Chapter 6

6.1

6.2

6.3

Circuits Containing Three-Terminal Devices

A bipolar junction transistor (BJT) has the v-i characteristics
shown below. The device is connected to a simple inverter circuit
whose input consists of a triangular voltage pulse vg(t) that rises
from zero to 2 V in 100 ms, then falls to zero after another 100 ms.
Find the resulting output voltage vgyr(t). Assume that V§ = 0.7 V
for the base-emitter junction of Q.
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Repeat Prob 6.1 if R¢c is changed from 5 kil to 25 kfl.

A bipolar junction transistor (BJT) has the v-i characteristics
shown in Prob. 6.1. The device is connected to the circuit shown
below. The input consists of a triangular current pulse ig(t) that
rises from zero to 10 pgA in 1 s, then falls to zero after another 1
s. Find the output voltage vgur(t). Assume that Vgg = V§ = 0.7 V
when ig > 0.
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6.4 Repeat Prob 6.3 if R¢ and Rg are both changed from 5 kil to 50 k1.

6.5 An NPN BJT with the v-i characteristics shown below is connected in
a basic inverter circuit with resistive pullup load. Use the graph-

ical technique to plot the voltage transfer characteristic of the
inverter over the input range -2 V ¢ vy < 5 V.
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6.6 Consider the BJT inverter circuit of Prob. 6.5. The BJT has the v-i
characteristics shown above.
a) What is the value of g for this BJT?
b) For viy = 2.5V, find ic and vgyT using analytical methods.
c) The BJT is now replaced by a device with twice the value of fF.
What happens to the values of ic and vgyr computed in part b)?
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6.11 An enhancement-mode n-channel MOSFET having the v-i characteristics
shown below is connected in a basic inverter circuit with resistive
pullup load, as indicated. Use the graphical technique to plot the
voltage transfer characteristic of the inverter.
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6.12 A bipolar junction transistor (BJT) has the v-i characteristics
given in Prob. 6.1. The device is connected to the circuit shown
below. The input consists of a triangular current pulse ig(t) that
rises from zero to 1 mA in 100 ms, then falls to zero after another
100 ms. This current is drawn from the emitter terminal of Q;,
which is connected in the tracking configuration. Find the output
voltage vgur(t).
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6.13 Repeat Prob. 6.12 if Rc is changed from 10 ki to 20 kii.

6.14 Design a new version of the tracking circuit of Prob. 6.12 that has
as its input a voltage source vg(t). The vg input source should
directly produce an equivalent tracked input current ig.
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6.7 Consider the BJT inverter circuit of Prob. 6.5. The BJT has the v-i

characteristics shown. Use analytical methods to find the slope
dvgyr/dviN when the BJT operates in its active (constant-current)
region.

6.8 Using identical n-channel MOSFETs only, design a circuit for which
the voltage transfer characteristic has the basic form shown below.
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6.9 Using only n-channel and p-channel depletion-mode MOSFETs, design a
CMOS circuit whose voltage transfer characteristic has the basic
form shown below. Note that vgyr is equal to Vpp/2 at viy = 0. The
circuit drives a load resistance R .
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6.10 Determine the general form of the voltage transfer characteristic of
the NMOS/PMOS (CMOS) circuit shown below

VoD
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6.15 Find the transfer characteristic of the JFET C|rCU|t shown below.
The devices have the same values of Vp and Ipgs.
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6.16 In the CMOS circuit shown below, nodes 1 and 2 are connected to
signal sources that contain dc components of 2 V and 11V,
respectively.

a) For what range of vgyr is Q1 in the constant-current region?
b) For what range of vgyr is Qo in the constant-current region?

A VDD =15V
¢
E—o— Q2 VIRz = -2V
—O VOUT
=11V
Q ViRg =1V

6.17 Consider the CMOS circuit described in Prob 6.16. Suppose that the
two inputs are connected together and driven by a common input
source VIN. Make a qualitative sketch of the resulting VIN-VOUT
transfer characteristic.
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Chapter 6

6.1 | Application of KVL to the out-

put loop of this circuit yields vgur
= Vcc - icRc. The next step involves
determining ic as a function of vg.
For input voltages vg < Vg, the base-

emitter junction of Qp will not be
forward biased, and the transistor
will be in cutoff. Under cutoff

conditions, both ig and ic will be
zero and vgur will equal Vcc.

For values of vg larger than Vg,
application of KVL to the input loop
of the circuit yields ig = (vg - V¢)/
Rg. At the peak value of vg, ig will
be equal to (2 V - 0.7 V)/(100 ki) =

13 pA. When vg again falls below

0.7V, ig will fall back to zero.

