Chapter 7
Biasing

7.1 A BJT is biased in the fixed bias configuration shown below. What
is the maximum value of ff that will still allow Q3 to be biased in
the constant-current region? For this BJT, Vg =0.6 Vand Vgt =

0.2 V.
: Vcc=10V
Rg = 100 kfi Rc =1 k0
e
+
U Vee

7.2 The operating point of the BJT in the feedback bias configuration
shown below is to be set to Vg = 6 V and I¢ = 1.7 mA. fg is large,
but its value is not known. Choose appropriate values of Ry and Rg¢.

Vcc =15V

R1 Rc

\/s &Ic

VB o

- Q1 Vce
VE
Ry = 33_kﬂ RE = 4 ki
A1

7.3 Repeat the previous problem if the BJT is replaced by an n-channel
MOSFET with K = 0.1 mA/V2 and Vg = 0.5 V. In this case, let Ry =
1 MQ. The current through the device is to be set to Ip = 1.7 mA
with Vpg = 6 V.

I3
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7.4 Consider the BJT bias circuit shown below. Find the dc values of
Ic, I3, VB, and Vc. For this BJT, fF = 100 and V5 = 0.7 V.

Vcc=10V
R1 S 80 ki Re < 2 kA
I14 Ic
Ve
Vg o Q
+
0.7V PF = 100
R2§20 ki Rg > 500 0 ’,
—+
7.5 Repeat the previous problem for the case fg = 50.
7.6

Find the dc operating point of the MOSFET circuit shown below if
. K=4mA/V2 and VIR = 1.5 V.

Vpp = 10 V
R 700 kQ
1 Rp = 5 ki
Ipd
Vp
v Qi
G Vs

Ry < 300 ki Rg = 1 ki

"

7.7 Consider the MOSFET circuit shown below. Choose Rp and Rg so that
Q3 operates in the constant-current region with Ipz =1 mA. What

value of Vpg3 results from your design? The MOSFETs are all matched
with K = 2 mA/V2 and VI = 2 V.
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VDD =10V
Rp

‘_itél VDo—<41|)3=1mA
, +
Tl

—o Vg
S

7.8 Consider the depletion-mode MOSFET circuit shown below. Both devices
have parameters K = 0.2 mA/V2 and VIR = -2 V. Find the bias current
Ip and the voltages vgyr, Vpsy and Vpso.

Vpp =10V

N EEI st

1Ip

+
Q2 Vps2

7.9 Repeat the previous problem for the MOSFET circuit shown below.

Vgg = -10 V

VDD =10V
1&1 Vps1
Ve Ip
I3l ——0 VQUT
IT, +
Q2 Vps2
Vzk =5V Dy i -
Vgg = =10 V
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7.10 Consider the BJT current mirror bias circuit shown below. Q; and Q5
are perfectly matched with V§ ~ 0.7 V.,
a) Find an approximate value for I,. ,
b) Compute a more accurate value for I, at room temperature (yVT =
25 mV) if Igg = 10712 A and Igg = 10714 A. Do not assume a value

for Vg.
T Vecc=10V
Circuit
to be biased
I; Ry = 50 ki ‘

YW To

VEg = -10 V
7.11 In the following current mirror all transistors are matched. Find

Rref, V1, and Vo if Vg~ 0.7 V. Neglect base currents with respect
to collector currents.

i{ oA .

Rref 156K Ry K-
Vi Vo .
Q
]xi I\luz }\.las }\7%
' . ) VEE = -iO v

7.12 In the Widlar source shown below, find the bias current I, at room
temperature (9V1 = 25 mV) if Vg 2 0.7 V

Il R1 = 10 kil

VWA 4 I,
'$1 Q2
R2 =100 {1
VEE = -10YV
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7.13 Find the approximate bias current I, in the Wilson source shown
below if Vg ~ 0.7 V.

