
Vi
—==— =0.05(2 mW
Rty (2mW)
V2
Bt B = 550y
Va=Vas+IpRs =Vop +Vrg +IpRs =09V
Ry
Ve V;
¢ R+ Ro bb
Ry
= vz =09V
0.1 mW



7.61 Let’s let Ry and Ry consume exactly 5 % of the power budget (which means the branch containing
Rp, My, and Rg will consume 95 % of the power budget).

Rp =200
IpVpp = 0.95(6 mW)
Ip = 3.167 mA
IpRs = Voo = Vas — Vry
VO'U
Ro =
S= 1,
_ 2Ip
= Yy
A, = _li
g_m + RS
T Voo Vou
2y T Tp
=-5
Voo = 84.44 mV
Rg =|26.67 )
w 21p
— = ———_ =4441
T = GiE
Vb
—==— = 0.05(6 mW
V2
R Ro = DD
LR = g W
Ve =Vgs+IpRs =V, + Vg + IpRs = 0.5689 V
Ry
Vo= ——"—V,
¢~ R 1Ry PP
= # =0.5689 V
VDD
0.3 mW

7s ~[614119]
P )
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Rin = R1 =[20k0)]
P =Vpplp =2mW
Ip =1.11 mA
Vps = Vas — Vrg + 200 mV
Vop —IpRp = Vpp — Vry + 200 mV

Rp =180 Q2
AU = _ngD
/ w
=—1/2 ncow_I R
H 7 Diip
=6
% =12500
21p
Vas =Vrg + | ———
ILL’IICOIE%
=0.467V
Vas =Vpp — IpRs
Rs =
1
R
oo, S
1 1
——R
orfC, 10
f=1MHz
Cy =[79.6 pF
1 1
R -
27TfOS || s K Im

1 11
21fCs 10 gm

/ w
dm = 2/anoszD = 33.33 mS

s = (52007
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7.64 (a)

Ay =|=gm1 (ro1 || Rg [ 102) |

P = VDDIDl =3 mW
IDl = |ID2| = 1.67 mA

V
\Vas2| = |Vpsa| = Vps = %
1 w
2] = giuCor (1) (Vesal = WVel)* (14 Ay Vs
2

(K) =[113
L 2

A’U = —gm1 (rol H RG H 7'02)
Rg =10 (ro1 || ro2)

1
o = = GkQ
fol Anlp1
! 3 kO
Tog = ——— =
>~ Nollpo|

RG—lO Tol H 7’02

14
A, - \/mn . <f> Ior (o1 | Re || 7o)
1

=15

(F) -t
L/,
Vin =Vas1 = Vry +\/

- [OwY]

21p
1inCox (%), (1 + XnVDs1)
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7.66
P = VDDIDl =1 InW
Ip; = |ID2| = 556 HA

Vovl - VGSl - VTH - 2ID,unOoz (

() -3
1

9gm1

A, =—ImL
gm2
\/2/anom (%)1 IDl
V21 Cox (%), 12|
_ &)
(T )s
=4
(T) -G
2

L

Vin =Vas1 = Vou1 +Vry =

K) =200 mV
1
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P:VDDID:3H1W

1 1

Rijpy=—=——=500Q
gm 2:“71001%ID
w
W _ (e
1
Ay = gmRp MRD =5



7.68

P =Vpplp =2mW

Ip =1.11 mA

Vp =Vg —Vryg + 100 mV
Vop —IpRp = Vg — Vryg + 100 mV

Ve =Vbp
2Ip
Ay = g Rp = Rp =4
D Vas — Vra P
Vas — Vra
Rp = A,
b 21p
Vas — Vi
Vop — IpA,~S5 —"TH _ v/ Viey +100 mV
2Ip

Vas = 0.55 V

Rp =270 0

Vs =Vpp —Vas = IpRs

Rs =[1125 K9]
L Ao ~[4933)

lu”ﬂCOLIJ (VGS - VTH)
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7.73

P = VDDID1 :3H1W
Ip1 = Ipe = 1.67mA

Av _ . To1 || To2
Im1 + To1 H To2
_ Tol || To2
- 1
+r T
Qﬂncoz(%)llDl ol H 02

=0.9

Tol = To2 = =6k

Mp1
(F) -3
1

Let Voyo = Vigsa — Vre = 0.3 V. Let’s assume that Vour = Vpga = Voue.

Vase = Vo = Voo + Ve =
(7).
L)y 1nCow (Vasa — Vorr)? (1 + AVpsa)

= [161]

2Ipy
tinCox (), (1 + AVDs1)
Vpsi =Vpp — Vpsa = 1.5V
Vas1 =1.44V

Vin =Vasi +Vpse =

Vast = Vrm + \/