For vg > Vg, ig will rise and fall
linearly with vg. An inspection of
the BJT v-i characteristics reveals
that ic/igp = PF = 100 in the BJT’s
constant-current region. As long as
the BJT does not reach saturation, ic
will thus increase linearly with vg
for vg > V¢ and will be equal to ic =
Pr(vs - V§)/Rg. At the peak value of

Solutions



vg, ic will be equal to 100(13 pA) =

1.3 mA. For this value of i, VOUT
becomes Vcc - icRc = 15 V- (1.3
mA) (6 k) = 8.5 V. This value of

vouT, which is also the value of VCE
for the BJT, is well in excess of
Vsat, indicating that the BJT does
not reach saturation, even at the
peak value of vg. Plots of vg(t),
ig(t), ic(t), and vouT(t) are shown

below.
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6.2 | The base-emitter loop of the
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modified circuit is identical to that
of the original, so that ig again
reaches a peak of 13 A when vg =
2V. In this case, however, the
larger value of R¢ causes a larger
proportional drop in vgyr for the
same change in ic. The BJT reaches
its saturation point wveg = Vsat
before the peak of vg is reached.
The exact values of ic and vcg at
saturation can be found by plotting
the load line of Vc¢ and Rc over the
v-i characteristics of the BJT:
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With Rc = 25 ki, the intercepts of
the load line are Vcc = 15 V (open
circuit voltage of the Thevenin

circuit formed by Vcc and Rg) and
Vce/Re = 0.6 mA (short circuit
current of the Thevenin circuit).

As is evident from the figure, the
BJT reaches saturation when vcgp 2 1 V
and ic = 0.56 mA. This latter value
can be confirmed by applying KVL to
the output loop of the circuit with
VCE = Vgat, yielding
) Ve - Vsag 15V - 1V
'CETRe T Tz
The ig value corresponding to arrival
at this saturation point is given by

= 0.56 mA




(0.56 mA) /100 = 5.6 pA, for which vIy
=1.26 V.

For a given vg, the value of ip
will be the same as that found in
Prob 6.1. For the modified circuit,

ic will rise with
the BJT saturates.

i as fpig until
For larger values

of vg, i will increase but ic will
remain constant. Similarly, vgur
will fall linearly with rising vg and
i until it reaches the value Vg
and will remain constant thereafter.

Plots of vg(t), ig(t), ic(t), and the
resulting vgyr(t) are shown to the
right. >
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6.3 | The value of V§ for the base-
emitter junction of the BJT is

irrelevant to this problem. The
current source ig(t) forces its
current into the base of Q; regard-
less of the VBE- The
voltage across the ig source adjusts
itself to be whatever value of vgg is
required for the established ig.

value of

H



For a given instantaneous value of
is, the value of ic will be equal to
PFip provided that Q; does not sat-
urate. The resulting output voltage
becomes vouT = Vcc - icRc, where v(E
=Vcc - icRc - igRE.  Since fE > 1
it follows that ig =~ ic, so that

vcE = Vec - ic(Re + Rp)
Knowledge of vcg is needed to

determine when Q goes into
saturation.

At the peak value of ig, ic will
equal frig = 100(10 pA) =1 mA, so
that voyr = 16 V - (1 mA)(5 k) =
10 V. Note that veg = 15 V - (1 mA)x

(5 ki + 5 k) =
ig. This
above Vg4,

5 V at the peak of
VCE voltage is clearly
indicating that the BJT
is never driven into saturation.

Plots of ig = ig, ic, vgyr, and vcE
versus time are shown to the right.
Note that ic, vgur, and vcg all
change linearly with ig.

This space
intentionally
left blank
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6.4 | As in the circuit of Prob 6.3,

ig will again be equal to ig. In this

case, however, the larger values of
Rc and R will cause a larger pro-
portional drop in vgyr and vcg for
the same increase in ic. Thus Q3

will reach its saturation point, with
VCE = Vsat, before the peak of ig is
reached. The exact values of ic and
vcg at saturation can be found by
plotting the load line of the voltage
Vcec and  total resistance (R¢ + RE)
over the BJT v-i characteristics:
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With Rc = RE = 50 ki, the intercepts
of the load line are Vec = 15 V (open
circuit voltage of the Thevenin cir-
cuit formed by Vcc, Rc, and Rg) and
Vce/(Rg + RE) = 0.15 mA (short
circuit current of the Thevenin
circuit). As is evident from the
figure, the BJT reaches saturation
when vcg 2 0.2 V and ic 2 0.15 mA.
This latter value can be confirmed by
applying KVL to the output loop of
the circuit with vcgp = Vg, yielding
Ve - Vsat . .