I
>—t JIO
L
Q Q2 |
Ry = 10 kA Ry = 50 kil

*"VEE ==-10V

7.14  The hybrid CMOS circuit shown below contains both an enhancement-
mode and a depletion-mode n-channe!l device and a p-channel pullup
load. If Ky =Kz =1mA/V2, Ko =4 mA/V2, and |[VIR] = 1 V for all
transistors, find the bias current I, and the node voltages V5 and
Vg. Ignore the "body" effect.

VDD =10V

Es :Voss

it

Q2 Vps2

Vgs3
+

+

Vas2 -

+
B o E Vps1
+ -
vV -
Gs1 L Vss ==-10V

7.15 The transistors in the following circuit are biased with ff = 10.
For the base-emitter junction of each device, V§ = 0.7 V.




1

Q2

<
Ig; Ipp
VEE = -15V

a) Find the required value of the reference current I; so that the
mirrored current I, becomes 5 mA.

b) The circuit functions poorly because Ij includes the large base A
current components required of Q; and Q. Using one extra

transistor, design a modified current mirror that will improve this
situation.



go\u_‘t;ons

7.2 | With pfr large, the emitter and

Chapter 7

7.1 | For the bias configuration

shown,
- Vee - V¢ _ 10vV-0.6YV
Rp 100 k0

The current Ic will be equal to ffIg
when the BJT operates in the constant
current region. As ff increases, I¢
will increase, reducing Vcg. The BJT
will enter saturation when V(g is
reduced to Vga¢. This point will be
reached when

Ve = Vsat 10V - 0.2V

Re 1 k)

The pr responsible for creating this
Ic and forcing the BJT into satura-
tion is equal to
Ic 9.8 mA
Ig  0.094 mA

Ip = 94 pA

Ic =

= 9.8 mA
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collector currents will be approxi-
mately equal:
+ 1
I =-pF Ic =2 I¢
Pr .

If Ic is to equal 1.7 mA, the voltage
VE (relative to ground) must be set
to IERE = (1.7 mA) (4 kQ)) = 6.8 V. The
voltage Vg must be set to Vg + Vg.
For Vg 2 0.7V, Vg = 7.5 V.

If the base current is assumed
negligible compared to the current
through R; (an assumption that must
be confirmed), the voltage divider
can be used to approximate Vg:

Vg r —2_y
B = Ry + Rp cc

This equation can be rearranged to
yield Ro Vg 7.5V

Ry + Ro - Vee 15V
This ratio will be realized for the
values R = Rp = 33 kfl. To the
extent that ig is neglected, the
current through these resistors will
be on the order of (15 V)/(66 ki) =
230 pA. This current will be at
least five times greater than ig for
PF greater than about 40.

With Ic set to 1.7 mA by the proper
choice of Ry, the value of VE will be
6.8V, as discussed above. Setting
VCE to 6 V thus requires that V¢ be
set at 12.8 V, i.e. the voltage drop
across Rc must be set to

= 0.5

Vec-Vé= 16V -128V =22V
With Ic = 1.7 mA, this voltage drop
will be realized with

2.2V
Re = =1.3 ki
¢ 1.7 mA




7.3 | Assume the MOSFET operates in

the constant-current region. This
assumption must be confirmed later.
If Ip is to equal 1.7 mA, the voltage
Vgs must be set to

v IID v I 1.7 mA 0.5 V
- -— ¢ = I EEEs——- 2 .
6=k * TR =101 mav2

4.6 V. If Ip is set to the desired
value, the voltage across Re will be
IpRE = (1.7 mA) x (4 k0) = 6.8V,
Setting Vgs to 4.6 V thus requires a

V¢ (gate voltage to ground) of 6.8 V
+ 4.6V =11.4YV.

Applying the voltage divider rela-
tionship to Ry and Rp results in
v 2y
G = R1 + Ro cc

For this circuit, the voltage divider
can be applied without approximation,
- since Ig = 0.. The above equation can
be rearranged, yielding

Ro Vo 11.4V

Ry +Ry Voo 15V
Ro = 0.76(R; + Ro)
(1 - 0.76)Ry = 0.76 Ry

. Ry = 0.316 Ry = 316 ki
Setting 603 to 6 ¥ requires that Vp

be biased at 12.8 V, as in the
previous problem. Thus the voltage
drop across R¢ must again be set to
Vcc-Vp= 15V -128V =22V
With Ip = 1.7 mA, this voltage drop
is realized with
2.2V
Re =
1.7 mA

Note that the condition vpg > vgg
-ViR = 4.1 V is satisfied in this
circuit; the MOSFET is confirmed to
operate in the constant current
region.

or

=1.3 ki

7.4 | First form a Thevenin equiva-

lent of Ry, Ro, and Vcc. In this
case, Rg = R1||R2 = 16 kil and Vpg =
VecRa/(Ry + Rp) = 2 V:

Vecc=10V

L
From this representation of the
circuit, we note, via KVL, that
I Veg - V¢
B -
R + (BF + 1)RE
2V-0.7V
= = 19.5 [IA
16 k1 + (101) (500 1)
and
Ic = prIg = 100(19.5 pA) = 1.95 mA
101
=Pt 0 =107 mA
PF 100

For this value of Ig, Vg becomes IgRg
= (1.97 mA)(5000) = 0.99 V =1V,
Adding V¢ to Vg yields Vg = 1.7 V.

From the original circuit, it.
follows that

Vcc-Vg 10V -1.7V
"Ry sok
Finally, Vc = Vec - IcRe
(1.95 mA) (2 ki) = 6.1 V.

I ~ 104 uA

=10V -
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7.5 | As before (see solution to the




previous problem)
g = BB - Vf
Rg + (fF + 1Rg
In this case fg = 50, so that
2V-07YV

Ip = = 31.3 uA
B =16 kn + (51) (5000) A
and
Ic = pFlg = 50(31.3 pA) = 1.57 mA
1 51
=t 5 16 m

Pr 50
For this value of Ig, Vg becomes IgRg
= (1.6 mA) (5000) = 0.8 V. Adding Vs
to Vg yields Vg = 1.5 V.
From the original
follows that
Vee = V 10V-15YV
=~ B _ ~ 106 pA
Ry 80 kil

and Vc = V¢ - IcRc =10V -
(1.6 mA) (2 k0) = 6.8 V.

circuit, it

I

7.6 | Here is an iterative solution

method that is somewhat different
from the solution methods given in

the text. From the voltage divider,
Vo=V Re
G = YDD R; + Rp
300 k@
= (10 V) 3y

700 kO + 300 kO

This equation is exact because Ig = 0
into the gate of the MOSFET.

Assume that Q; operates in the
constant-current region with
Ip = K(Vgs - VR)?

For the circuit shown, Ip = Vg/Rg,

and Vgs = Vg - Vs, so that the con-
stant-current region equation becomes
Vs/KRg = (Vg - Vs - VTR)?2
Vs = Vg - VR - {Vs/KRs
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This equation cannot be solved in
closed form but can be solved
numerically via successive iteration:

Initial guess for Vg

l
~p—{ Plug into RHS of equation

Use equation to compute new
value for Vg

I

Repeat until value of Vg yields
same result on both sides
of equation

|
- Solution?

yes

Done

Apply the method to this problem:
e Initial guess: Vg = 0, with
Vo - V[R=3V-15V=15YV
KRs = (4 mA/V2) (1 k0) = 4 V-1
| Here are the results of the
successive iterations:

Vg - VIR -{Vs/KRg = 1.5V - {0 = 1.5 V

1.5V - {1.5V/aV =0.89 V
1.5V - {0.89vV/aV = 1.03 V

1.5V - {1.03V/aV = 0.99 V

1.5V - {0.99V/4V = 1.0 V
1.5V - {1.0V/&V =1.0V"
Vs repeats itself, indicating that

the iteration is complete. For this

value of Vg,
Ip = Vg/Rg = (1 V)/(1 k) =1 mA
Vgs=Vg-Vg=3V-1V=2YV
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* Check the current equation:
Ip = K(Vgs - VR)2

= (AmA/N)(2V-15V)2=1mA
This answer is consistent with the
results of the iteration.