Rc + Rg

‘15 V-~0.2YV
~ 100 kA

Note that ic will rise with ig up to
the value 0.15 pA, at which point
the BJT will saturate; ic will remain

iC-sat =

= 0.148 mA ~ 0.15 mA
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constant for higher values of ig.
Similarly, vgur and vcg will fall
linearly with ig wuntil vcg reaches
its value of Vga¢, at which point
vouT = Vcc - ic-satRe

=15V - (0.15 mA) (S50 kQl) = 7.5 V
Plots of vg(t), ig(t), ic(t), and the
resulting vgyr(t) are shown below.
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6.5 | The collector and emitter

terminals of the BJT are connected
directly to the Thevenin circuit
formed by Vcc and Rc. The load line
representing these resistive elements
can be plotted directly over the v-i
characteristics of the BJT, as shown
below. For this load line, VT, = 6V
and VTL/RTH = (6 V)/(500 1) = 12 mA.



ic (mA) o ‘ VIN greater than about 2.8 V (j.e.,
IT ig (4A) iB > 22 pA), the BJT goes into sat-
12 ' 24 uration with v ~0.25V
2.6V | ouT = 5.4 V.
10 20
8 2.2v .
I 1 8V 1666 a) The value of ff can be found
6 - 12 by finding the ratio of ic to ig at
1.4V several points in the constant-
4 8 . .
v current region. The v-i curves are
2 1 4 evenly spaced, so the value of PE can
| [ \ : | 0.6V be computed anywhere. Along the
0

vce (V)

The operating point of the BJT will
be determined by the value of ig. In
this case, ig can be found by plot-
ting the load line of vy and Rg over
the given base-emitter v-i character-
istics. Alternatively, this curve
can be used to estimate the value of
Vi for the base-emitter junction.
KVL can then be used to find ig as a

function of wvpy. Using the latter
method yields ig = (vin - V§)/Rg
where, from the figure, V§ 2~ 0.6 V.

Several operating points, labeled by
the viN value that yields the corre-
sponding ig, are indicated in the
figure above. These points can be
used to plot the transfer character-
istic of the inverter:

6 4 vour (V)
4|
2
1 ; I ! Ly viy (V)
-1 Vil 2 3

Note that vgyr remains fixed at Vee
until vy exceeds the BJT "threshold"
voltage V¢. Similarly, for values of
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constant-current portion of the ig =
24 pA curve, for example, ic =12 mA,
so that fr = (12 mA)/(24 pA) = 500.

b) From the base-emitter v-i charac-
teristic, we note that V§ 20.6V.
For a given vIy, the value of ig can
be found by applying KVL to the input
loop of the circuit, yielding ig =
(vIN - V§)/Rg.  Thus, . for vy = 2.5

V, ip = (2.5V - 0.6V)/100kQ = 19 A.
For a fr of 500, ‘ic becomes ffip =
500(19 pA) = 9.5 mA. Finally, the
value of wvgyr can be computed by
applying KVL to the output loop of
the circuit, yielding vgur = Vcc -
icRc=6V - (9.5 mA)(500 Q) =1.25
V. This vgyr is well in excess of

the BJT’s saturation voltage Vg,
indicating that the transistor is not
driven to saturation by vyy.

c) If pr is doubled, the collector
current ic will attempt to increase
to the value 1000(19 pA) = 19 mA. If
reached, this ic value would result
in a voltage drop across Rc of (19

mA) (500 Q) = 9.5 V. This unat-
tainable voltage value exceeds the
available power supply voltage Vcc =

6 V. It would also would require
that vgyrt somehow drop to a negative
value, which it cannot do. We thus
conclude that the BJT is driven to



saturation with VOUT = Vgag 2 0.25 V
(see Prob 6.5) and ic_gat =

Vee - V 6V-0.25V
cC sat_ Z11.5 mA
Rc 500 0
Note that ic/ig # fr in this case,
but the value of ig, which is

determined by KVL taken around the
input loop, is still equal to 19 pA.