For the computed value of Ip:

VD = Vpp - IpRp
=10V - (1m)(5kl) =5V
Vps = Vpp - Ip(Rp + Rg)

=10V - (1mA)(S5 kil +1kDQ) =4V
Note that this value of Vpg exceeds
Vgs - VIR = 1.5 V; the initial
assumption of constant-current region
operation is correct. '

7.7 | If Ip3 is to equal 1 mA, then

Vgs3 must be set to the value

1 1 mA
I—Q§ + VIR = l——————— +2V=27YV
K3 2 mA/V2

The matched MOSFETs @ and Qo will
produce a voltage Vg = Vpp/2 = 5 V at
the gate of Q3. The source voltage
Vs of Q3 must thus be set to 2.3V,
so that Vggz will equal 2.7 V. With
Ipg at 1 mA, Vg will be set to 2.3 V
if Rg = 2.3 kil.

The value of Rp can be anything as
long as Q3 is not forced out of the
constant-current region. The minimum
value of Vpgz for constant-current
region operation is

Vesz3 - VIR=2.7V -2V =0.7V
With Vg at 2.3 V, the drain voltage
Vp could be set as low as 3 V. This
condition would occur if Rp were as
large as

Vpp - Vp _ lo0v-3V = 7 Kk
Ips 1 mA

= Vpp - Vss is large, hence we can
assume Q) and Qp to operate in the
constant-current - region. This
assumption will be confirmed later.

With Vgsp = 0, the current I
becomes Ip = Ko(0 - Vypo)2 =
(0.2 mA/V2) (-2 V)2 = 0.8 mA. If this
current is to flow through the
matched device Qi, then Vggy must
equal zero also. Hence VgyT = 0 and
Vps1 = Vpp = 10V

Vps2 = 0 - Vss
=0-(-10V) =10V

For both devices, the condition
Vps > Vgs - VIR = 0 -(-2V) =2V is
met; Q1 and Qo are confirmed to op-
erate in the constant-current region.

7.9 | See the solution to the pre-

vious problem. In this circuit, Vgso
= 0 also, so that Ip is again set to
Ko(0 - VJR2)2 = 0.8 mA and Vggy is
set to zero. With Vgg3 = 0, the cur-
rent I3 through Q3 is set to 0.8 mA;
I3 flows as reverse breakdown current
through Dj.

With the zener well-established in
reverse breakdown, Vg becomes

Vgg + Vzk = <10V + 5§V = -5 V
so that Vgyr = Vg - Vgs1 = -5 V.
Finally, Vps1 = Vpp - Vout
=10V - (-5V) =15V
Vout - Vss
-5V -(-1l0V) =5V
All devices can be confirmed to oper-
ate in the constant-current region.

and Vps2

7.10 | For V§ = 0.7 V, KVL yields

7.8 | The voltage sum Vpgy + Vpgo =
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0-Vg-(-Vgp) 9.3V

h Ry " 50 k@



Since Vggy and Vgpp are identical, Q;
and Qo will have the same emitter
current. To the extent that base
currents can be neglected compared to
emitter currents, the collector cur-

rent of Q1 will be equal to I, so
that I, = 186 uA.

b) A more accurate value for I; can
be obtained using the iterative
numerical technique. In this case,
I is given exactly by

I, = VEE - VBEI1

] = ——=— Bt
R1

where, via the v-i equation for Q,
v v
BEL/7VT_ 1
vBE2/7VT
Iz = Igpa(e - 1)
Since vgg1 = vgpp, and given that
that Iy = Ig; + Igo (note that If1

includes the current Ig1), the above
becomes

(7.1)

Ig1 = Igpi(e

and

VBEL/TVT_ 1)

-1 is neglected,
equation can be

I1 = (Igo1 + Ipp2) (e

If the factor of
this exponential
inverted, yielding
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Ieo1 + IBo2
where Igg; + Igge = 10-12 A + 10-14 A
=1.01 x 10712 A, Use of the itera-
tive technique involves substituting
an initial estimate of I; into Eqn.
(7.2) to obtain a value for Vpgg;.
This Vgg1 value is then substituted
into Eqn. (7.1) to obtain an updated
value for I;. The procedure is
repeated until the solution converges
on a value for Ij.