6.7 | The value of ig for this cir-

cuit is given by ig = (vIy - V§)/Rp
(see Prob. 6.5). If the BJT oper-
ates in the constant current region,
then ic will equal frig. Meanwhile,
vouT = Ycc - icRe = Vec - PrigRc, or

PE(vIN - V£)Rc

Rg

Taking the slope dvgyr/dviy of this
equation yields the voltage "gain" of
the circuit, which

dvout/dviN = -PrRc/Rg.

vout = Ve -

is equal to

Note that Qo has its gate connected
to its source, so that vggo = 0. This
connection allows ipp to be nonzero
for all values of wvpge. The exact
value of vpgy is determined by the
vgs=0 v-i characteristic of Qo. The

current through Qo is set by Q.

6.9 | The output of the circuit is low

6.8 | The transfer characteristic is

that of an inverter. The circuit
turns on (current begins to flow
through the pull-up device) for
negative values of vyN. The input
device of the inverter must therefore
be a depletion-mode MOSFET. Since
all devices are to be identical, the

upper device must also be a depletion
mode MOSFET:
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when vIN is negative. The output is
high (i.e., the input device is in
cutoff) for more positive values of

VIN- This characteristic can be
obtained if a p-channel transistor
and n-channel transistor are

connected as shown below:

viN o—| @ RL

A depletion-mode p-channel device has
a positive VTR, yielding a positive
turn-on value of viNy. This condition
is compatible with the indicated
transfer characteristic.

With a p-channel device used as the

input transistor, the circuit will



take on complementary form if an n-
channel MOSFET is used for the pul lup
load. The gate of Qo is connected to
its source, causing Q2 to operate on
its vgs=0 v-i characteristic. This
connection allows @ to conduct and

to pull vgyr up toward Vpp when Q;
goes into cutoff.

6.11 | The drain and source terminals

/

6.10

For this circuit, the n-chan-

nel pullup device Q1, for which vgsy
= vpS1, obeys the v-i equation
ip = K(Vpp - vour - VTRN)2.

Note that Q;, with a positive VTR,
automatically operates in the con-
stant-current region, since the
condition vpsy > vgsy - VRN will
always be met. When VIN is low, the
p-channel input device Qo is driven
into  conduction, pulling current
through Q1 and causing
to a small value.
fong as vyy is

vouT to fall
Q2 will conduct as
less than Vigp. When
VIN is high, Qo enters the cutoff
state. It would seem that wvqur
should rise to the value Vpp, but
this output can be obtained only if
the vgyr terminal drives no load. If
the slightest load current is drawn

from the voyr terminal, a vggp of
VIRN is required, causing vgyT to
fall to the value Vpp - VIrN. The

transfer characteristic thus has the
form shown below.

vop V0T
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of the MOSFET are connected directly
to the Thevenin circuit formed by Vpp
and Rp. The load line representing
these Thevenin elements can be plot-
ted directly over the v-i character-
istic of the MOSFET, as shown below.
In this case, V7, = 6 V and V{p/RT}, =
(6 V)/(400 0) = 15 mA. Several
representative operating points, in-
dicated in the figure, are used to
construct the accompanying transfer
characteristic. Note that vgyr re-
mains fixed at Vpp until vy exceeds
the MOSFET threshold voltage ViR =
1V, For viN greater than about
3.5V, the MOSFET enters the triode
region of operation.

4 ip (mA)
24 |- 5
22
20
18
16
\
14 4
12
10
8
6 3
4
2 2
0 L
0 7 8



6.12 | For a BJT in the active (con-

stant-current) region, ic = ffig and
ig = (fF + 1)ig. If fr >> 1, then
ig 2~ ic. An examination of any one
of the horizontal lines on the set of
v-i characteristics shows this BJT to
have a fr = ic/ig of about 100.
Clearly, pr >> 1 for this transistor.

The input current source directly
sets ig (i.e., ic) to the value ig.
Thus vout = Vcc - isR¢. For ig =0,
vouT = Ve = 15 V. For ig=1mA
(peak value of ig), vgur =15V - (1
mA) (10 k@) = 5 V.  The value of vput

will change linearly with ig for
values of ig between these two
extreme limits. A plot of wvgur

versus time for the
shown below.

indicated ig is
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6.13 | This problem is similar to

Prob. 6.12. In this case, however,
the voltage drop across R¢, equal to
icRc  (essentially equivalent to
iSRc), appears to exceed V¢ as ig
heads toward its peak value of 1 mA.
In reality, the BJT will be driven
out of its constant-current region
and into saturation when ig reaches
the value 0.78 mA. This value can be
computed by assuming Vgay = 0.2 V and
by noting that the emitter of Q; is

held at -V§ = -0.7V as long as
current flows through the base-
emitter junction. Qp will reach
saturation when vcp = Vgag, i.e.
when vogyT = =V§ + Vgay = -0.5 V.
Given that vgyr = Vcc - isRe for

values of ig up to the saturation
point, the limiting value of g
becomes [15 V - (-0.5 V)]/(20 ki) =
0.78 mA. For larger values of ig,
voutT will remain fixed at -0.5V.
Further increases in ig will flow

directly via the base-emitter junc-
tion of the BJT without extracting an



additional current component from ic.
Note that under saturation
tions, ic # fFig.