Here is a table that shows the
results of successive iterations. An
initial guess of I; = 186 BA (the
value of I; obtained in part a)

VBE1 = VT In (7.2)
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yields an initial Vgg; of 0.4758 v.

Thereafter,
From From
Eqn. (7.1) Eqn (7.2)
I; = 190.5 BA vBEl = 0.4764 V
= 190.5 pA = 0.4764 V

The solution is seen to converge on
the value I3 = 190.5 uA after only
two iterations.

The value of I,
noting that

I =Icy + Igy + Iggp = Igy + Ipp

can be found by

Given Ipp = 1Ig;, this equation
becomes _
1 PF + 2
I, = Ig1 =1
el ) st g
Finally,
I =Tpne—PE 1., __FF Ig,
o C2 fr + 1 E2 B + 1
PE_PEr1. __FF .
= 1= 1
PF+1pF+2 PF+2

From the values of Igg and Igp, we
note that

Igp _ig Igg

=—=fp+1==ff=
Igp ip

= 100 - 1 = 99. For this value of fF,

99
I, = — 190.5 uA = 186.7 uA
° = Jo1 I B

7.11 | If base currents are neglected

with respect to collector currents,
an expression for the current through
Q) can be found from KVL:

IrefRref + V£ ¢+ VEE =0
or Iref = -VEg - Vs
re Rref

Setting I ef to 1 mA féqhires that
-VEg - V¢ _ -(-10V) -0.7V
- 1 mA




= 9.3 kil. This current is replicated
in Q2, Q3, and Q4, so that
V1 =0 - IcoR; = 0 -(1mA) (k) = -6 V
V2 =0 - (Ic3 + Icq)Ry

=0- (2mA)(4 k) = -8 V.

Note that Vcgp, V(ps, and Vg are
all greater than Vg,4 (about 0.2 V to
0.3 V). Hence Qp, Q3, and Q4 operate
in the constant-current region.

7.13 | The current I is given by:

7.12 | Neglect base currents with

respect to collector and emitter cur-

rents. The current I; through Q is

given by
_0 - Vg - VEe _ 9.3V
B Ry ~ 10 kA

As discussed in the text, I, can be
found by noting that

Iy

= 0.93 mA

VBE1/7V VBE1/7V
Igr = Igge 00 Tl 1) & Igge om0
and VBEo/TVT Vago/nV
7 E2/1
Igz = Tgg(e 0271 1) = Igge 22T

where Igo = I,, Ig; = Iy, and
VBE1 = VBE2 *+ IoRg
Taking the logarithm of the expo-
nential equations yields expressions
for VBg1 and Vggs. Substituting
these expressions into the above
equation results in

I I
VT In E VT In —§2_+ IoRo
Ieo Iro

°r Iy 1
IoR2 = qVT In = = gV In =
Ig2 I,

This last equation can be solved by
iteration, with I; = 0.93 mA and Ry =
100 1, yielding I, = 0.29 mA. A check
shows this answer to be correct:

I,Ro = (0.29 mA) (100 Q1) = 29 mV
VT In (I3/1,) = 25 mV In (0.93/0.29)
29 mV.
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I O0-Vs-VEg 9.3V
1- Ry " 10 kN
As discussed in the text, the emitter

currents in Q; and Qo are related to
VBe1 and Vg by the equations

VBE1/1V VBe1/1V
Teg(e BEV/MVT 4y o 1o YBEL/TVT

= 0.93 mA

Igy =
Ies IEO(evaezlﬂVI 1 IEoevsszlvVT
If base currents are neglected with
respect to emitter and collector
currents,” then KVL yields

VBe1 + I1R1 = VBE2 + IRy
where If) = I; and Igp = I,.

Taking the logarithm of the expo-
nential equations yields expressions
for Vg1 and Vggo. Substituting these
expressions into the above equation
results in

n
12

I I
VT In =22+ LRy = qvr 1n B2, IR,
I Igo

or
I,R2

I
VT In iﬁi + IRy

e
VT In i— + IRy
This last equatidn can be solved by
iteration, with I; = 0.93 mA, Ry = 10
kQ, and Rp = 50 kfl, to yield I, =
186.8 pA. ~ A quick check shows this
answer to be correct:
IR = (186.8 pA) (50 kQ) = 9.34 V
VT In(11/1,) = (25 mV) In(930/186.8)
= 0.04 V. :
I4R; = (0.93 mA) (10 k) = 9.3 V
9.34 V=004V +93V
Note that a good approximation to
this result can be obtained by
assuming Vgg1 ® VBg2 and equating the

voltage drops across Rj and Rsp:
IRy = IR ==>
R1 10 kAl
Io = —I; = —0.93 mA = 186 uA
Ro 50 kil




7.14

Begin by assuming Qo to oper-

ate in the constant current region.
This assumption must be confirmed
later. Devices Q; and Q3, which are
connected so that Vgg = Vpg, auto-
matically operate in the constant
current region. This condition
follows because

Vos1 > Vesa1 - ViR1
is satisfied for @y and

Vps3 < Vgs3 - Virs
is satisfied for the p-channel device
Q3. Note that Vpg3, Vgs3, and ViRrs
are negative for the p-channel Q3.

If Qo operates in the constant cur-
rent region, then I, will be given by
Io = K2(Vgs2 - VTR2)? = Ka(-V1Ro)2
where Vggo = 0. For the parameter
values given, (Vfpg = -1 V for an n-

channel depletion-mode device):
Io= (4 mA/N)(1 V)2 =4 mA
The current I, also flows through Qy:

Io = K1(Vgs1 - VIR1)2
= K1(Yps1 - VrR1)?
Solving this equation for Vpg; yields
Vos1 = (Lo/K1)1/2 + vy
= YamA/(1 mA/V2) + 1V =3V
so that
VB =Vgg + Vpg1 =-10V+3V=-7YV

Similarly, the current I, also flows
through Q3. The current I, is equiv-
alent to -ip3; the latter is defined
as positive into the drain of Q3, so
that

-I, = -K3(Vgs3 - V1R3)?
-K3(Vps3 - VTR3)?
(Io/K3)1/2 + ViR3

~V4mA/(1 mA/N2) -1V =-3V

=)

Vps3
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1

3 Note that the negative root has been

chosen to compute Vps3. Choosing the
positive root would yield Vpg3 ="Vps3
= 1 V which would place the p-channel
device Q3 in cutoff.. '

For the above value of Vpg3,-
VA=Vpp + Vps3 =10V -3V=7YV,
Finally, we note that
Vps2 = VA = Vg =7V - (-7V) =14V
The condition

Vps2 > Vgs2 - Virg =1 V

is satisfied; Qo is confirmed to op-
erate in the constant-current region.

7.15 | a) For Icp = I, = 6 mA, Igp =

Ico/Pr = (5 mA)/10 = 0.5 mA. The two
transistors have the same Vgg, hence
they will have the same Ig, I, and
Ig. It thus follows that

Iy =1Ic1 +1Ipg + Ip2

=5mA + 0.5mA + 0.5 mA =6 mA

This current can be set by choosing

O -Vg-VEg 143V

R ~ 2.4 ki
1 I - 6 mA
6 mA 1 mA
A
I 5 mAld
5mA |4

S - Qo
0.5 mA 0.5 mA

b) The following circuit configura-
tion provides a buffer to the bases

of Q1 and Qs.




—{— 4 0.91 mA
- 5.09 mA ISRy

I°=5mA:¢
Q3 :
Ici = 5 mA 1|91pA 41 mA
Q
0.5 mA 0.5 mA
VEE = —15 v

For this configuration,
0-2vg - (15 V)
Ry =
5.09 mA

One V¢ drop each is contributed by Q
and Q3 to the above equation.

= 2.67 kil