It is also interesting to note the
nature of the ig current source. If
truly ideal, this source will adjust
the voltage across its terminals to
meet the constraints of its load.
Thus, the top terminal of the ig
source will be held at the value -Vj
relative to ground for all values of
is greater than zero.

Here is a plot of vgyr versus ig:

condi-
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6.14 | Many designs will accomplish

the desired task. Here is one design
that utilizes a second BJT:
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In this circuit, the large resistance
Ro forward-biases Do by forcinga
small current through the diode and
into the vg source. The voltage drop
across Do, which is approximately
equal to Vg, is used to overcome the
base-emitter voltage drop of Qs.
Applying KVL to the base loop of Qo
yields

from |>21 | I__

-vg = Vg + Vg + igR3 =0

from Qo

==) ig = vg/R3. For large ff, ig &
ig = vg/R3.

The purpose of the zener D; is to

provide a voltage above ground for
the base terminal of Q3. Dy is
forced into its reverse-breakdown
region by R;, so that vg = Vp.

Without the zener in place, the base
of Q; would be held at ground, forc-
ing the voltage of the emitter of Q3
to the value -Vg. This condition
would also require that the collector
of Qo be held at -V§ relative to
ground. Since ground (0 V) is the
lowest voltage in the circuit, this



condition cannot be met. Inclﬁding
the zener D; eliminates the problem.

Recall that Vp of the n-channel JFETs
has a negative value.

6.15 | The first step is the

computation of the current
function of vyy.
Q2 reveals that
operates in
region, then

ip2 = (Ipss/Vp?) (vas2 - Vp)2
K(vin - Vp)?2
where the equivalent JFET parameter
K = Ipss/Vp2 has been substituted.

For gate currents into the JFETs of
zero, it follows that ipj = ipp. If
Q2 operates in its constant-current
region, it follows that
vouT = Vee - ip2Rp

= Vcc - KRp(vIN - Vp)?

The above analysis assumes both JFETs

ip2 as a
An examination of

vgs2 = VIN- If Qg
its constant-current

to operate in the constant current

region. Device Qo will do so for
vDS2 > vgs2 - Vp

Since vpgo = -vgg1, this condition

becomes

-vGS1 > vgs2 - Vp
If Q1 also operates in the constant-
current region, then vggy will equal
vgs2 for matched devices, as noted
above. Under such conditions, the
constant-current condition on Qo can
be expressed as
-v@s2 > vgs2 - Vp,
or vgs2 < Vp/2
With vgsy = viy,
becomes viN < Vp/2.
The above analysis assumes Qj to
operate in the constant-current
region. It will do so if

or vDS1 > vgs1 - Vp
VOUT *+ vGS1 > v@s1 - Vp
== vouT > -Vp

this condition
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6.16

a) Q1 will operate in the con-

stant current region if vps; > vgsy -
VIR1. For this circuit, vpgy = vour,
so that the above condition becomes
VOUT > vgS1 - VTR1 =2V -1V=1YV,
In the above equation, the bias value
of vi has been substituted for vgsy.

b) Similarly, Qo, the p-channel
device, will operate in the constant-
current region for vpso < vgso- VTR2-
The bias value of vgso is equal to Vo
- Vpp, and vpso = vour - Vpp. The
constant-current region condition
thus becomes

vouT - Vpp < V2 - Vpp - VRg, or
vouT € Vo - VIR2 = 11V - (-2V) =13 V

Both devices will operate in the
constant-current region for

1V vyt <13 V.

6.17 | Here is a diagram of the cir--

cuit described in the problem:

—————Vpp =15V
._‘_
Q
VIN o =0 VQUT
Q

For vIN > VIRN, vgs1 will exceed the
threshold voltage of Qi, causing the
n-channel device to conduct and vgyt .
to be forced toward ground. Over
this region of operation, Qo will
function as the pullup load to Q.



For viN - Vpp < VTRrp, Q2 will con-
duct, forcing vgyr toward Vpp. Note
that VIRp has a negative value. Over
this region of operation, Q will
function as the pulldown load to Q,.
Here is a qualitative sketch of the
resulting transfer characteristic:




