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Chapter 1. Bode Plots

1.1 Introduction

Bode plots are widely used in various fields of engineering because they characterize the magnitude and the
phase response of a system. In this section, we will present step-by-step analysis to create the Bode plots of
a given transfer function. We analyze the trend of the transfer function at different frequency regimes based
on the value of the break or resonant frequency. This approach helps to understand the frequency behavior
of the circuit, and also works for first order, second and higher order circuits.

1.2 First Order Circuits

1.2.1 General Construction and Break Frequency

A Bode plot illustrates the behavior of a circuit by generalizing its response into trends and graphing it
against a log scale of frequency. Given a transfer function, H(w), we may produce a magnitude and phase
Bode plot. In each plot, we break down the analysis of the transfer function into 3 regimes, depending on
the frequency in question:

1. At W=y,
2. when @<<@j, , or when @ is much less than the break frequency

3. when @>>@),, or when @ is much greater than the break frequency

The break frequency, @y , is a property of the filter that can be found by examining the transfer function. It
describes the frequency where the trends on the Bode plot are broken, where one trend (when <<, )

ends and the next (when CU>>CUB) begins.

For first-order circuits, the break frequency can be found by looking solving for the frequency at which
the real and complex components are equal.

Example 1 — Find the Break Frequency

Given the transfer function H (@) :# . We find the break frequency by examining the
1+ jwRC

denominator, because it consists of two terms, 1 and jwRC . The first term is real and has a 0)0

dependence. The second term j@RC has a ' dependence. The break frequency, @, occurs when the

MAGNITUDE two components are equal. Thus, the break frequency for a filter with this transfer function
. 1
1S at a)B =—

RC

After finding the break frequency, we can examine the trends on either side of @, . When @ << @), the
real term (in the denominator of Exp. 1) dominates and we ignore the imaginary component. When
@ >> @, @ dominates real term, so we work with only the imaginary term, as will be shown next.

Note: We can only disregard terms that are added and
subtracted and not those that are multiplied or divided when
making approximations.
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(ct+d) ad
b

Try to plug in any number you like and see if it is true.

e.g For a<<b, a<c and c<<d, a X

1.2.2 Bode Magnitude Plot

For the magnitude plot, we plot on the y-axis: the ‘square’ of the magnitude of the transfer function, H (w)
in decibels (unit dB). This is because the transfer function describes the output to input voltage ratio. Since

power is proportional to V 2, we plot ‘H(a)) : , which in dB is:

|H(w)| , =10logH (@)
=201log|H (o) @)

Both of these expressions can be useful, depending on the form of the transfer function. We plot
|H (a))| o0 the y-axis, against a logarithmic scale of @ on the x-axis. One thing to keep in mind about

logarithmic functions is the ability to pull multiplicative factors out, for instance:

20log(AxB)=20log A+20log B
Cc
1010g(5) =10logC —10log D

The key to our analysis is that we identify and examine the dominant terms of the transfer function in each
of the 3 regimes in the following.

(1) At W= Wy, we simply plug Wy in ‘H(a))‘dB and get the actual value.

(2) When W<<Wy- Examine SEPERATELY in the numerator and denominator all terms containing

(e.g. ® , ®'). The one with the lowest power (e.g. ®”) dominates in this frequency range. Hence we keep
only the dominating term, one each for the numerator and denominator, respectively. The resulting formula
will be used to determine the asymptotic behavior , or “trend”.

(3) When G>>W,- Again, we examine the numerator and denominator separately. Leave only the term
with the highest power (@' in the previous example), one each for numerator and dominator. The resulting
formula will be used to determine the asymptotic behavior , or “trend”.

By analyzing these three regimes, we can construct the magnitude Bode plot. We start at the break

frequency, &=y, and then plot the trends for W<<W, and W>>W,.

Example 2 — Find the Transfer Function, H (@), and plot the magnitude Bode Plot.

Given the following circuit, construct the magnitude Bode plot.

R _
+ 2 A =100
+ v, + R =200Q
Vi %Rl AV, =—=C V. R, =1k
C=10uF
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Wecansee V; =V, By voltage divider, we have: V, = Z V.,
Z . +R,
1
where Z, = ——
jaoC
on IS o . Vv Z,
Thus, the transfer function is given by: H(w) =~ = c
‘/in Zc + R2
1/ joC A
IZ= 4

T1/joC+R, 1+ jaR,C

The magnitude plot will be the transfer function in dB, or:
|H ()|, =20log|H ()
A

=20logl———
1+ joR,C

Plotting this function would yield the exact behavior of our filter, but we only need the asymptotic behavior
for the Bode plot. Now we begin a 3-part analysis.

Step 1: Break Frequency

Setting equal the real and imaginary components in the denominator, we find the break frequency:

1 1
a)B = =
R,C (1kQ)(10pF)
=14 100 raas
107" s
Step 2: Asymptotes
() At 6=y, : . i
A A A
H(w =10log——| =10logl —= | =10log| —
H(w,)], S g[ﬁ] g(zj
=20log A-10log2=20logA-3dB
With A =100, |H (W, )‘dﬂ =137 dB. The first line of the above steps shows that at @), , the output is at half

the maximum power (-3dB is half in linear scale); the transfer function (voltage) has a value of A/ J2, and

power is proportional to the square of voltage. The break frequency for a first-order circuit is also referred
to as the half-power frequency, where the output is one-half the maximum power. The factor of 1/2 in the
logarithm can be expanded out to -20 log 2:

IOIOg(;j =10logl-10log2=0~-10log2=-3dB

The half-power frequency is -3dB below the maximum power, so we also call (U the -3dB frequency.

(2) For W<<dy;, the constant 1 dominates in the denominator and is the only term to be kept.. The transfer
function can be approximated as: H(w) =
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which is purely real, so ‘H(w)‘dB =20log A and \H(w)\ _ \A\ A

Substituting the gain factor, A = 100, we obtain ‘ H (a))‘dB =20log100=20x2=40dB.

(3) Next, for @>>a),, the @ term dominates in the denominator term, and the transfer function can be

approximated as: A

H(w) =
(@) JwR,C

|H(w)| , =20log =20log|——| - 20log| ja)

jaR,C R,C

A ,
=20log———-20logw=C —-20logw
R,C
In the asymptote, the filter’s magnitude decreases at a rate of 20 dB/decade (a 10x increase in @ ). Here C’

is a constant and we can simply connect the curve for w>>aj, with the point ‘ H(w, )‘dB =37dB. The

magnitude ‘H(a)B )‘dB decreases by 20 dB at 10 ¢, 40 dB at 100 @}, and so on.

With these three regions analyzed, the magnitude Bode plot is complete and shown in Fig. 1.

40

) —— L T

i inctuallcure i TGS T T APRigrimated cufve ¢
0 D oo

oo U ¥

s :

Lab]

E PN SEEREE R T R e T RGODIELE PP EEE

‘= --20 b lidecade o

s dBi/decade, , o

= 0fF----a---+ e T T s

0 AR Lo L]

1 10 100 1000 10000
(0p) .. iradizec)

Fig. 1. Magnitude Bode Plot for H(w) of Example 2, with the gain factor A = 100.

The dotted straight lines in Fig. 1. form the Bode plot. Note how it approximates the behavior of the actual
function, shown in blue.

NOTE: This is an example of low-pass filter. The low
frequencies are kept by the filter and the high frequencies
are filtered out. First-order circuits are either high-pass or
low-pass filters.

Exercise 1:

What if the voltage across the resistor R, (Example 2) is taken as the output? Is the total energy conserved
in each frequency?
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1.2.3 Bode Phase Plot

The Bode phase plot is constructed in a similar manner to the magnitude plot except we use limits (instead
of trends). We first find the expression for phase, ZH(w) , from the transfer function, H(w) . For

W<<@,, we take the limit of ZH(w) as @—0. At ®=w,

), » we use the complete expression for

ZH (@), as both the real and imaginary components have equal magnitude. For @>>a),, we find the

phase by taking the limit of ZH (@) as @W—>oc. We then construct the Bode phase plot by performing
the following:

Plot lower-frequency limit value (from x <<, to wg/10),
Plot upper-frequency limit value (from x=10wg to J—>o0)
Plot the value for W= @,

Connect the extremes by curve (arctan) lines.

Example 3 - Find the Phase, £, of a Transfer Function, H(w)

Using the transfer function of Example 2,

We find the net phase, ZH (@), by subtracting the phase of the denominator from the phase of the
szcj

numerator:

ZH(w) = O—tan'l[

=—tan"' (a)R2C)

To plot the expression for phase in Exp. 3, we examine our 3 regions. Taking the limit of ZH (@) as

@—0, we find the lower-frequency asymptote, D<<@),.
lim ZH (w) = —tan"'(0)=0
0—0

The upper-frequency asymptote, &>>aj, is found by taking the limit as (—>0°:
lim ZH (@) = —tan ™ (e0) = —90° or —%

At the break frequency, W, = L , we find the phase to be:
C
2

ZH(@,) =—tan” (1) = —45° or —%

This value is in agreement with a line drawn between the upper and lower asymptotes; @j is halfway

between @, / 10 and 10w, , and -45° is halfway in between 0° and 90°. The phase Bode plot of Exp. 3 is
shown in Fig. 2.
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Fig. 2. Phase Bode Plot for H(w) of Example 2.

As before, the dotted lines in Fig. 2 outline the phase Bode plot for our transfer function, but the actual
values are shown by the solid line. Note that with our approximation, in the intermediate region between
op/10 and 10wg , the phase decreases by 45 degrees per decade of angular frequency, and outside this

region, the phase is constant (the asymptote).

Exercise 2: Find the Transfer Function, H(g), and plot Bode magnitude and phase plots for (a) V,,=V,
and (b) V,,,=Vg. In both cases, do we have high-pass or low-pass filters?

+ VR-
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1.3 Second Order Circuits
1.3.1 General Construction and Resonant Frequency

As with Bode Plots for first-order circuits, the transfer function for second-order circuits can be found by
writing an equation relating V,,and Vj,. Once this equation is written, an expression for H (@) is easily
obtained. You can use this transfer function to find its magnitude and phase.

Similar to first-order circuits, we depict the behavior of second-order circuits by plotting trends of the

transfer function at three frequency regimes relative to a certain resonance frequency, @) :
1. At W=0aj,
2. For W<, or in other words, the limit as w—0

3. For w>>@), or in the limit as W—>o0

Around the resonant frequency, the magnitude of the transfer function‘ H(a))‘ changes trend and often

reaches the maximum or minimum value. Though whether it reaches the maximum or minimum depends
greatly on the Q value, which will be discussed next, the trend is always changed at the resonance
frequency.

The resonant frequency, &}, can be found by setting the complex part of either numerator or

denominator of the transfer function to zero. This is because the magnitude of a+ jb reaches minimum

when b=0. If we have a complex term a+ jb on the numerator, by letting b=0, we reached minimum,
whereas if this complex term is in the denominator, we reached maximum.

Example 4: Finding the resonant frequency

For a circuit with transfer function as R
H(w) =

1
j@WL+R—j——
J Ja)C

What is @, , the resonant frequency?
Solution:
The numerator is R, which has no frequency dependence term and hence irrelevant for this question. We

look at the denominator. The resonant frequency is when

1
joL—j——=0 Hence, o, =

1
oC NLC

1.3.2 Bode Magnitude Plot

Constructing Bode Plots for second-order circuits is the same as for first-order circuits, so analyzing trends
consists of the same process mentioned earlier — finding the dominant term amongst now typically three
terms (0)'1 s @’ s 0)1) in both numerator and denominator separately.

Example 5 below shows how to construct a Bode magnitude plot. Note, that in most Bode Plot problems,
you will be asked the slope at which lines are ascending and descending. By using the techniques of
Example 2, you will be able to answer such questions very easily.
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Example 5: Constructing the transfer function and Bode magnitude Plot

Construct the magnitude Bode Plot for the circuit shown in the diagram below. Also, label the slopes of any
lines in the plot.

in

First, write the output voltage in terms of the values given. Notice that all the electrical components of the
circuit are in series, so applying the voltage-divider technique gives the following:
joL
Vou = Vi M
R+ joL+——
jaoC

So, the transfer function becomes:

j (WL
H(w)=—" 1 @
R+ joL+——
joC

Step 1: Finding the Resonance Frequency
The magnitude for (2) is the magnitude of the numerator divided by the magnitude of the denominator.

Remembering that the magnitude for a complex number, a + bi , is a’+b* , we obtain the following:

H(w)| = L 3)

2 _L 2
\/R + (L a)C)

This is an example that we cannot simply use the definition of ‘ H((g)‘ reaching maximum or minimum,

because we have a wdependence on the numerator. However, we can use the definition of breaking trends.
The denominator has three terms, 0)’1, ® and ®'. The trend is either dominated by " or @' at very low or
high frequencies, respectively. At the resonant frequency, only the «’ term will dominate.

Hence, w,L— 1 -0
w,C
And - | L ©)
° YLc

Note: This resonant frequency is the same formula we got
using second-order differential equation on slide 177 of EE40
Reader! (Surprise or not a surprise?)
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Step 2: Asymptotes

Now, we must analyze this magnitude function in the three regimes mentioned above.

(1) For @ << @, , the numerator has only one term, so we leave it alone. For the denominator, we
compare the three terms and keep only the dominant one. In this case, we will keep the (@WC )_1 term.

So, we obtain the following equation:
H(w)|= wa = 0’LC
.
Or )
|H ()|, =10log(@w’LC)* = 40log(w) + 2010g(LC)

Note that asw — 0, |H (a))| goes to 0, which means that|H (a))| 4 20es to—oo. Note that the x-axis on
a Bode Plot is log(@) and the y-axis is |H (a))| s S0 equation 5 is of the form:

y=40x+ B where B is a constant

This says that the slope of the Bode magnitude plot for @ << @), is 40 dB/decade.

(2) For@ >> @, , we will keep only the @Lin the denominator of the transfer function. This gives the

magnitude as:

|H(w)| =1

OR (6)
|H(w)| , =10log(1) = 0dB

This means that the output remains unchanged for large values of @ and the slope is 0 dB/decade.

B)ALB=0,,

2 2
Hw)= J@,L) Jo 1y oL 1

\/Rz + (a)nL—L)2

Je R aorc @
o C

o

OR (7
|H ()|, =201log(Qy)

The Bode magnitude Plot for this circuit is shown below.
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|H(w) 20
(dB) 0 0,=5
0,=2 0=
0
0,=0.5
-10
=20
=30
40dB/ decade
—40

@ /10 @, 10e, 100w,

This is a high-pass filter which rejects low frequencies while leaving the high frequency content
unchanged. Note, this is better than the first-order high-pass filter because the slope of this filter in the low-

frequency region is steeper, 40dB / decade , rather than the 20dB / decade slope of the first-order filter.
The increased slope provides stronger discrimination against the unwanted low frequencies.

Also note, a high value of Qs means a large hump in the figure below. As Qs increases, so does the value of

\H(a)o)dg. AtQ, = 0.5,
most with only exception that the slope of filtered frequency is steeper.

H(w, )‘dB =20log(Q,)=-3dB; this curve resembles a first-order filter the

Note:

(Surprise or not a surprise?)

Hence when Q,=0.5, {=1, we have critically damped circuit.

When Q.>0.5, {<1, we have under-damped circuit, whose signal, in the time domain, oscillates a great deal
(slide 178, EE40 Reader). This can also be seen with the frequency response, we see ‘ H(w, )‘ >1 or

‘ H(w,) , >0dB. Likewise, we have an over-damped circuit with Q,<0.5.

dB

Exercise 1 Find the Transfer Function, H (@), and plot Bode magnitude plot for V,,,=V¢ +Vg.in Example

5. Do we have high-pass or low-pass filter? Is the energy conserved at ,?
Exercise 2 Repeat the exercise for V,,,=V .in Example 5. What kind of filter is this?

Exercise 3 Repeat the exercise for V,,,=V¢ +V;. in Example 5. What kind of filter is this?

1.3.3 Bode Phase Plot

Constructing the phase plot is done in a similar manner to the magnitude plot. After finding the transfer
function, you can find its phase. Remember that the phase of a function is the phase of the numerator minus

the phase of the denominator, and the phase of a complex number, a + bi , is arctan(b/ a) . After finding

10
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the phase function, you must analyze the function in the same 3 regimes as was done for the magnitude
plot. Follow the next example, which constructs a phase plot for the circuit in Example 2.

Example 6: Constructing the Phase Plot:
Construct the Phase Plot for the circuit shown in Example 5.
Solution:

The transfer function of example 2 is reproduced below:

H(w)=—I% 1 (6-1)
R+ joL+——
jaoC
The phase of the above transfer equation is:
1
oL ———

ZH (@) =90°— arctan(TwC) (6-2)

Now, we must analyze this function in the same 3 regimes as before.

(1) For @ << @, oras@ — 0, we can disregard the @L term in the numerator of the second term since

this value is approaching 0 and will not make a significant effect when added to other values. So, the above
function reduces to:

1

ZH (w) =90° — arctan( IC;)C ) =90° + arctan( )=90° + arctan(& L) (6-3)

WRC o O

Notice that asaw — 0, the argument to arctan in equation 3 becomes very large, so:

ZH(w)=90°+90°=180° (6-4)

(2) For @ >> @, or as@ — oo, in equation 2, we can disregard the (—1/ @C) term in the numerator

because it becomes very small and has a negligible effect when it is added to other values. So, equation 2
reduces to:

ZH(®)=90° - arctan(%) =90° — arctan(Q, ) (6-5)
a)()

As @ — oo, in equation 5, the argument to arctan becomes very large, so:

ZH(w)=90°-90°=0° (6-6)

(3) At = W, equation 2 becomes:

0
ZH(w) =90° - arctan(E) =90° (6-7)
The figure below shows the phase plot for equation 2. As seen in the plot, for low frequencies, the phase
completely changes, yet for high frequencies, it remains unchanged.

Note that as (J; increases, the downward sloping line becomes steeper. This can be seen using either

equation 6-3 for w< @y and 6-5 for @ > w), respectively.
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If O, could reach oo, the downward sloping line would become vertical which approaches an ideal high-
pass filter.

Angle(®)

/Bigger o,
180°

90° /

Smaller Q,

0°

a(rads)

Exercise. Find the Transfer Function, H (), and plot Bode magnitude and phase plots for (a) V,,,=V, and

(b) V,.,=Vk. In both cases, what filters do we have? Show the definition of Q is different for a parallel LC
than a series LC circuit. Explain how is Q related to the damping ratio in this case.

+ Vp -

1.3.4 Definitions

Table 1. Symbol Table for @, , O, and Q,

Symbol Definition

o =1 / \/E The resonant frequency is defined to be the frequency at which the impedance is
o purely resistive.

The quality factor for a series resonant circuit is defined to be the ratio of the

w,L 1
0, = 10? :TC reactance of the inductance at the resonant frequency (e.g. @,L ) to the
a,
0 resistance.

The quality factor for a parallel resonant circuit is defined to be the ratio of the

0 = R _ ®,RC resistance to the reactance of the inductance at the resonant frequency (e.g.
" o)L
o, L).
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Chapter 2. Diode Circuits
2.1 Physical Behavior of Diodes

A diode is a simple two terminal device. The two terminals are labeled anode (positive side) and cathode
(negative side). The diode symbol used in a circuit is shown in Fig. 1a, with the definition of the plus and
minus directions of voltage and current. A positive voltage applied to the diode is referred as a forward
bias and negative, a reverse bias. In this part of the course, we will introduce three models to describe the
current-voltage (I-V) characteristics of a diode: the ideal diode model, a simple piecewise model and the
Shockley equation.

An ideal diode has only two modes of operation: off and on, as shown in Fig. 1b. When the diode is “off”,
it passes through no current but the voltage can be any value less than zero. It behaves like an open circuit.
When the diode is “on”, the voltage is clamped at zero while its current can be any positive value. Hence,
it acts like a short circuit.

Ip Ip
Ip
Diode on
Anode O ™ O Cathode
L1
+ - \% D
Vo ; v Vi
Diode off D
Fig. 1a circuit symbol of a diode (same as Fig. 1b Ideal d10d§ gurrent— Fig. 1c Simple piecewise
Hambley 10.12) voltage characteristics (on model (threshold voltage
’ and off states are labeled) labeled)
ip 'p
VBD
1 g Vb I Vp
Fig. 1d Schockley equation Fig. le real diode with breakdown voltage

The simple piecewise model is similar to the ideal diode model with “off” and “on” states being open and
short circuit, respectively. The only difference is the inclusion of a threshold voltage. As shown in Fig. lc,
when the diode is biased below a certain threshold voltage, it is “off”, i.e. the current passing through the
diode is zero. When the diode is “on”, voltage is clamped at this threshold voltage while current can be any
positive value depending on the rest of the circuit. In EE 40, this threshold voltage is set to be 0.7 V. Note,
this number is just a matter of convention and not based on fundamental physical laws. In this set of notes,
this simple piecewise model is slightly different from the model used in section 10.5 of Hambley. This
model is a simpler version of the piecewise-linear model described in 10.5, hence the name “simple
piecewise model.”

Shockley Equation model, shown by Fig. 1d, is more accurate than the first two. With forward bias, the
current increases exponentially with voltage. For reverse bias, the current is negative and saturates at a
saturation current. Since it is difficult to use this model to reach analytical solutions, for the circuits in this
chapter, we use the ideal and simple piecewise model.

13
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None of the models describe what happens when the voltage bias becomes a large but negative value,
which is known as reserve bias breakdown voltage, for example, as in Zener diodes (Hambley 10.3). In the
circuit analysis part of this course, we will simply add a reverse voltage as in 10.3. The physics behind the
reverse breakdown phenomenon and the Shockley equation will be briefly discussed in the next Chapter.
However, you will not see more detailed discussion until EE 105 and EE130, which I hope you will take
next year.

Note, no matter which model you use, a diode has its -V curve passes through the origin, i.e. with zero
voltage there should be no current flow. The only exception is when unless there is an external source to
generate electrons, e.g. in the case of sun light or laser beam shinning on a photodiode. In general, if we
did not specifically mention photo-generation of electrons, zero voltage bias across a diode leads to zero
current. Do not lose this “common sense” when dealing with diode problems.

I=0¢— V=0
2.2 Solving Diode Circuits
2.2.1 Proof by Contradiction Approach

The proof by contradiction method uses guess-and-check, also discussed in the text book.

e For each diode in the circuit, “guess” an “on” or “off” state and replace it with the corresponding
model (open circuit for “off”, and 0.7 volt source for “on’)

e If diode is assumed on, the current should flow into the positive terminal of the diode. If diode is
assumed off, the voltage should be negative across the diode, i.e. reverse biased.

We apply the contra-positive of the second bullet above to contradict our guess. (If A>B, then Not B->Not
A) In other words, if we solve the circuit and find a negative current through an “on” diode or a voltage
greater than 0.7V across an “off” diode, we guessed the wrong states.

2.3 Load Line Analysis

Load line analysis is simply about finding the intersection point based on the physical characteristics of a
device (the load), the physical characteristics of a driving circuit, based on fundamental laws such as KCL
and KVL. For our present discussion, the diode is our load, but this powerful technique can be applied to
other loads as well.

From the physical behavior of a diode, we know that a diode behaves in a certain way. This presents an [-V
characteristic based on the model we choose. When this diode is placed in a simple circuit, the circuit will
also want to dictate the way it behaves. In particular, by KVL, the driving circuit and the load must see the
same voltage at their interface. In addition, the current out of the driving circuit must match the current
into the load.. For the circuit to be consistent, both of these constraints must be satisfied. Therefore, we find
the intersection of the curves representing the physical characteristic of a diode and the curve representing
the manner in which the diode will behave when placed in a circuit (the load’s IV curve, or “load line”).
We call this intersection point, the “operating point”, because it is the point at which the device will
operate.

The physical characteristic of a diode (or other device) is sometimes represented by a set of family curves
at different operating conditions. For example, in photodiode, two curves typically exhibit for the
conditions with and without light illumination. In the case of MOSFET, characteristics are represented by
I~V at different gate voltage (V) levels. But no matter how many curves are used to represent the
physical characteristic of the diode, you are simply intersecting this characteristic with the behavior you
obtain from analyzing the load in a circuit. Each intersection point of the characteristic and the load line
indicates the Q-point in that particular condition.

The circuit may become more complicated than a simple source, diode, and resister in series. But even in a
more complicated circuit, we can simplify the problem by first finding the Thevenin equivalent circuit of
the linear portion of the circuit. Then, we can resort to the fundamental KVL principle to obtain the
equation for the load line.

Once we find the load line equation using KVL, we can graph its I-V characteristic and find the solution
from the intersection point. As shown in Fig. 2, as the source voltage is increased while keeping the
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resistance constant, the load line is moved upwards in parallel to the original curve. The intersection point
is changed accordingly. If, however, the value of the resistance is changed, the y-intercept of the load line
is changed accordingly. When the resistance is decreased, the y-intercept increases, and the curve is pulled
up with the same x-intercept. The official terminology for this upward shift due to a decrease in resistance
is “resistor pull-up.” Fig. 3 shows how the curve shifts downward as we increase the resistance. Because
the x-intercept remains the same, the curve does not shift in parallel.

It is important to familiarize yourself with the various graphical representations of the load line because we
sometimes may simply read off the values by examining the x and the y intercepts. For example, in Fig. 2,
if we assume V, is zero, then we instantly find the value of V.. and R numerically by examining the x-

intercept and the y-intercept, respectively.

R Vd _
Vi—W——p——V,

Iy

Vo V=l R+Vy

(Vec-Va)R

Qur Real Solugion

(Vee-Va')R

e e e i g __-..4’/______

= .
E (Vcc-va')yR
curve moves in PARALLEL
asV_=>
a cc
1
Origin Vce-Va" Vce-Va' Vce-Va

v, (V)

Fig. 2. The load line is shifted in parallel, indicated by the arrow, when the parameter V, approaches V.., assuming that the resistance
is kept at a constant value. The circuit for the particular load line is shown above.

Resistor Pull-up & Pull-down

(Vcc-Va)R B s B e
Smaller : :
Resistance

(Vec-Va)R' peg------+=--- o

Resistor l : :
Pull-down (vee-VayR” faegpz--- -1 :

Resistor

Larger
Resistance

0 Vce-Va
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Fig. 3. The load line shifts as we vary the resistance, assuming Vcc and Va as constant. The curve does not shift in parallel because the
x-intercept remains the same.

2.4 Zener Diodes

In a normal diode, the “activities” occurs in the first quadrant of the I-V characteristic. In Zener diode, the
“activities” occurs in the third quadrant. In Zener diode, we assume that upon a certain negative voltage,
named the breakdown voltage, the magnitude of the current increases dramatically. We are not so much
interested in the positive voltage regime, but rather more in how the diode will behave in the realm of
negative voltage. We still apply the same technique to obtain the load line equation from the circuit.

Example 10.3 in Hambley shows the graph of a Zener diode characteristic and its load line for two different
supply voltages. The motivation for using a Zener diode rather than a regular diode is the high voltage
switching applications. While a regular diode provides switching behavior, the voltage involved is fairly
small. With Zerner diode, voltage switching occurs on the order of magnitude of 100 V. Moreover, a very
small change in the voltage induces a large change in current; therefore, the resistance is very small by
Ohm’s Law, as the slope of the Zener diode characteristic is fairly large.

2.5 Applications for Diodes

The widespread applications for diode include, but are not limited, to the following:
AND/OR gate
Half & full wave rectifier
Clamping circuit
Clipper circuit
Peak detector
Level shift
Voltage doubler

In the following section, I will discuss each application separately and briefly.
2.5.1 Clipper Circuit (a.k.a. Limiter Circuit)

To begin the analysis of clipper circuit, we present two basic forms. In each of the two forms, we will
examine the transfer characteristic, namely the output voltage as a function of input voltage, and the output
voltage as a function of time.

The first basic form is shown in Fig. 4. We will use the simple piecewise 0.7 model in our analysis.

If the input is less than 0.7 V, the diode is off, the output voltage will be equal to the input voltage because
the diode is an open circuit. The slope of the transfer characteristic curve for input less or equal to 0.7 V
will have a slope of 1. If the input is greater than 0.7V, the diode is on, the output will be clamped at 0.7 V.
The difference voltage between the input and 0.7V will be “carried” by the series resistor, as there is now
current flow in this case. Assuming the input is a sine wave with a magnitude of 1, the output waveform as
a function of time is shown in Fig. 4(b). When the voltage exceeds 0.7 V, the output voltage is clipped off
and remains at 0.7 V.

Exercise: Draw the transfer characteristics of the output vs. input voltage.
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Input Waveform

+ 0 2 4 6 8 10
t{sec)

V V Output Waveform
in out !

GND

Fig. 4. 1¥ Clipper circuit using the simple piecewise 0.7 model. (a) The diode circuit representing a single limiter. (b) The plot of the
input voltage and the resulting output voltage as a function of time.

If the orientation of the diode is switched, as shown in Fig. 5(a), the same analysis follows. If the input
voltage is greater than -0.7V, the diode is an open circuit, and the output voltage is equivalent to the input
voltage. On the other hand, if the input is less than -0.7 V, the diode is on and is a short circuit, thus output
voltage is limited to be -0.7 V. Fig. 5(b) shows the output voltage as a function of time when input is a sine

wave with 1V magnitude. When the input voltage falls below -0.7 V, the output voltage is clipped off and
remains at -0.7 V.

Input Waveform

05 \
R = °

7 s AN AN

+ 0 2 4 6 8 10

t{sec)
Qutput Warveform
1
\/in Vout ™
>D \
07

0 2 4 6 8 10
t{sec)

@
z
o

Fig. 5. Examination of behavior with diode orientation reversed, assuming the simple piecewise 0.7 model. (a) The diode circuit
representing a single limiter. (b) The plot of the input voltage and the resulting output voltage as a function of time.

With the first canonical form, we have a limitation on the value the output becomes bounded, i.e., it is
bounded by either 0.7 V or -0.7 V. We can change this value by adding a battery in series with the diode.
We obtain our second canonical form by augmenting this battery, as in Fig. 6. The input needs to become
(0.7 + battery voltage) Volts before the output voltage in the transfer characteristic flattens out.
Furthermore, if the orientation of the battery is switched, the clipping will occur in the negative region.

17




EE 40, University of California Berkeley Professor Chang-Hasnain

Input Waveform

V - V 10 2 4 [ 8 10
in out

t(sec)
Output Waveform

+ 10
5V — -
I
_ _ =
9 : 5
- 10 2 4 [3 8 10
GND t{sec)

Fig. 6. The 2™ canonical form for analyzing clipper circuit, assuming the simple piecewise 0.7 model. (a) The new circuit with battery
added in series with the diode. (b) The plot of the input voltage and the resulting output voltage as a function of time.

What we have examined is known formally as a single limiter, since the circuit will limit the output voltage
on one side. By placing the two diodes with different orientation together in parallel, we obtain a circuit
that bounds the output voltage on both sides. This double clipping action is more formally known as a
double limiter. An example is shown in Fig. 7. The output voltage is both bounded below and above by 0.7
V and -0.7 V, respectively.

Input Wavetorm
1
05
=
R ;: )
AWy -
+ + p
) 2 4 6 8 10
+ - t(sec)
V D1/ D22\ V Output Waveform
in - + out 1
07
=
2 0
T _e - =
07
1
— 0 2 4 6 8 10
GND t(sec)

Fig. 7. A combination of two canonical forms in parallel, again assuming simple piecewise 0.7 model. (a) The double limiter circuit.
(b) Plot of input voltage waveform and the resulting output voltage waveform.

Using the second canonical form, we can achieve a clipping at different voltages by placing different
battery voltages. A classical example, used both in lecture and the textbook, is shown in Fig. 8. Knowing
the canonical forms, we easily simplify the problem by examining each of the two parallel branches
separately and superposing the two results.
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Fig. 8. Clipper circuit diagram.
2.5.2 Level Shift Circuit

A level shift circuit is composed of a capacitor in series with a diode. Note the orientation of the diode in
relation to the output voltage and also note the polarity of the capacitor, as shown in Fig. 9. The intuition
behind a level shift circuit is gained by considering the two cases with the diode on and off separately. We
will use the ideal diode model. When the diode is turned on, we have a short circuit; hence the output
voltage is zero. At this stage, the capacitor will get charged to an equal and opposite value as the input
voltage. On the other hand, when the diode is turned off, the output voltage is given by KVL, V,, =V +
Vin.

Let’s look at an example now. Consider a square wave as an input passed into the level shift circuit shown
in Fig.10, with the positive peak at 4 V and negative peak at -6 V. Initially, when the square wave takes a
negative value, the diode becomes a short circuit; hence the output voltage becomes zero. At this stage, the
capacitor will get charged to become the negative of the input voltage; KVL shows us that Vi, = -V ;. Thus
V=6V here. When the input jumps to a positive value, the diode will be turned off, and V,,, = Vo + Vi, =
4 4+ 6 = 10 V. When the input returns to -6V again, the diode is again a short circuit and V,,, = 0. But in
this case, the capacitor is already fully charged to 6V, there will be no longer current flow. The resulting
waveform is shown in Fig. 10.

10F —
Vo ()
\ BY
........... =
=
>
0 - S ; : el
o W :
: : BY 1
1 1 ]
1 1 H
-6 . —— h i i p—— -
0 10

t (zec)

Fig. 9. The prototypical level shift
circuit. Note the orientation of the
diode and capacitor in relation to the
input voltage.

Fig. 10. The output voltage waveform, V,,, shown in solid lines, is obtained when the input
voltage waveform, Vj,, shown in dashed lines, is passed into the level shift circuit in Fig. 9.
The resulting output waveform is shifted upward by 6 V.

If we switch the orientation of the diode (but still define all the polarities in the same way), the square wave
will be shifted downward instead of being shifted upward. This new orientation is shown in Fig. 11. The
polarity of the capacitor and output voltage remained the same. The only change is that the direction of the
diode is reversed. The resulting waveform will then take the form as shown in Fig. 12.
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Fig. 11. Reversing the orientation of ~ Fig 12. The output voltage waveform, V., shown in solid lines, is obtained when the input
the diode while keeping the polarity ~ voltage waveform, Vi,, shown in dashed lines, is passed into the level shift circuit in Fig. 10.
the same. The resulting output waveform is shifted downward by 4 V.

Exercise: Draw the diode current as a function of time.

2.5.3 Clamping Circuit (a.k.a. DC Restorer)

The level shift circuit shows that the square wave can be shifted upward and downward, depending on the
orientation of the diode. In either case, the wave is bounded above or below by the threshold value of the
diode. In other words, the peak or trough of the waveform is “clamped” at this particular threshold value of
the diode. Because we assume the ideal diode model, the output waveform becomes bounded by 0 V. If we
had assumed the simple piecewise 0.7 model, the output waveform would become bounded either below or
above by 0.7 V. We can clamp the waveform by utilizing different diodes with different threshold value.
However, we sometimes wish to clamp the waveform with a large range of possible voltage values. To
accomplish this greater freedom, we add a battery in conjunction with the diode. Thus, it can be seen that
clamping circuit is a more generalized class of a level shift circuit.

2.5.4 Rectifier Circuit

Rectifier circuits are divided into two classes — half-wave and full-wave rectifier. Consider a sinusoidal

o)+ x(2)

input signal x(t ) as given. Mathematically, a half-wave rectifier produces an output y, (t ) =,
2
while a full-wave rectifier produces an output y, (t ) = |x(t )| . These outputs, y, (l‘ ) and y, (t ), represent a

half wave and a full-wave rectified output, respectively, assuming the ideal diode model. An example
showing the input and output waveform for a half-wave and a full-wave circuit is shown in Fig. 13. If we
were mathematicians, our discussion of rectifier circuits would terminate here; however, as an engineer, we

want to know how to construct circuits to produce the output signals yl(t ) and y, (t ) given an input

signal x(t ) .
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Input Waveform

t(s)

t(s)

Fig. 13 Half-wave rectified and full-wave rectified signals. The topmost signal is the input signal which is fed into a half-wave
rectifier to produce the middle output signal, and fed into a full wave rectifier to produce the bottom signal.

Half-Wave Rectifier

Fig. 14 shows the classical half-wave rectifier circuits. To analyze the output, we follow the input
voltage and apply fundamental diode principles and KVL. When the input is positive, the diode behaves as
a short circuit, thus the output voltage is given by V,, = Vi, - V4 (KVL). Assuming an ideal diode model,
Vou = Vin. Assuming a simple piecewise 0.7 model, V,, = Vi, — 0.7. When the input is negative, the diode
is reverse biased and behaves as an open circuit. Thus, the output voltage is zero since no current flows in
the closed loop.

Input Waveform

t (sec)

V V Qutput Waveform
. 1F q
in § out . .
- 05F el
L
0

Ve (V)

(@) (b)
Fig. 14. (a) Half-wave rectifier circuit. (b) A sinusoidal input and the resulting output.
Now consider adding a 0.6 V battery to produce the circuit shown in Fig. 15. The ideal diode model is still
assumed. The diode will be on only when the input is greater than the voltage across the battery, 0.6 V,
since only then will the voltage across the diode be positive. (V4 = Vi, — 0.6 V) The output voltage will be

Vin- 0.6 (KVL). Whenever the input voltage falls below 0.6 V, the diode will be reverse biased. Thus, a
zero current implies zero voltage.
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Fig. 15. Adding a 0.6 V battery to the circuit produces the corresponding output signal, shown in green from the input signal, shown in
red. Ideal diode model is assumed here.

Full-Wave Rectifier

A full-wave rectifier can be constructed in two ways:
1. Using two AC sources and two diodes
2. Using a diode bridge

The first method composes of two sources which have & phase difference along with two diodes, as in Fig.
16. When Vg is positive, Vy, is negative. Hence the top diode will be a short and the bottom diode will be
an open. On the other hand, when Vj; is negative, Vy, is positive. Hence the bottom diode will be on and

the top diode will be an open circuit. Therefore, we obtain the resulting waveform as shown in Fig. 13. In
practice, a transformer can be used to provide the two out-of-phase voltage sources.
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Input Voltage Sources Output Voltage
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Fig. 16. A full-wave rectifier implemented using two AC sources and two diodes model. The two voltage sources are out of phase, as
seen from the left plot.

A second way to construct a full-wave rectifier is to use a diode bridge. This configuration is used because
sometimes it may be impractical to obtain two voltage sources. Fig 17 shows a diode bridge. The four
diodes are aligned such that diode A and C orient in the same direction and diode B and D orient in the
same direction. The output is taken across the load resistor. The negative lead of the resistor is essentially
the ground that connects to the junction between B and C.

In the positive portion of the cycle, both diode A and C will be on and both diode B and D will be under
reversed bias. The current will flow through diode A, the load resistor, the ground, and return through diode
C. The direction of the current is shown by arrows in Fig. 18. Diode B and D is shaded to indicate that they
are both under reverse bias and off.

=> => =>

T GND J——

~GND

Fig. 18. The input is in the positive cycle. The arrows show the
Fig. 17. A full-wave rectifier implemented using a diode bridge path of the current. Diode B and D, shown in gray, are both
model. under reverse bias and therefore off.

In the negative portion of the cycle, the opposite occurs. Diode B and D will be on and diode A and C will
be under reverse bias. The current flows through diode D, the load resistor, and returns through diode B.
This scenario is shown in Fig. 19. Again, the shading of diode A and C indicate their reverse bias condition,
and the arrows show the path of the current.
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Fig. 19. The input is in the positive cycle. The arrows show the path of the current. Diode A and C, shown in gray, are both under
reverse bias and therefore off.
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In either case, current will flow through the load resistor from the marked positive lead toward negative.
Therefore, the voltage measured across the load will always be positive, so we obtain a full-wave rectified
version of the original sinusoid.

2.5.5 Peak Detector

Peak detectors have useful applications in converting an AC signals into DC signals. They also have
extremely important applications in envelope detection.

Vit) Vd

+ N~

1] HH nll + o

voiti Vs Vc T § Vout

— _ _

(a) (b)

Fig. 20. Peak detection. (a) The top waveform is fed into a peak detector circuit to produce the bottom curve, assuming the capacitance
is nearly infinite. (b) Peak detection circuit.

To construct a peak detector, we add a capacitor in parallel with the resistor in the existing configuration of
a standard half wave rectifier. Assume the capacitor is initially uncharged. V4 = V, — V.. Initially, in the
first quarter of a full period of a sine wave input, the diode will be a short circuit because the voltage across
it will be positive, since Vi > V.. The capacitor will get charged, thus the voltage across the capacitor will
follow the input voltage.

When the input voltage reaches the peak of the sinusoidal curve, the input voltage will start to drop faster
than the capacitor voltage, since we assume that the capacitor is fairly large (thus large time constant).
When the input voltage drops faster than the capacitor voltage, Vi < V., V4 <0, and diode is turned off. The
output voltage follows the capacitor discharge (as Vout = Vc). The shape of this curve will depend on how
large the capacitance is. If the capacitance is assumed infinity, the curve will be a flat line. As the capacitor
continues to discharge, there will be a point in which it intersects the input curve. After this intersection, V
> V., V4> 0, diode will turn on again, and the capacitor follows the input curve as it gets charged up again.
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Fig. 21. The plot of the output voltage V., versus the input voltage Vi, given the peak detector circuit in Fig. 19 and assuming the
ideal diode model. The ideal voltage output is shown in thick dashed lines, when the capacitor is assumed to be nearly infinite.

How does adding a battery in series with the diode affect the behavior of the output? We can gain an
intuitive understanding of a peak detector by considering the circuit first without the capacitor. In another
word, the capacitor is nonexistent, and it is simply a short where the capacitor should be. In this case, the
output with a battery will be a half wave rectified shifted downward by the voltage across the battery.
Adding the capacitor will add a curve connecting from the peaks to a point on the rising portion of the
peak.

T T
Current charging
07y up the capacitor

Ideal VM"

apacitor discharging
through the resistor

Dinde OFF B
(open)

Assuming 0.7 Y
simple piecewise
rmodel

t (sec)

Fig. 22. The plot of the output voltage V., versus the input voltage Vj, given the peak detector circuit in Fig. 19 and assuming the 0.7
simple piecewise model. The ideal voltage output is shown in thick dashed lines, when the capacitor is assumed to be nearly infinite.

2.5.6 Voltage Doubler Circuit

A voltage doubler is composed of a level shift circuit and a peak detector circuit in a cascade composition.
In a sense, the level shift circuits will already double the input voltage. However, we use a peak detector to
convert this AC signal into a DC signal. Fig. 23 shows such cascade composition. The output of the level
shift circuit on the left is passed as an input to the peak detector circuit on the right.
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) Vc1 Vd27
\/in = \/I V(ES Vout1 = \/in2 Vc2 T ? Vout1 = Vout
Level Peak
Shift Detect

Fig. 23. Voltage doubler circuit. A cascade composition of the level shift circuit with the peak detector. The output of the level shift
circuit on the left is passed in as the input to the peak detector circuit on the right.

An example is shown below in Fig. 24. The input voltage waveform, indicated by dash lines, is passed into
the circuit. After passing through the level shift circuit, a shifted version of the original waveform is
formed. This new waveform is passed as an input to the peak detector circuit. The peak detector detects the

peak of the new waveform, resulting in the final line indicated by ‘peak detect.’

Voltage Doubler Circuit
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Fig. 24 A plot of the input voltage Vj,, the intermediate voltage V. or Vip, and the final voltage output V. After the initial
waveform, indicated in dash, is shifted upward, the peak detector detects the peak to obtain the final output voltage.

2.5.7 Diode Logic Gates

The two fundamental logic gates, AND and OR, can be implemented using diodes, as shown in Fig. 25. In
an AND gate (Fig. 25(a)), the cathodes of the diodes are connected to a resistor that connects to a positive
voltage source. The output is measured at point Z, the cathode of two diodes. In an OR gate (Fig. 25(b)),
the anodes of the diodes are connected to a resistor that connects to ground, and the output is taken at point

Z, the anode the two diodes.
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Fig. 25. Diode logic gates. Z represents the output, given A and B as inputs. (a) AND gate. (b) OR gate.

AND Gate

AND gate is shown in Fig. 25(a). If either input A or B is low, the diode will conduct, resulting in a short
circuit thus a low output Z. Only when both the inputs to A and B are high will neither of the diode
conduct. The diode will behave as open circuits resulting in a high output Z. These conditions are shown in
Table 1, which presents the truth table for the AND gate.

Table 1. The truth table for the AND gate shown in Fig. 24(a).
A B Z
0 0 0
0 1 0
1 0 0
1 1 1

OR Gate

OR gate is shown in Fig. 25(b). If both of the input to A and B is low, the diode will be off because the
voltage across the diode is zero, hence no current flows. The output will therefore be pulled down to zero.
If either of the input is high, the diode will conduct, as current flows from the higher potential to a lower
potential. The output voltage at point Z will hence be a positive, high voltage, which is equal to the voltage
across the resistor. Table 2 below presents the truth table for the OR gate. We can see from the table that
the output is high when either one of the inputs A or B is high.

Table 2. The truth table for the OR gate shown in Fig. 24(b).

A B Z
0 0 0
0 1 1
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Chapter 3. Semiconductor Physics

3.1 Introduction to Silicon

Almost all semiconductors used in integrated circuit (IC) technology are single crystalline Silicon (Si)
material. Si is element 14, in Group IV, with an electronic configuration of 1s*2s®2p° 3s> 3p”. From this
electronic configuration, we can see that Si has 4 valence electrons in the n = 3 energy level. A silicon
crystal is tetrahedrally arranged in a diamond cubic unit cell, in which the valence orbital are sp’
hybridized.

<

3sp tetrahedral bond

Fig. 1. Unit cell of crystalline silicon.

The atomic density of crystalline silicon can be calculated from its unit cell, shown in Fig. 1, by observing
that there are 8 atoms in corners, each having 1/8 of the atom lie within the unit cell. There are 6 atoms on
the faces of the cube, with 1/2 the atom inside the unit cell, and 4 more atoms completely inside the unit
cell. Thus, the atomic density of silicon can be calculated, given the size of the unit cell, with length a, on

each side:
8x Lo +6x 1) +4
# Atoms _ 4 3 A 8 =5.00x10%cm™

Volume a; B (5.43x10%cm)?

A common representation of the silicon crystal structure is given in Fig. 2. Each black line denotes a single
bond, involving 2 electrons. Note that this does not represent a planar description of the crystalline
structure of Si. Rather, this diagram demonstrates the bonding between each silicon atom and its 4 closest
neighbors.

Fig. 2. Silicon bonding model.
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3.1.1 Bandgap Energy

Conduction occurs in a substance through the flow of electrons (negative charge) and holes, or the lack of
an electron (positive charge). The arrangement of atoms bonded together produces for its electrons many
energy levels that are so close to each other that we may regard them as energy bands. Electrons are mobile
in the high energy conduction band, while holes are mobile in the lower energy valence band. To form
electron-hole pairs, electrons must have sufficient energy to overcome the bandgap energy, which is a
region with no allowed energy levels. The excited electrons move from the valence band into the
conduction band, leaving holes in the valence band. (See Fig. 3). Situations like this may occur when the
crystal is illuminated with light or photons whose energy is larger than the bandgap energy, or when the
crystal is sufficiently heated.

Conduction Band

[ I}
. Ey------- ‘) ””””””””””””””””””””” } Band gap, E,
o0 /0
e Valence Band

Fig. 3. Energy band diagram of semiconductors.

Insulators have a large band gap, usually 3.5 electron-volts (eV) or greater, preventing substantial amounts
of charge carriers from flowing. Metals are good conductors, with electrons filling up into the conduction
band. This means electrons are inherently mobile through a crystal, with thermal excitation producing even
more electron-hole pairs. Semiconductors are in between, with band gaps ranging from 0.5 - 3.0 eV,
allowing the easy excitation of electrons into the conduction band. However, it is the intermediate
conductivity of semiconductors that is important for the electronics industry, along with their great
flexibility in conductivity through doping.

4 * Electrons fill
Conduction Band - into
E L Conduction Band_ conduction
L band — band
___________________ arge bandgap,
E
E E, E }Small band
gap, E,
Valence Band Valence Band
Fig. 4(a). Band diagram of an insulator. Fig. 4(b). Band diagram of a metal.

3.1.2 Fermi Energy

The Fermi-Dirac function provides the probability that an energy level is occupied by a fermion which is
under thermal equilibrium. Electrons as well as holes are Fermions and hence obey Fermi-Dirac statistics.
(A hole is simply “the lack” of an electron.) As electrons are added to an energy band, they will fill the
available states in an energy band just like water fills a bucket. The states with the lowest energy are filled
first, followed by the next higher ones. At the Fermi level, the probability of filling the state is exact 50%.
The transition between completely filled states and completely empty states is gradual rather than abrupt,
and the transition depends on temperature. The Fermi function which describes this behavior, which is
given by:
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where k is the Boltzmann constant, E, is the Fermi energy, E is the energy of concern and T is the
temperature at which the material is kept.

Figs. 4(a) and (b) show the position of the Fermi level in an insulator and a metal, respectively. Fig. 5
shows the Fermi function plotted with the energy bands at different temperatures. The x-axis, f(E), is the
probability that an energy level is occupied. The lowest energy levels are almost always occupied, with a
probability of 1, and the highest levels have a probability of nearly 0, but this probability increases with
higher temperature. To be more precise, the sharp edge of Fermi function is smeared out due to the increase

in temperature.

gap

Fermi
Level

Mo electrons can be above the valence

leval.

Conduct on Conduction Conduction
EBand Band Band
Some dactrons have :
At absolute . High
zero, OK anargy abowa the Farmi Temperature

A(E)

f(E)
Valence Band =

band at DK, since none have eneargy
above the Fermi leve and there are
no available energy states in the band

gap

Valence Band |—
o]

Valence Band | —
=

sontributs to electric current.

Fig. 5. Fermi function plots at absolute zero, mid-range, and high temperature.

At high temperatures, some electrens
zan reach the conduciion band and

For a given piece of semiconductor at a particular location (space coordinate) under thermal equilibrium,
there is only one Fermi level for both the conduction and valence band, as it describes one equilibrium

system.

For a semiconductor where E,< E¢< E_, we can derive the electron density, n and hole density, p, which are
the density of states multiplied with Fermi probability function.

_ 1 (E/~E,)/KT
”‘Mh+éafayM"~M‘

— 1 (E,~E;)[kT
p‘Nv11+JE;&VM‘ N.e
np=N e(E“—EC)/kTN e(EV—EN )/kT

=N N5 M =N Ne

-E, [kT

Here, N, and N, are the effective density of states in the conduction and valence band, respectively, and E,
is the bandgap energy. All three are constants for Si at a given temperature. This property is referred to as

the mass action law

For an intrinsic (undoped) Si, the electron density n; equals to the hole density, p, which is thus:
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3.1.3 Doping

Doping a semiconductor refers to the careful addition of impurity atoms into the semiconductor. A doped
semiconductor is considered extrinsic, and has enhanced conductivity due to additional charge carriers
from the dopant atoms. The two categories of dopants are n-type, with excess electrons producing donor
energy levels near the conduction band, and p-type, with holes (lack of electrons) producing acceptor
energy levels just above the valence band. The two types of doped semiconductors are named for their
majority charge carriers (the leading contributors to conduction in a material): n-type’s majority charge
carrier is electron (negative charge), while p-type’s is hole (positive charge).

N-type dopants are typically group V elements, such as Phosphorus (P) and Arsenic (As), with five valence
electrons. When a group V element is incorporated into Si and, in fact, replaces a Si atom in a lattice, it
provides four of its outermost electrons to form covalent bonds with the surrounding Si atoms. However,
there is an extra electron remaining, loosely orbiting the dopant atom, at a large radius, or high energy, as
shown in Fig. 6(a). Thus, the extra electron form the donor electron that are close and easily excitable to
the conduction band.

Typically, we may consider the electron density n = N, where Ny is the n-doping density, which can be
seen as an increased Fermi energy level, shifting it closer to the conduction band compared to an undoped
semiconductor at the same temperature. (See Fig. 6(b).) We can calculate the Fermi level relative to the
conduction band edge and the hole density using the following equations.

(E;—E.)/kT

n=N,=N_

pP= n’iz/ N,
P-type dopants are typically Group III elements, such as Boron (B) and Gallium (Ga), with three valence
electrons. Of the four covalent bonds with surrounding Si atoms in the crystal lattice, only three are filled
with an electron from the dopant atom. This vacancy creates an acceptor energy level just above the top of
the valence band, for surrounding electrons to fill with ease. An electron that fills this hole propagates the
vacancy to a Si atom, which is now missing an electron and positively charged. In this manner, the hole
represents a region of positive charge, and is mobile just as an electron is, as shown in Fig. 7(a).

E Conduction
Fermi= "G vasssssns
level
Extra
electron
energy
levals

Fig. 6(a). Bonding model of n-type dopant (donor).  Fig. 6(b). Band diagram of n-doped semiconductor.

The presence of holes shifts the effective Fermi level downwards. This means less electrons will be found
in the conduction band (while more holes can be found in the valence band) than in an intrinsic
semiconductor, and the positively charged holes serve as the majority charge carrier. Fig. 7(b) shows the
energy band diagram, where electrons can easily occupy the low energy acceptor levels provided by the p-
dopants. In this case, we will have:
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(E,~E;)/kT

p=N,=Ne
n:niz/NA

It is amazing to see that a tiny amount of dopant is enough to achieve a great effect. For instance, typical
doping concentrations are 10'° — 10" cm™, but compared to the 5.0 x 10** cm™ density of Si atoms, a 10'®
doping concentration means a 1:50,000 ratio of dopant atoms to Si atoms.

. Extra
Conduction hole
enargy
E lewels,
LLR000 000000, - Farmi

leng|

Figure 7(a). Bonding model of p-type dopant (acceptor). Figure 7(b). Band diagram of p-doped semiconductor.
3.14 Doping Methods

A common method of doping is diffusion. When a silicon crystal is exposed to high temperature dopants
(gas phase), dopant atoms will diffuse against a concentration gradient into the silicon, where its
concentration is much lower. Fig. 8(a) illustrates the process, where an oxide (SiO,) shields the silicon from
the dopant. Fig. 8(b) plots the doping concentrations along the material, as a cutout from Fig. 8(a).

Gaseous N-dopant (ie.
As, P) ~1,100° C

Oxide Oxidé | Doping concentration R
e N-type N o // ’
l \ z , Diffused N-
""" N B dopants
RN ¢ -
P-type N P ’
y Background P-doping

Fig. 8(a). Doping through diffusion of n-dopants into p-

type silicon. Fig. 8(b). Doping profile of the upper

region of silicon in Fig. 8(a).

An alternative method to the high-temperature diffusion is ion implantation. Dopant ions are accelerated to
high speed, and directed in a beam towards the silicon. This process allows more control of doping
distribution than diffusion, because the penetration depth of the ions is directly correlated to their kinetic
energy. Fig. 9(a) illustrates ion implantation, again in which an oxide shields areas to remain undoped. Fig.
9(b) shows the doping profile of the sample in Fig. 9 (a) after ion implantation.

Ion implantation allows silicon to be doped at lower temperatures than diffusion. However, the silicon
crystal is damaged by the penetrating dopant atoms. Fortunately, a thermal treatment, annealing, of the
silicon can remove most of the damage.
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Fig. 9(a). Doping through ion implantation of N-dopants Fig. 9(b). Doping profile of the upper region of
into P-type silicon. silicon in Fig. 9(a).

3.2 Quantitative Analysis
3.2.1 Electric Fields

Gauss’s law relates the electric field, E , and charge. In differential form, Gauss’s law is:
v.E=P
e ()

The divergence of the electric field from a point is equal to the volume charge density, O (units of
Coulombs / cmS), divided by the electric permittivity, £ (units of Farads / cm). Thus, the units of electric

field, E , are Volts / cm. The permittivity measures a material’s ability to polarize in response to an electric
field, and consequently cancel out the field. The permittivity of free space, €,, is about 8.85 x 10" F/cm,

while the permittivity of silicon is around 11.7 £, .

In integral form, Gauss’s law is:

The surface integral of electric flux is equal to the charge, O (Coulombs), enclosed by the surface, divided
by the electric permittivity.

In our study of semiconductors, we usually need only the 1-dimensional version of Gauss’s law:

Differential form: dE P

dx &€ )

Integral form:

[ dleE) =¢,E(x,) - €,E(x,)

=], P0dx=Q,,

Xp
xa

3
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where Q. is the charge enclosed between x, and x,. The permittivity, ¢, may differ throughout a material,
so it is included inside the differential, along with the electric field, E(x). ¢, is the permittivity at x,, and
likewise for &,. We can find the electric field at a point b, by selecting a boundary point a that contains zero
charge density. The electric field at the boundary location, E(x,) would then be 0.

3.2.2 Electrostatic Potential

Poisson’s Equation relates electrostatic potential, ¢, to the electric field, £, and to charge density, © . The
units of potential are Joules / Coulomb, or Volts.

In differential form, it is:

Vig=—v.E=-F
E

As before, we only need the one dimensional version in our analysis of semiconductors:

d’p(x) _ _dE(x) __p(x)
dx® dx E @)

By definition, the electrostatic potential ¢@(x) is found with respect to an arbitrary value at a reference point
Xo as the integral of the negative of the electric field E from x to x:

P() = P(x) = || ~E(x)dx

(&)

Like any potential function, only the potential difference (voltage) between two points is physically

meaningful, since any constant can be added to ¢ without affecting E . Thus, the usual value chosen for
the potential at the reference point, xo, is @#xp) = 0.

3.3 PN Junction

A PN junction is formed when p-type material is in contact with an n-type material. This device allows
considerable current to flow in only one direction (forward bias), while basically preventing current from
flowing in the opposite direction (reverse bias) as shown in Fig. 14. Note that this semiconductor is a single
crystal, in which one region is doped with acceptor impurity atoms (P-region), and the adjacent region is
doped with donor atoms (N-region). For simplicity, we will consider a step junction where the doping
concentration is uniform in each region, and there is an abrupt change in doping at the junction (see Fig.
15). Doping concentrations N, in the P-region and Ny in the N-region are in units of cm™, denoting 1
impurity atom / cm”.
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Fig. 14. PN junction with applied electric potential (forward bias).
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Fig. 15. Doping profile of a PN junction.

3.3.1 Depletion Approximation

The behavior of the PN junction can be understood by analyzing the physics of the diode as modeled in Fig.
16. Initially at the junction, there is a very large concentration gradient in the electron and hole
concentrations. Majority carrier electrons in the N-region will begin diffusing into the p-region and
majority carrier holes in the P-region will begin diffusing into the N-region. Even though a doped
semiconductor has excess electrons and holes, it is electrically neutral. However, as electrons diffuse
from the N-region, positively charged donor atoms are left behind (see Fig. 16). Likewise, holes diffusing
from the P-region will leave negatively charged acceptor atoms.

n-type
semiconductor
region

® glectran

n hole
. negarive ion
from filled Fole

(#) positive ion

from ramoved
electron

p-type
Initially — semiconductor
region

After diffusion

dapletion
egion

Fig. 16. Formation of the depletion region due to mobile charge carrier diffusion in a PN junction.

The dopant atoms, now ionized, are immobile because they are fixed in the crystal by their covalent bonds
with surrounding silicon atoms. The regions on both sides of the junction are now depleted of mobile
charge carriers, because the mobile carriers (electrons and holes) have diffused to the other side. The N-
side is now positively charged with ionized donors near the junction, and the P-side is negatively charged
with ionized acceptors, due to the ionized dopants. We call this the depletion region, which on either side,
is depleted of mobile charge carriers and has a constant charge density due to the constant doping
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concentration. The presence of immobile ions, as illustrated in Fig. 16, generates a built-in electric field
pointing from N-side to the P-side within the depletion region. This built-in field will prevent mobile
charge diffusion across the junction and balance the carrier motion in a PN junction under thermal
equilibrium.

The portions of the semiconductor outside the depletion region are electrically neutral, due to the balance of
charge carriers and dopant atoms. Reference 1 present a good quantitative treatment of the depletion
approximation, in which we assume:

—gN, (—x <xSO)

p0 —

qu (OS)CS.X”O)

po(x) =

and p,(x)=0 (x<—xp0, x>xn0) (10

The charge distribution above in equation (10) describes the depletion region of a PN junction with the P-
side between x = -x,, and x = 0, while the N-side is between x = 0 and x = x,,. The P-side has a doping
concentration of N,, and its acceptor dopants ionize to negatively charged atoms, so the charge density, p,,
of this side is —gN,. Likewise, the N-side has a doping concentration of N, with positively charged donor
ions, giving a charge density, p,, of gN,. Keep in mind that the PN junction actually extends past -x,, and
X,0- but this bulk silicon outside the depletion region is neutrally charged, so p, = 0 in the regions where x<-
Xpo and X>X,,.

4 po(x)

qNa

A
v

‘qNa

v

Fig. 17. Charge distribution, p,(x), of the PN junction, with depletion region as approximated in Equation (10).

3.3.1.1 Finding the electric field

The subscript O for the charge density p,(x) indicates that our PN junction is in thermal equilibrium. We
now integrate the charge density to find the electric field E,(x) and then integrate again to find the
electrostatic potential ¢,(x). Gauss’s Law relates the charge density to the derivative of the electric field:

dE, _ py(%)
dx € (10

s

where € =11.7 € is the electric permittivity of silicon.

The PN junction in thermal equilibrium has no net current flow. In the formation of the depletion region,
the total negative charge on the P-side is equal and opposite to the positive charge on the N-side, because
an equal number of holes from the p-side and electrons from the n-side diffused and recombined at the
interface. Thus, differing doping concentrations N, and Ny will result in regions of different width, but the
net charge on either side is the same:

gN,x,, =qN,x,, (12)

This fact means that the electric field at the boundaries -x-,, and x,, is 0, because the net enclosed charge in
the depletion region is 0 (Gauss’s Law states that if a surface encloses no net charge, there is no electric
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flux through the surface). Also important, the adjacent bulk silicon outside the depletion region is neutrally
charged.

On the P-side of the depletion region —x,,<x<0, we integrate the charge distribution of equation (10) to
obtain the electric field:

)+0

po

x Py(x) —gN
Ey(x)=[ FPoZdr+ Ey(—x,,) =—~* (x—(—x
_xpo gS gS
where our constant of integration, E,(-x,,), is 0, because at the edge of the depletion region, the electric
field is 0. This is because there is no charge density on the left side (bulk p-silicon). Therefore,

_gN
E,(x) =%(x+xpn) (—x,, <x<0) -

N

In the N-region, the electric field can be found by noting that at the boundary of the depletion region with
the bulk n-silicon, x,,, the electric field, E,(x,,), is the sum of the electric field, E,(x), at the point x, and the
contribution due to the charge between x and x,,, found by Gauss’s law:

Ey(x,) = Ey(o)+ [ 2 g = g
x E

N

E,(x,,) is also 0, because by Gauss’s law, the entire depletion region has 0 net charge, so the electric flux
must be 0 at its boundaries. Rearranging the above expression, we can find the electric field in the N-side of
the depletion region:

By =[P e~ £y (x,) =~ (x, -0~ 0=

s

no

Eyx) = Wa ooy ) (O<x<x,)
& (14)

The electric field of our PN junction in thermal equilibrium, as described by Eqns. (13) and (14) is shown
in Fig. 18.

4 Eo(x)

-Xpo Xno x

A
v

— qNa XPO — - qu xno
€

s s

XE,(0) =

v
Fig. 18. Electric Field, E(x), of the PN junction, with depletion region as approximated in Equation (10).

Note that the field is continuous, because we have considered two regions of finite charge density, and
there is no sheet charge anywhere. At the interface, x = 0, the electric field reaches its maximum
magnitude. Substituting for x in both Eqns. (13) and (14), we obtain:

_ qNa x!’” — _ CIN d xll()
I3

5 s

E, 0)=
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This is in agreement with our earlier observation in Eq. (12) that the net charge on both sides is equal. The
electric field is a maximum at x = 0 because both charged regions contribute fully to the electric flux. In
either P or N regions, there is cancellation of charge, which reduces the electric flux (Gauss’s Law).

3.3.1.2 Finding the Electric Potential

By applying Poisson’s equation, Eq. (5), and integrating our expressions for electric field in Eqns. (13) and
(14), we can obtain the potential throughout our PN junction.

Poisson’s Equation P(x) — ¢(x0) = J.xo — E(x)dx )

On the P-side of the depletion region, —x,,,<x<0,

0= —Ey(x)dx+ gy (-x,,) = [ mqgﬂ(ﬁ x,,)dx +0

= qiva (fx xdx + fx’m X, dx) :

DO
s P

We usually set as 0, the reference potential, ¢,( —x,,), at the boundary between the depletion region and
bulk silicon on the P-side. The above integral solves to:

N
@, (x) = %(x +x,,)° (-x,, <x<0) (15)

For the N-side of the depletion region, we can again integrate our expression for electric field on the N-side
— Equation (14), but we must remember to add our constant of integration — the potential created by the
charge and electric field of the P-side.

. © gN N
0,(x) = [ = Ey()dx+9,(0) = [ = T2 (g, ) + L2004,
= &(— rxdx + rx,m dxj + ﬂxm2
g, 0 0 2e, !

Solving this expression, our potential on the N-side is found to be:

16)
_4qN, 2, gN 2 (
¢0(x)—2—x(2xno—x) +2—“xp0 O0O<x<x,)
$ s
The electric potential of our PN junction in thermal equilibrium is shown in Fig. 19.
4 0o(x)
N
474 xn02+q—N"x 02 g
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|
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Fig. 19. Electric Potential, ¢, (x), of the PN junction, with depletion region as approximated in Equation (10).

The potential at X = X,, can be found by substituting x,, for x into Eq. (10). The value of this potential

can be written multiple ways:

qu 2 qNa 2 quxno
x2x, )="%x ~+—*x ~=——"\x +x
¢0( no) 28) no 283 po 28) ( no po)
qNa'xm
=, +,,) (7)

s

This value in Eq. (17) represents a built-in potential of the PN junction that limits the flow of charge
carriers. For example, positive charges naturally move from high potential to lower potential, so holes
moving in the +x direction must possess sufficient energy to overcome the potential barrier, and make it

into the bulk silicon region, X = X,, - Similarly, electrons naturally move from low to high potential, so

for them to move in the —x direction also requires sufficient energy to overcome the built-in potential.
3.3.2 PN Junction in Equilibrium

The PN junction in thermal equilibrium, with no external applied electric field, does not have any current
flow. In this case, the drift current due to the depletion region’s built-in electric field is equal and opposite
in magnitude to the diffusion current caused by the different doping concentrations. The built-in potential
has the right size and height so the amount of electrons having enough energy to move up the potential by
diffusion equals the amount of electrons moving down it, due to drift. Fig. 20 illustrates an energy level
profile of the PN junction:

A

E. @ electron

Fig. 20. Energy bands of PN Junction in Equilibrium.

The Fermi level, Eg, is the same in both P-region and N-region, because it is in thermal equilibrium,
but the bottom of conduction band, E., and the top of the valence band, E,, are at different levels in
the two regions, due to the built-in potential across the depletion region.

Note that the direction of the energy barrier is opposite that of the potential diagram of Fig. 19. This is
because Fig. 20 displays electron energy levels, increasing in the upward direction. In Fig. 19, the potential
displayed is for positive charges, such as holes. Thus, holes moving from the P-side into the N-side (against
the higher potential), require energy to push them down into the valence band, where they are mobile.
Likewise, for electrons moving towards the left, the P-region is at lower potential (and thus unfavorable for
negative charges). So for electrons to pass through to the bulk region of the P-side, they must have
sufficient energy to push them up into the higher energy conduction band of the P-side.

3.3.3 Reverse Bias

When an electric potential, or voltage, is applied, with positive potential on the N-side of the diode, the
diode will conduct only negligible current. Current flow through the device requires the combination of
holes and electrons at the junction. Instead, the applied potential forces electrons on the N-side away from
the junction, and forces holes on the P-side away as well. This results in widening of the depletion region,
which increases the charge, electric field, and hence potential barrier across the junction, as shown in Fig.
22.
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Fig. 21. Circuit of PN junction in reverse bias.
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Fig. 22. Energy bands of PN junction in reverse bias.

The tiny amount of current that does flow is due to minority carriers (electrons in p-type and holes in n-
type) from the neutral regions (p and n type semiconductors, respectively) diffusing across into the
depletion region and drifting across the junction, due to the applied electric field.

3.3.4 Forward Bias

When a voltage is applied with its positive reference at the P-side of the diode, the diode can conduct
considerable current.

Pl N

Fig. 23. Circuit of PN junction in forward bias.

The electric field created by the potential forces electrons on the N-side towards the junction, while holes
on the P-side are pushed towards the junction as well. This causes current to flow (electrons from n-side to
flow to p-side and vice versa), as the built-in potential is overcome by the applied voltage. Now, current
can flow with very little resistance, because the depletion region has been diminished, and the built-in
potential lowered.

E. —-ﬂ E.

E E PR —— SR BB EBEREE R

E¢
S @ clectron
g e Ev O hole

Fig. 24. Energy bands of PN Junction in forward bias.

As illustrated in Fig. 24, an applied voltage above that of the built-in potential will result in electrons high
in energy on the N-side, above the conduction band of the P-side. Now the potential is “downhill” for
electrons, meaning they can flow across with ease. When they enter the junction, they readily recombine
with holes, resulting in a net current flow. It is in both directions in which this process of recombination
occurs: majority carriers diffuse across the junction and then becoming minority carriers, combining with
the majority carriers in the local region, and “dying out” far from the junction.

3.4 References

Fig. 1., Section 4.1 — Howe & Sodini, Microelectronics: An Integrated Approach, Prentice Hall, 1997.
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Fig. 2, 5, 6(a)(b), 7(a)(b), 16, 20, 22, 24 — Hyperphysics, Internet. http://hyperphysics.phy-
astr.gsu.edu/hbase/hph.html
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Chapter 4. Metal-Oxide-Semiconductor Field-Effect
Transistor (MOSFET)

4.1 Introduction

A transistor is a semiconductor device that uses a small amount of voltage or electrical current to control a
larger change in voltage or current. Because of its fast response and accuracy, it may be used in a wide
variety of applications, including amplification, switching, signal modulation, and as an oscillator. The
transistor is the fundamental building block of both digital and analog circuits — the circuitry that governs
the operation of computers, cellular phones, and all other modern electronics.

The field-effect transistor (FET) is a transistor that relies on an electric field to control the shape and
hence the conductivity of a 'channel' in a semiconductor material. FETs are sometimes used as voltage-
controlled resistors. Field-effect transistors are devices that are used in amplifiers and logic gates.

The metal-oxide-semiconductor field-effect transistor (MOSFET, MOS-FET, or MOS FET), is by far
the most common field-effect transistor in both digital and analog circuits. A MOSFET is a three-terminal
device that uses the voltage between two terminals to control the current flowing in the third terminal.
Therefore it can be realized as a voltage-controlled current source.

Some of the basic symbols can be found in the following table.

Symbol Definition
D D N-MOSFET symbols. Note that the Drain terminal
G is on top and the Source terminal on bottom. In the
G [ _| . ; :
J|—| first picture, the arrow points towards the Gate
S 5 terminal.
S S P-MOSFET symbols. Note that the Source terminal
G |,_b_ G ig on t'op and the Drain te'rminal on bottom. In the
I—l | first picture, the arrow points away from the Gate
D D terminal.

Table 1. Symbol Information depicting the symbols that will be used throughout the remainder of this text.

4.2 Notation

Superposition is a very important 3 5 °
concept while analyzing transistors. For )
this reason, many types of variables with - Metal gate { oxide ( prain
different subscripts are used. Upper-case

letters with upper-case subscripts, e.g. Source
Vs, represent results due to DC analysis.

For the value of a single point, it is 7

usually labeled with a subscript “Q”, e.g. s L— 4)| s —/
Viasq. Lower-case letters with lower-case =

P Substrate (or body)

1]

subscripts, €.g. vy, represent results due .
to AC analysis. Finally, lower-case 1
letters with upper-case subscripts, e.g.

vgs, represent the general or total, i.e. the
result achieved by summing the DC and

the AC results. Fig. 1. A device drawing of an NMOS transistor. L represents the length of

the channel and W, the width.
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4.3 NMOS and PMOS Transistors

Figure 1 depicts the structure of an n-channel enhancement-mode MOSFET, also known as an NMOS
transistor. The substrate, or body, is doped with acceptors to form p-type silicon. Two regions on the top
surface of the substrate are doped to form n-type silicon as indicated by the n* regions in the figure. Metal
is deposited to form contacts to the n+ regions. The two contacts are labeled source (S) and drain (D),
with another metal to contact the bottom of the substrate, labeled body (B). Between the source and drain, a
metal contact is deposited on top of a layer of silicon dioxide, which, in turn, is deposited on top of the p-
Si. This contact is labeled gate (G). The gate metal, silicon dioxide and semiconductor underneath form
the most important constituents, which is the reason that this type of FET is called MOS-FET.

At a first glance, the source-body and drain-body connections are both n-p junction. And hence, we do not
expect different characteristics than a simple diode if a voltage is applied to source-body or drain-body
independently. However, by placing a MOS junction in-between, very interesting characteristics is
achieved.

Instead of using metal electrode, the gate of modern transistors are typically highly doped poly-silicon.
Hence, it is best to explain the MOS as n++-O-p junction. When a positive gate-body voltage is applied,
the junction is reverse biased. Due to the oxide being an insulator, no current flows through the gate
terminal. As the gate-body voltage increased above a certain positive value (called threshold voltage V,,), a
thin layer of electrons is formed at the oxide-Si interface. This layer is called the inversion layer, which
forms a bridge to conduct electrons from source to drain. As the channel is n-type, with electrons as the
conducting carriers, this type of MOSFET is called N-MOSFET. Current can flow into the drain, through
the channel, and out the source if a drain to source voltage, vps, is applied. You may notice that the terms
“source” and “drain” seem to be backwards. This is because they are the source and drain of carriers,
which in the case of a NMOS are electrons. Varying the gate-body voltage changes the inversion layer
thickness and hence the resistance of the drain-source channel. Typically we short the body and source
contacts, and the gate-source voltage vgs is used to control drain-source current ips. The device
characteristics also depend on device dimensions, such as L, the length of the channel, and W, the width of
the channel.

P-MOSFET is similar to NMOS, except all n-doped Triode Saturation
. . . . in(md) b

regions in Fig. 1 are p-doped and the substrate is n- BN |

doped. With a negative vgs, the MOS junction is ix\ Vos $Ves =V, | Vs > Vg~V

reverse biased. When vgg becomes smaller than a 16 |-
certain V, (typically negative), an inversion layer of 14}
holes is formed at the oxide-substrate interface, 12}
which forms the channel to conduct between drain- 10}
source. The source and body are conventionally 8
shorted, as in NMOS. The drain-source voltage vpg 6
is kept the same sign as vgs, which in this case will 4
be negative. Thus ipg is also negative. |

ves =V, +8

=
vos =V, +6

Vs =Vw+4

- | ) ’ Vo =V, +2
4.4 N-MOSFET Operating Regions L oy 7 1A " )
The I-V characteristic for a MOSFET is more ves =V Cutoff

complicated than a diode, simply because there are

twc,' Contr,Ol voltages, vps and vps. Depepdmg on Fig. 2. NMOS characteristic curves. When vgs < Vi, ip is zero
their relative values, the MOSFET can be in one of  and the NMOS is in cut-off region. In the triode region, ip

three modes: cut-off, triode or saturation. increases for increases in vps. In the saturation region, ip
increases only if vgs increases. The dashed line shows the
4.4.1 Cut-off boundary between the triode and the saturation region.

If vgs < Vi, then no channel forms under the oxide

insulator and even if a vpg> 0 is applied, virtually no current will flow. Note this is indicated in Fig. 2 in
which there appears a dark line at ip = 0. This is known as the cut-off region and even as vgs increases, the
device remains in the cut-off region until vgs>V,,.

i, =0 for v, <V, 4.1)
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4.4.2 Triode

Professor Chang-Hasnain

As vgg increases above the threshold voltage and for vpg < vgs — Vi, the NMOS is in the triode region. The
inversion layer is formed under the gate, between the source and the drain. For small positive vpg, the
current ipincreases with vpg somewhat linearly. This is because the resistance of the channel is determined
by the dimension of the inversion layer, which is independent of vpg for small vpg. As vpg increases, current
increases much less rapidly because the channel is getting thinner at the drain side. An equation to
approximate the thinning of the inversion channel can be derived, which thus leads to the equation for ip,

which is proportional to vps®.

SourceT Oxide ] Gate TDrain
&
nt N nt

L Channel

(5 Body

in(A)

| vas(V)
Vio

Fig. 3. Channel pinch-off occurs near the drain as vps increases.  Fig. 4. When vgs<V,, the current flowing into the drain is zero.
The thickness of the channel at the drain is zero when the However, after the barrier has been reached, the current follows
device goes into saturation region. a quadratic trend with increases in vgs.

In this regime, as vgg increases, the channel becomes thicker, which reduces the resistance and increases ip.
Thus, we can think of the device as a voltage-controlled resistor that decreases its resistance with increases

in vgs. The triode region is to the left of the dashed line in Fig. 2.

. 2
Ip = KI:Z(VGS ~V, ) Vs — Vs ] Jor vy +V,, <vgs

where K = W kP
L 2
where W is the width of the channel, L the length, and KP is a

factor depending on the oxide layer.
4.4.3 Saturation

For a fixed vgs, as vps increases, the gate-to-drain voltage,
vgp, Will equal the threshold voltage (vgs - vps = Vio). The
thickness of the channel at the drain end becomes zero at this
point. Thus, for further increases in vps, there are no further
changes to ip. This refers to saturation of the channel, and the
curves begin to flatten as shown in Fig. 2. The saturation
occurs due to the channel pinch-off caused by the
disappearance of the channel layer close to the drain as shown
in Fig. 3. Note, in the saturation region, the current is constant
for a fixed vgs and independent of vpg. The drain current is
given by:

i, =Ky =V,) for V, <vy <vpe+V, 4.3)

I to

where K is the same as above. Fig. 4 shows ip versus vgs.
Note, ip=0 when vgs< V.
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x 10t
0 .
Vgs=-1.0V
024
Vas=-1.5V
D4L
ES
__C' [t.-'_\' 20V
46
;| - or
Vas=-2.5 )
-1 . . . L
-25 -2 1.5 -1 0.5 0

Fig. 5. PMOS characteristic curves. PMOS is in
cut-off region when vgs> Vi, and ip=0. In the triode
region, ip decreases for decreasing vps. In the
saturation region, ip decreases only if wvgs
decreases. The dashed line shows the boundary
between the triode and the saturation region.
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4.5 PMOSFET Operating Regions

PMOS also has three operating regions, cut-off, saturation and triode. In general, all signs are opposite to
those of NMOS. Typical PMOS ip-vps curves for various vgs values are shown in Fig. 5. Note that in the
following as well as in Fig. 5, ip=ips. This is different from our text book, where ip=isp for PMOS.

NMOS PMOS (Note ip=ipg)

Channel carrier Electrons Holes

Vio Positive Negative

Cut-off Region ip,=0 for v <V, ip=0 for vy >V,

Saturation Region i, = K(Vas -V, )2 iD — _K(Vcs _ Vm)2
Jor V, <vgo<ve+V, Jor V, 2vse 2vc+V,

Triode Region . 2 . 2

£ lD_K|:2(vGS_Vru)vDS_vDS } Ip __K|:2(VGS_‘/to)vDS_VDS :I

Jor vpg +V,, <vgg Jor v +V,, > vg4

The following summarizes the regions of operation for NMOS and PMOS.

Cut-off Saturation Triode Triode Saturation Cut-off
- | Ves | : | Ves
O ‘/to vDS + ‘/to vDS + ‘/to ‘/to 0
NMOS Regions of operation PMOS Regions of operation
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Chapter 5. Simple MOSFET Circuits
5.1 Analysis for MOSFET Amplifiers

As previously discussed, we are interested in analyzing MOSFET circuits for analog and digital
applications. For analog applications, we are most concerned with small-signal AC response. In particular,
we are interested in three parameters: small-signal gain, input impedance and output impedance. The latter
two enables us to cascade the amplifiers. The steps include the following:

1. DC analysis to determine the Quiescent (Q) operating point. The results of this analysis are Ipq,
Vbsq, and Vgso, with which we can get the small-signal MOSFET model

2. Replace the original circuit with the small-signal MOSFET model.

3. Analyze the new AC circuit use KCL, KVL or Thevenin (or Norton) equivalent circuits.
In the following, we will show how to obtain these three parameters in a step-by-step fashion.
5.1.1 DC Analysis — Load-Line Analysis

Since it is DC analysis, we turn-off all AC sources and replace all capacitors with opens and inductors
with shorts.

After this step, we can write two KVL equations.

e Equation (5.1) will be for the loop including Vps and equation will be in the form of I, as a function of
Vps. Remember that there is a voltage drop of Vpg from the drain to the source terminal.

e  Equation (5.2) will be for the loop Vgs. The most crucial point to remember is that there is NO gate
current. This equation will be in the form of I, as a function of Vgs.

A. If equation 5.2 leads to a constant Vgg, we can use equation 5.1 as the load line in conjunction with
MOSFET Ip-Vps characteristic curve, e.g. Figure 4.2, to solve for Ip and Vpg.

B. If equation 5.2 is a functional equation and Vg is a function of Ip. First, we assume the bias is such
that the MOSFET is in saturation region, use load-line analysis for equation (5.2) and MOSFET saturation
mode equation (4.3) to solve for Ip and Vgs. With these two values, we can then find Vpg using equation
(5.1).

But if there is no solution for Vgs, we know MOSFET is in triode mode and will need to use equation
(4.2) to solve for I, Vgs, and Vpg.

After determining the DC bias point, i.e. Q point, we label the values for Ipg, Viso, and Vpsg. We can now
move on to the small signal model.

5.1.2 Small-Signal Equivalent Circuit

To do AC analysis on the circuit, we need to replace DC sources by ground, capacitors by short circuits,
and inductance by open circuits. Next, we replace the MOSFET a voltage controlled current source in
parallel with a resistor. This model is valid only when the MOSFET is biased in the saturation mode.

The reason for the resistor is because in the saturation region, ip is not exactly flat as shown in Fig. 4.2 but
slopes slightly upward. Usually, it is a good approximation for the line to be horizontal (in Figure 4.2), in
which case ry is infinite. Note that the current source is connected between the drain and the source
terminal. The value, g, known as transconductance of the MOSFET is a measure of a transistor’s
sensitivity to the input voltage. If the characteristic curves such as Figure 4.2 are provided, you can find the
value of g, by holding vpgs constant at Vpgq and calculating the change in ip with respect to a change in vgs:

8, =(Ai,/Avg,) (5.3)

Vps= VDSQ

On the other hand, if an equation is provided for ip, g, is found by taking the partial derivative of that
equation with respect to vgs:
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g, =0iy /0 (5.4
Plugging in equation 4.3 into equation 5.4 yields another way to find g,
8n = 2K (V550 =V,) G o - <i‘_’OD
=2KI,, (5.5) '

Vgy 8mUsgs ry
=\2KP\W /LI, - | ] S

Similarly, through characteristic curves, you can get the

value of ry by holding vgs constant at Vgsq and g 51, Small signal model for MOSFET under
calculating the change in ip with respect to a change in saturation mode. It includes a voltage-controlled current
source between drain and source terminals. The direction
of the current is always from the drain to the source.

Vps-

(/7)) = (Aiy [ Avyy) (5.6)

Ves=Veso
Remember, you must reciprocate the above equation to find ry.

Similarly, r4 is found by taking the partial derivative of the iy equation with respect to vpg:
(1/r,) =0ip, /vy (5.7)
Remember, you must reciprocate the above equation to find ry.

5.1.3 Finding Voltage Gains, Input, and Output Resistances

After drawing the small-signal equivalent circuit, we can find small signal voltage gain, input, and output
resistances. There are examples in the text book (pages 556, and 569-570). The terms are defined as
follows:

Voltage gain A,: the ratio of the output voltage to the input (AC) voltage.

Input Impedance R;,: the impedance looking into the circuit from the input terminal; it is equal to input
voltage, vi,, divided by input current, ij,.

Output Impedance R,,: The output impedance is the impedance looking into the circuit from the load
terminals. It can be found most often with steps 1 and 2 below and then by inspection into the load
terminals. However, sometimes it requires step 3 to find the value.

1. Remove the load resistance, R from the small-signal equivalent circuit.

2. Turn off independent source (remember voltage sources become short circuits when they are
zeroed out and current source will be open).

3. Attach a test source, vy, to the output terminals. The output terminal is where you removed the
load resistance from. Find the current coming out of the test source as i,. Use KCL or KVL to
write down an equation relating v, and i,. Simplify the equation such that these are the only two
unknowns in your equation. The output resistance, R, is equal to v, divided by i.

5.2 The Inverter:

Fig. 5.2(a) below shows the symbol of an inverter, also known as a NOT Gate. Fig. 5.2(b) depicts a graph
of Vou vs. Vi, which shows the function of an ideal inverter: when the input voltage is low, the output
voltage is high and vice versa.
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5.2.1 Constructing a Logic Gate: the Use of Pull-Down and Pull-Up Networks

Vin | > Vout

vout

Because an inverter is a type of logic gate, it will be better to first analyze
how logic gates are made. To construct a logic gate, we must make use of
both pull-down and pull-up networks. A pull-down network is a set of devices
used to carry current from the output node to ground. This discharges the
output node hence pulling down the voltage. NMOSFETs function as pull-
down devices when they are turned on and are used to connect the output to
ground. Note that when an NMOS is on, the n-type channel formed within it
allows for current to easily flow when a voltage is applied to it. Remember
that the channel can only form when the input voltage to the NMOS, Vg, is
high and greater than V,,. So, you can think of an NMOS as a short circuit
when its input voltage is high and an open circuit when its input voltage is
low.

— -,

\'/3 \'

Fig. 5.2(a) above shows the
symbol of a basic inverter. (b)
shows the ideal characteristic
of an inverter. A low input
voltage yields a high output
voltage and vice versa.

PMOSFETs and resistors function as pull-up devices and are used to connect
the output to the DC source, Vpp. Note that when a PMOS is on, the p-type
channel formed within it allows for current to easily flow when a voltage is
applied to it. Remember that the channel can only form when the input voltage to the PMOS, Vg, is low
and less than V,,. So, you can think of a PMOS as a short circuit when its input voltage is low and an open
circuit when its input voltage is high.

Fig. 5.3 shows the setup of a typical Voo
pull-up network in series with a (i)
pull-down network to yield a logic

gate with multiple inputs. In this
class, we will be analyzing these

— Pull-up

network | < PMOSFETSs only

A
input signals A,
A

=

networks with mostly one input. F——oFA, A, ..., A))
A, —

It is perhaps the most convenient to A; — Pull-down NMOSFETSs only

remember the following: when there A. | network

is no current flow in the pull-up " —é—
network, the output voltage is pulled

up to Vpp, and hence F is 1 in the
logic state. On the other hand, if
there is current flow, voltage drop in
the pull-up network will make the output at F a low voltage and logic state of 0. The condition is just the
opposite for the pull-down network. We summary in the table below. This point is illustrated by Fig. 5.7b
and 5.7c will become obvious when we discuss logic gates next.

Fig. 5.3. The basic setup of a pull-up network and a pull-down network which
yields the basic inverter. F is the output signal and is equal to the voltage drop
across the pull-down network.

Pull-up current | Vg logic state of F | Pull-down current | Vg logic state of F
0 Vbbp 1 Non-zero Some value | 1
Non-zero Some value 0 0 GND 0

Fig. 5.4 and Fig. 5.7 show circuit diagrams using specific devices for the pull-up and pull-down network.
The reason for the setup in these figures yielding an inverter is discussed later. Note that the pull-up
network is used to connect Vpp to F (the output node) and the pull-down network is connecting F to
ground. Note that the input signals, (A, ..., Ay), to each network are the same. So, if the signals are high,
the pull-up network is off (it’s an open circuit), and the pull-down network is on (it’s a short circuit). This
means that the voltage drop across the pull-down network which equals F is 0 V or low. This is where the
name pull-down comes from, as F is pulled to ground. On the other hand, if the signals are low, the pull-up
network is on (it’s a short circuit), and the pull-down network is off (it’s an open circuit). This means that
the voltage drop across the pull-up network is 0 V and there is voltage drop of Vpp across the pull-down
network. Because F equals the voltage drop across the pull-down network, it is also Vpp, or high. Because
of a 0 V drop across itself, the pull-up network yields the high output voltage across F. This is where the
name pull-up comes from.
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5.2.2 NMOS Resistor Pull-Up

Fig. 5.4 shows the NMOS resistor pull-up device, which acts as an inverter. The resistor acts as the pull-up
device and the NMOS as the pull-down device. Note that the pull-up device connects Vpp to the output,
Vour, and the pull-down device connects Voyr to the ground. The way this device works as an inverter can
readily be seen in Fig. 5.5 and in Fig. 5.6.

Fig. 5.5 shows the load-line analysis of this circuit. The load line has been constructed in the same way
mentioned earlier and is graphed with the NMOS’s characteristic curves. Note that Vg is simply Viy and
Vps is equal to Voyr. Each intersecting point gives the value of Vpg for a given Vgs. Note when Vg or Viy is
small, Vpg or Vour is large and vice versa. This also makes sense intuitively. When Vg or Viyis low (below
Vi), no channel forms within the NMOS and therefore no current flows through it, which means the
transistor is off. Because no current flows through the transistor, no current flows through the resistor. This
means that Voyr equals Vpp, which is high. When Viyis high (above V,,), a channel does form and current
flows easily through the transistor, which means there is current flowing through the resistor and there is a
voltage drop across the resistor. As the current gets larger, most of Vpp is dropped across the resistor and
the Vpg gets smaller. The current gets larger when the channel gets wider, which only occurs with an
increase in Vg or Viy. Fig. 5.6 is derived from the intersecting points of Fig. 5.5. For example, when Vs is
very high, Vpp is very low, which is represented by the green diamond point labeled in Fig. 5.5. This point
is also labeled in Fig. 5.6 with a green diamond. As Vs lowers, Vpp increases and this point is represented
by the square in figures 5.5 and 5.6.

A
Voo . Vour
1 D Viy= VDD
R,
|
Voo/Rp
+
+ | increasing
VDS = VOUT VGS = VIN> vto VIN
ml
- =4 0

Vps
/\ VGS = Vin < Vlu VDD

Fig. 54. The Fig. 5.5. The load line analysis of the NMOS resistor pull-up. Note Vss  Fig. 5.6 A plot of Viy vs. Vour

NMOS resistor  increases upward. Note Vs equals Viy and Vs equals Vour. for the NMOS resistor pull-up.

pull-up This is derived from Fig. 5.5, so
the diamond point in Fig. 5.5
corresponds to the diamond
point in this figure.

5.2.3 The CMOS Inverter

Fig. 5.7(a) shows a CMOS inverter, which contains a PMOS and an NMOS. The PMOS acts as the pull-up
device and connects the DC source, Vpp, to the output node. The NMOS acts as the pull-down device and
is connected in the same way as in the NMOS Resistor pull-up device. To see how the inverter works in
digital is simple: when Vyy is high, both Vggny (Vgs of NMOS) and Vigsp (Vs of PMOS) are also high. This
means that a channel forms in the NMOS, but no channel forms within the PMOS, so the NMOS acts as a
short circuit, but the PMOS is an open circuit. Fig. 5.7(b) shows the circuit diagram for when Vi is high.
Because Voyr is measured across the NMOS, it becomes 0 V and is therefore low. Conversely, when Viy is
low, a channel forms within the PMOS and no channel forms with the NMOS, so the PMOS acts like a
short and the NMOS like an open. Fig. 5.7(c) shows the circuit diagram for when Vjy is low. Here also,
Vour is measured across the NMOS, which makes Voyr equal Vpp and therefore high.
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VI D

V( our

Fig. 5.7(a). The CMOS inverter. This
inverter uses a PMOS as the pull-up
device and an NMOS as the pull-down
device.

+Vpp
A

o
PMOS

NMOS Vo =0

it

O [+

Fig. 5.7(b). The circuit diagram for when
Vin is high. The PMOS acts like an open
circuit while the NMOS acts like a short
circuit.

Professor Chang-Hasnain
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z PMOS
O
+
IL'Jnl.ll = 1F.n'J.']

o

‘...
o
.f/ NMOS

Fig. 5.7(c). The circuit diagram for when
Vin is low. The PMOS acts like a short
circuit while the NMOS acts like an open
circuit.

To analyze this circuit using a more analog method is a bit more complex. We must place the characteristic
curves of both the NMOS and the PMOS on the same set of axes. Fig. 5.8(a) shows the I-V characteristic of
a PMOS. Note the axes are labeled Ipsp and Vpgp. Earlier, in Fig. 3, we saw the I-V characteristic of an
NMOS. Even though the axes are labeled Ip and Vpg, they should really be labeled as Ipsy and Vpgn. To
plot the two graphs on the same set of axes, we must first find a relationship between these variables.
Looking at Fig. 5.7(a), we can obtain the following equations:

Vin =Vop +Vesp (5.8)

Vour =Vop +Vise

(5.9)

Note that Vi is the same as Vggy and Voyr is the same as Vpgy, so the above equations become:

Visy =Vop + Vs (5.10)
Vosw =Von + Vs (5.111)
Also note, that:

Ipsy =—Ipsp (5.12)

So, to plot the PMOS characteristic curves on an Ipgy vs. Vpsn, We must change the axes from those labeled
in Fig. 5.8(a) to those labeled in Fig. 5.8(c). So, we must invert all the values on the y-axis, which yields a
reflection of the PMOS graph across its x-axis. This is shown in the Fig. 5.8(b). Note the axes now read
Ipsny and Vpgp. To change the x-axis of the new PMOS graph to Vpgn, we use the equation above which
states that Vpsn= Vpp+ Vpsp. This means that we must shift the x-axis of the new PMOS graph to the right
by Vpp. This is shown in Fig. 5.8(c). Now, placing the new PMOS graph and the NMOS graph, we obtain
Fig. 5.9.

4 Ipgp YA, 4 Ingy

» Vpsp

>

Vosv = Voo +Vose

» Vpsp

>

Iy =—Ipgp

VDSN
DD

Fig. 5.8(a) shows the I-V characteristic curves of a PMOS. Note that the axes are Ipsp and Vpgp. In Fig. 5.8(b), the y-axis has been
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changed to Ipsy by the relationship indicated by the arrow. In Fig. 5.8(c), the x-axis has been changed to Vpgy by the relationship
indicated by the arrow. Fig. 5.8(a) and (c) both show the characteristic curves for a PMOS, however on two different set of axes.

In Fig. 5.9, Vi5sn increases upward for the NMOS while for the PMOS, Vggp increases downward because
for a PMOS, all sign conventions are opposite that of an NMOS. Note that Vs equals Viy and that there
are many intersecting points in the graph, so how do we know which is the right one? The answer is, for a
given DC voltage, Vpp, and a chosen Vi, the equations above will yield exactly one Vggp. For example,
suppose that V,,, for the NMOS is 1 V, -1 V for the PMOS, and Vpp, is fixed at 5 V. Now, let Viybe 1 V,
which means that Vggy is also 1 V. Using these values, and the above equations, we find that Vgsp equals -4
V. We must find the point where Vs is 1 V and Vigp is -4 V. This is labeled by the black-colored circle in
Fig. 5.9. At this point Vpgy equals Vpp which equals 5 V. Because Vpgy also equals Vour, Vour also equals
5 V. So, for Viy equaling 1 V, Voyrequals 5 V. This is labeled in Fig. 5.10 by the same black-colored
circle. You should try other values for Viy keeping Vpp, fixed to see if you obtain the other points labeled in
Fig. 5.9. The points labeled in Fig. 5.9 have corresponding points labeled in the same manner in Fig. 5.10,
so the white-colored square in Fig. 5.9 corresponds to the white-colored square in Fig. 5.10, etc. By
analyzing Fig. 5.9 to yield Fig. 5.10, it becomes clear that the device yields a low output for a high input
and vice versa.

5.3 2-Input NAND Gate: Insn

Fig. 5.11 below shows a 2-input -4V 4
NAND gate. It has two NMOS Vaap
devices in series and two PMOS
devices in parallel. To make an M-
input NAND gate, you can place M-

NMOS devices in series and M- -3V £

PMOS devices in parallel. To see increasing

how this works, remember a NAND Vasw= Vi
i o -y

gate yields low only whe o e

inputs are high as indicat =1, Vo=V +V. et

truth table in Table 2. Tc PV
this works in Fig. 5.11, remember
that when the input to an NMOS is Fig. 5.9. PMOS and NMOS characteristic curves on the same graph with axes Ipsx-

high, the NMOS turns on and Vbsn. NMOS is in dark and PMOS in light. Note for PMOS, Vs increases as we go
becomes a short circuit. and when down, while for the NMOS, it increases when we go up. The labeled points have

the input is low, the NMOS is off corresponding points labeled in the same manner as in Fig. 5.10.

becoming an open circuit. For a PMOS, the conditions are reversed. When both A and B are low, N; and N,
are off, and P, and P, are on. V,,, therefore equals Vpp and is high. When A is low and B high, P, and N,
are on, and P, and N, are off. Because N; is an open circuit, there is a voltage drop across it which means
Voue 18 high. When A is high and B low, N; and P, are on, and N, and P; are off. Because N, is an open
circuit, there is a voltage drop across it which means V,, is high. When both A and B are high, N; and N,
are on, and P, and P, are off. V,, therefore equals 0 and is low. This satisfies the truth table shown in Table
2.

Vosn= Vour
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M: sat

l— P: sat

Vﬂ N

0 1w o2vav o4y Vi

Fig. 5.10. This shows the plot of VOUT vs. VIN for
the CMOS inverter. Note when VIN is low, the
NMOS is off and the PMOS is in triode region, and
VOUT is high. Conversely, when VIN is high, the
PMOS is off and the NMOS is in triode region, and

Professor Chang-Hasnain
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Fig. 5.11. A 2-input NAND gate. There are two
NMOS transistors in series and two PMOS
transistors in parallel. The output voltage is low
only when both NMOS transistors are on, which
means that both inputs, A and B, are high.

VOUT is low. The graph labels the transitions of
each transistor as VIN and VOUT change. The
labeled points correspond to those in Fig. 5.9.

5.4 2-Input NOR Gate

A | B | Vou
0]0]1
0]1]1
1 101
1 1110

Table 2. The truth table
for a NAND gate. Note
that the output voltage is
low only when both its
inputs are high.

Fig. 5.12 shows a 2-input NOR gate. It has two NMOS devices in parallel and two PMOS devices in series.
To make an M-input NOR gate, you can place M-NMOS devices in parallel and M-PMOS devices in
series. To see how this works, remember a NOR gate yields high only when all its inputs are low as
indicated in the truth table in Table 3. When both A and B are low, N; and N are off, and P, and P, are on.
Vou therefore equals Vpp and is high. When A is low and B high, P, and N, are on, and P, and N, are off.
Because N is a short circuit, there is no voltage drop across it which means V,, is low. When A is high and
B low, N; and P, are on, and N, and P; are off. Because N; is a short circuit, there is no voltage drop across
it which means V,, is low. When both A and B are high, N; and N, are on, and P; and P, are off. V
therefore equals O and is low. This satisfies the truth table shown in Table 3.

+Vin

b

I3}

TT.T7

B -
|_ —
OV, =A+B

oul

Nll
|

_IF
T

-
1

Fig. 5.12. A 2-input NOR gate. There are two
NMOS transistors in parallel and two PMOS
transistors in series. The output voltage is high
only when both NMOS transistors are off, which
means that both inputs, A and B, are low.
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A |B | Vou
0 |0 |1
0 1 |0
1 0 |0
1 1 |0

Table 3. The truth table for
a NOR gate. Note that the
output voltage is high only
when both its inputs are
low.
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Problem 1 (10 points)
For the circuit shown,

a) What value of vy is required in order for the interconnection to be valid? [S points]
b) For this value of vy, find the power associated with the 8 A source. [5 points]

1y
._%

LS WD Qm

A

Pga=




Problem 1 EXTRA WORKSPACE



Problem 2 (12 points)

Given Ix =2 A in the circuit below, calculate vs. Hint: Nodal analysis is un-necessary
and makes the problem difficult.

2elx

100

EAG '“l 300

Vg =
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PROBLEM 3 (25 points)

Use the NODE VOLTAGE method to find the power associated with the 2 A source in
the circuit below.

AW
2()

2 E4q (Ds5v

AW,
v 3()

Pya=
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PROBLEM 4 (25 points)

In the circuit below, find io.

)

1
Brna,

2.3k

27k0

R3
Tk

@

i =

|2
4.2maA
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PROBLEM 5 (25 points)
In the circuit below, switch has been closed for a long time before opening at t = 0.

a) What is the initial value of ip(t)?
b) What is the final value of ig(t)?
c) What is the time constant for the circuit (t > 0)?
R3 R

Ay A
4kn B.8k0

—

* i“{t} 1

L - =0 2uF
— 7Y §1 BkD

=0

in(t=0") =

ig(t—o0) =

T:

10
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EE100 Su07 Midterm Solutions
—.

: +
o GO

AP 2.1

[a] Note that the current 4, is in the same circuit branch as the 8§ A current
source; however, iy, is defined in the opposite direction of the current
source. Therefore,

i, = —8A

Next, note that the dependent current source and the independent

current source are in parallel with the same polarity. Therefore, their

voltages are equal, and

=28

£ 4 4

[b] To find the power associated with the 8 A source, we need to find the
voltage drop across the source, v;. Note that the two independent sources
are in parallel, and that the voltages v, and v; have the same polarities,
so these voltages are equal:

=2V

Vg = Uy = 2V
Using the passive sign convention,
ps = (8A)(vi) = (8A)(—2V) = -16W

Thus the current source generated 16 W of power.

AP 2.10 Given that ¢4 = 2 A, we know the current in the dependent source is
2i5 =4 A. We can write a KCL equation at the left node to find the current in
the 10 resistor. Summing the currents leaving the node,

~5A+2A+4A+ i =0 so tin=50A—-2A—-4A=-1A

Thus, the current in the 10€2 resistor is 1 A, flowing right to left, as seen in
the circuit below.

+ Vg -
4 4
00
+ 1A 44— 0
5A Vou l a0 ¥,

- 2A iy




To find v,, write a KVL equation, summing the voltages counter-clockwise
around the lower right loop. Start below the voltage source.

—vs+ (1A)(109Q) + (2A)(302) =0 so v,=10V+60V=70V

P 4.13

"I‘IMJ_
v 30}
V) Vo — OO
2 ° = ()
2+4 5
Vo =20V

poa = (20)(2) = 40 W (absorbing)

P 4.59 [a] Apply source transformations to both current sources to get

W —— M
2.3k0 2.7x00 1kQ

13.8V(0) i Oa.2v

13.8 4+ 4.2

to = 3700 1 2300 + 1000 ~ ° ™A




P 7.55

T 0.2uF

3.2kQ2 6.8k

."r"r‘r . ‘Tl'l"r_%
iét}

60V( vt}

¥
io(0F) = L x 107 = 6 mA
10
[b] ip(cc) =0

[c] 7= RC = (10 x 10*)(0.2 x 107%) = 2ms
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Problem 1 (17 points)

Find the value of the indicated variable for each part below. NOTE: ALTHOUGH
THE CIRCUITS BELOW CAN BE SOLVED BY INSPECTION, BRIEFLY
JUSTIFY YOUR ANSWERS!

(a) Find Vx [4 points]

+
Wz §ﬁm gﬂ"”
) Sy
1k
— 12V
— sy §1kn
Vx =
(b) Find Vy [4 points]
I
10 N
1V
=12V Z8kn Vy T20k0
Ay
L 15k0)
Vy=




(c) Find Vz [4 points]

()
N
TmA
gﬁkﬂ §ﬂm
. Vz
— 12V
— 5V
L
(d) Find Isc [5 points]
I
i}
12 W .
iC
§3 i §3.14kﬂ CT) !I1nm

Vz =

Isc=
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Problem 2 (20 points)

In the problem below, assume all diodes are ideal. NOTE: ALTHOUGH THESE
CIRCUITS CAN BE SOLVED BY INSPECTION, BRIEFLY JUSTIFY YOUR
ANSWERS!

(a) Find the voltage at node X with respect to ground (Vx) [7 points]

S N
._D| m o

fllmﬁ

5

(Y

(b) Find the voltage at node Y with respect to ground (Vy) [6 points]

< \-
~

100K

(b) Find the voltage at node Z with respect to ground (Vz) [7 points]

oK :

1K
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PROBLEM 3 (20 points)

The switch in the circuit below has been open for a long time before closing at t = 0.
Assume the capacitor is discharged for t <0.

t=0
-| ¢ ; A
1 1] 0>$} A
1uF 1V 3 Gk(}
— u
1 g 1
V1 §3k“ — 18V

(a) Fill in the table below [2 points each, total of 12 points]

Time (seconds) V1 (volts) 1; (mA)

0

0+

—> 0

(b) Find the time constant [8 points]
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PROBLEM 4 (30 points)
In the circuit below, find . DO NOT IGNORE THE EFFECTS OF THE OP-AMP

RAIL VOLTAGES. NOTICE INPUT IS -2 V.

Ay
1k0)
Ay
12k0)
A | mnv
3k \T
; RN
—2V v -
10V
.y
3k
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PROBLEM 5 (10 points)

Sketch the Bode MAGNITUDE plot of the transfer function for the circuit shown below.

Vo(jo)
That is, sketch 20 loglo vin (jo) (linear scale) vs. o (log scale). Use the semi-log
graph on the next page. DO NOT CHANGE THE GRAPH SCALES!
‘ ey
i 1H +
Vin(t) Vo(t) % 1k
3 il

11



Ma\gnitudej
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(dB)

20 4B

10 dB

0 {db) >

omega
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12



UNIVERSITY OF CALIFORNIA, BERKELEY
Department of Electrical Engineering and Computer Sciences

EE100/EE42 Summer 2006
Intro. To Electronics Engineering Bharath “Bart Simpson” Muthuswamy
MIDTERM I
July 17" 2006

Time Allotted: 3 hours

NAME: ,
(print) Last First
STUDENT ID#: CIRCLE ONE: EE100 EE42

I WILL NOT CHEAT ON THIS EXAM. Signature:

Note(s):

1. You will receive [3 pts] for filling out the information above.

2. MAKE SURE THE EXAM HAS 10 NUMBERED PAGES.

3. This is a CLOSED BOOK exam. However, you may use TWO 8.5 x 11"’ of
notes (both sides) and a calculator.

4. SHOW YOUR WORK on this exam. MAKE YOUR METHODS CLEAR
TO THE GRADER so you can receive partial credit.

5. WRITE ANSWERS CLEARLY IN THE SPACES (lines or boxes)

PROVIDED.

Remember to specify units on answers whenever appropriate.

7. If you are asked to setup equation(s) only, do NOT attempt to solve the
equation(s).

&

SCORE: This page: /3
1: /25
2: /25
3: /25
4: /12
5: /10

TOTAL: /100



Problem 1 (25 points)

In the circuit below, find the power associated with each element. Hint: Check your
answer by making sure Power absorbed = Power delivered.

+ Wb

b

“a a

Values: Va=10 Volts, Vb =10 Volts, Vc = Vd = Ve = 20 Volts.
la=1A,Ic=1A.

Pa=

Pb =

Pc=

Pd =

Pe =




Problem 1 EXTRA WORKSPACE



Problem 2 (25 points)

Find Va in the circuit below. Hint: Nodal analysis is un-necessary and makes the
problem difficult.

R2
§Ekn x
i Ri
Tm, gakn R3
Va 23k

|

|

%
STATAY
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PROBLEM 3 (25 points)

After the circuit below has been in operation for a long time, good ol’ Bart comes along
and “inadvertently” places a screw driver across terminals ab. Model the screw driver as
a short-circuit. ASSUME THE DIRECTION FOR CURRENT FLOW IN THE
SCREWDRIVER IS FROM a TO b.

(a) Find the current in the screw driver att=0" and t — oo. (12 points)

(b) Derive an expression for current in the screwdriver for t > 0. (13 points)

.
a
c2
g?? —=100uF
020
1 F1
CDS n 320
R3
oy |
—10uF §D'4 .
4]
L
I(t=0")=
I(t— )=
I(t>0")=
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PROBLEM 4 (12 points)
Shown below is Chua’s circuit. This circuit is the paradigm for generating chaotic
attractors. The IV graph of the nonlinear Chua diode is shown as well. I can show you

how to synthesize a circuit for the Chua diode: talk to me about it after we discuss op-
amps.

13 W3

+ il + 12 h
L1 c2
Chua
==0G1 V2 == /
é W1 Dinde
/ v N

Chua Diode 1Y Graph

Use NODAL ANALYSIS to complete the KCL equations shown below. Make sure
your answers are in terms of the unknown node voltages V1 and V2. Assume the

initial inductor current and the initial capacitor voltages are zero. DO NOT
ATTEMPT TO SOLVE THE EQUATIONS.

AtV1: + Cl% + = 0

AtV2: = + 1



PROBLEM 5 (10 points)

Find V2 in the circuit below.

R R3
AVATLY AN,
1K0 + k0
+
1w
—10v )
CT) 1
+ 1 W2 2m,
s | | ok
B W R2 =

§1 k1

V2
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Prohlem 1 (25 points)

In the circuit below, find the power associated with each element. Hint: Check your
answer by making sure Power absorbed = Power delivered.

+ Wb

| °® .

L it 1
+ | T & +
va . e v d Vd

Mg -

Values: Wa= 10 Vaolls, Vb =10 Volts, V¢ = Vd = Ve = 20 Volis.
ln=1AIe=1A.

Pa= +Hlow. *"@A)(_-T*-J

Ph= --‘(\;Jbijfj = ~low
Pe=_ 1 I:.utj{]:{j?’ Tiow

pa=_"~ WH(I)- ~4ow

%

ree_4GOLY. +190




Problem 2 (25 points)

Find Va in the circuit below. Hint: Nodal analysis is un-necessary and makes the
problem difficult.

RZ
] E
; 11
[ R
t\T}“ T =250 Va {Efﬁ
1w 4
1Ay
=i
4 5
b
¥’

Delhed L

Somy

1 veraforng




PROBLEM 3 (25 points)
After the circuit below has been in operation for a long time, good ol" Bart comes along \
and “inadvertently” places a screw driver across terminals ab. Model the screw driver as \
a short-circuit. ASSUME THE DIRECTION FOR CURRENT FLOW IN THE
SCREWDRIVER IS FROM a TO b.

(a) Find the current in the serew driveratt =0 andt — = (12 points)

(b) Derive an expression for current in the screwdnver for t= 0. (13 points)

A e
= |
SR
I A
(DSA 570
=1 %ﬁ?‘-n
—= 10 e
s I

1(t=07)= BD [:'\
(t— =)= 5 A ¢
= _ tfaas ~ Yo
120y =_ 2+ 5% rdse A
i==r""") &
q. VWl e T By preep
4 wh O L



PROBLEM 4 (12 points)

Shown below is Chua’s circuit. This cireuit 15 the paradigm for generating chaotic
attractors. The IV graph of the nonlinear Chua diode is shown as well. | can show you
how 1o synthesize a circuit for the Chua diode: talk to me about it after we discuss op-
amps.

T e T N AMA 4'— 1 b

S N i i P ¥ ,

‘|$L1 ;,1 ; J_"? rh,._l ;_I \‘1 ’;f

: w1 ] " J

) —’_ T |_ J Jll,'lrl ‘HM. rl:.a"rrr i
ot
‘ | | | h
L

Truss Daode IV Greph

Use NODAL ANALYSIS o complete the KCL equations shown below. Make sure
Your answers are in terms of the unknown node voltages V1 and V2, Assume the

initial inductor current and the initial capacitor voltages are zero. DO NOT
ATTEMPT TO SOLVE THE EQUATIONS.

el b P
ey [ i t:lﬂ X 0

dt LT

ALV2: .déé[if = = L EE‘E_ |

ALV




PROBLEM 5 (10 points)

Find V2 in the circuil below.

1 R3

A s
Ly
= oy =

5,, (D
* \\ W Ry "
§1hl‘l "'..I}\ | © N
Lyet Gwed o Gk & 2 prreatid i b

T o apy, V2, Bk b
[‘JU\EFH F G ["?'-‘1 adk

-

—_ N e

| e
-:J #\Jifﬁﬂ'r R: \]'1"\5\{;
= v-\.rlt_—'T'Eﬁzﬁ"'ﬁiu%

2 [yg=—4&v o Ni= Ay 1oy
M/} w = £33

(8]

V2= {7 V
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Problem 1 (25 points)

In the circuit below, find Vo. DO NOT IGNORE THE EFFECTS OF THE RAIL
VOLTAGES.

F1

2k0

+12%

Yo

&1
A, - 12

||I
I
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Problem 2 (25 points)

In the circuit below, find Vo. DO NOT IGNORE THE EFFECTS OF THE RAIL
VOLTAGES.

F1

15k

+12%

1 (=]
1k
Cv)mﬁ A2y Ve g
R4
F R EEEKD
Tma,




EXTRA WORKSPACE FOR PROBLEM 2



Problem 3 (25 points)

In the circuit below, find Ia. DO NOT IGNORE THE EFFECTS OF THE RAIL
VOLTAGES.

F1
SYAVAY
20k0
+5 %
[ ]
Rz
Ay [
30k ,
R3
SYAVAY +
Bk ] R5
1 w2 . §1I~<D
— 24V 1w R4 =S Ia
12 §1Ekﬂ
la=
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Problem 4 (12 points)

Shown below is the first page of the datasheet for the operational amplifier you will use
in your project, the OP284. Using the information on this page, answer the questions
below. THIS QUESTION HAS NO PARTIAL CREDIT!

(a) Circle the PIN CONFIGURATION that you would use for this op-amp (4 pts)

(b) Identify the positive and negative power supply pins for this op-amp (4 pts)

(¢) The power supply range for this op-amp is: (4 pts)

ANALOG
DEVICES

Precision Rail-to-Rail

Input and Output Operational Amplifiers

0P184/0P284/0P484

FEATURES PIN CONFIGURATIONS
Single-supply operation S
Wide bandwidth: 4 MHz woL [+ (& OP184  [a]nc
Low oh‘sgt voltage: 65 pV ana [T . =] -
l.l.nlty—galn sta!:-le a5 I ::;,_EI T
High slew rate: 4.0 Vips

: L] ropview [e]mu
Low noise: 3.9 nW/yHz (Mot to Scale) B

NC = HO CONNECT 2

APPLICATIONS

Battery-powered instrumentation
Power supply control and protection

Figure

1. 8-Lead SOOI (5-5uffix)

outa [1] OF2s4 (2] v

Telzecom A

DAC output amplifier ~ E'|_f—_ nY rﬂ ouTE

ADCinput buffer *'"’*EJ A -E| [e]ne
v-[2] BELE

GENERAL DESCRIPTION

The OP184/0P284/0P484 are single, dual, and quad single-supply,
4 MHz bandwidth amplifiers featuring rail-to-rail inputs and

TOP VIEW
[Nof to Scals)

Figure 2. 8-Lead PDIP (P-Suffix)
S-Lead SOIC (5-5uifix)

outputs. They are gnaranteed to operate from 3 V to 26 V (or ]
+1.5 Vto +18 V) and function with a single supply as low as 1.5 V. oura [1] 1\ jj_ 4jouTD
_'NAEE?\LT—;:‘ ] 4D
These amplifiers are superb for single-supply applications “naa] Ceaes ] -ND
requiring both ac and precision dc performance. The combi- ve[2] TOPwEW [n]w-
nation of bandwidth, low noise, and precision makes the “NE [&] patte ‘mﬂLE N C
OP184/0P284/0P434 useful in 2 wide variety of applications, —NE E-?_? ? la]-mc g
including filters and instrumentation. oute [7] (e]oute E

Other applications for these amplifiers include portable telecom
equipment, power supply control and protection, and as
amplifiers or buffers for transducers with wide output ranges.
Sensors requiring a rail-to-rail input amplifier include Hall
effect, piezo electric, and resistive transducers.

The ability to swing rail-to-rail at both the input and output
enables designers to build multistage filters in single-supply
systems and to maintain high signal-to-noise ratios.

The OP184/0P284/0P424 are specified over the hot extended
industrial (-40°C to +125°C) temperature range. The single is
available in 8-lead SOIC surface mount packages. The dual is
available in 8-lead PDIP and SOIC surface mount packages.
The quad OP484 is available in 14-lead PDIP and 14-lead,
narrow-body SOIC packages.

Figure 3. 14-Lead PDIP (P-5uffix)
14-Lead Narow-Body SOKC (5-Suffix)




Problem 5 (10 points)

Find and sketch v(t) for t > 0 in the circuit shown below. The IV graph of the nonlinear
device is shown. Assume v(0) =3 V and i(0) =2 mA.

(M)

1 uF
W [vols)

L




EXTRA WORKSPACE FOR PROBLEM 5

10



EXTRA CREDIT (5 points). Many thanks to Bill Oldham for this problem.

You find a tremendous bargain on a transmogrifier at the local Berkeley Flea market.
You are really eager to apply the concepts learned in EE100 and rush home to measure
the IV characteristics of the transmogrifier. Once you measured the IV characteristics of
the transmogrifier, you use it in the circuit shown below. What is the power associated
with the transmogrifier in the circuit?

' A

5V

S00mA LY
) Cll\ Transmogrifier

I./—\+

B
I {mA into terminal A)
2
1
-5 1 5 10
-t [vah|

IV characteristics of
transmogrifier

Power associated with transmogrifier =

11
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Problem 1 (25 points)

In the circuit below, find Vo.
VOLTAGES.

DO NOT IGNORE THE EFFECTS OF THE RAIL

(D

.___J___
HSS'\:.N, Op-amp S
5
N, =
M“‘”, N, < \’E;

-+ sz\ .
R1
AW
2k0
+H12Y
+ N
__i: A2y
Yo
=
\\'\ \U‘OCT‘ NJLLQ/
s \)p:’ O
'_‘\Ji’li
S P
—~loy
_ RV S 011’)"-"\0‘*“ c\&_.
Vo= |8




Problem 2 (25 points)

In the circuit below, find Vo. DO NOT IGNORE THE EFFECTS OF THE RAIL
VOLTAGES.

R1
AN
- 1l

&qﬁ"‘f

+12Y

R5
Np §1HD
Vo .

12y

= e Mmlsy

) , \) . : n _ e
Q)\_QE\L____‘ s= L\ 3 %-: VCF\'R\ \JP_N‘.‘; f&-—&r-g):s?@

®  Re=ifg ~f ¥ REARE




Problem 3 (25 points)

In the circuit below, find la. DO NOT IGNORE THE EFFECTS OF THE RAIL
VOLTAGES.

R1
AVAVAY
20K0

+5 %
R2
AAA
30k Nn
R3
— A VP
KD
. (Y
o4y
T =¥ R4
= 12V gmm
_—[
= = .

\2v [\iﬁ\\%& &'-.u%chr]
GH\X

18x
w

L

)
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ASSe e 0p-0mp \8 \'\“(7"'3'.’:_) Vpz V)

K@\, @ 26— v,-V, . A4-4 9oy,
S 30\(, ' “

'Zr;k_ BCJE a ZQL
@2\' =SvdN: (Y lc;"\’v = L{:--—inﬂ; la= —\ W\A
Y
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U
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Problem 4 (12 points)

Shown below is the first page of the datasheet for the operational amplifier you will use

in your project, the OP284. Using the information on this page, answer the questions

below. THIS QUESTION HAS NO PARTIAL CREDIT!

(a) Circle the PIN CONFIGURATION that you would use for this op-amp (4 pts)

(b) Identify the positive and negative power supply pins for this op-amp (4 pts)

(c) The guaranteed range of voltage operation for this op-amp is: U™¢s [ (4 pts)
1 Goeek DA pboa

ANALOG Precision Rail-to-Rail
DEVICES  Input and Output Operational Amplifiers

0P184/0P284/0P484

FEATURES PIN CONFIGURATIONS
Single-supply sparation promey_ g
Wide bandwidth: 4 BHz WL E:;f. OP184 [Tl
Low offset voltage: 65 gV dds ""'Lf” B
Unity-gain stable e M—‘MWB B
High slew rate: 4.0 Vi e {:——« il o s
Low notse: 3.9 nVivHz ] 0 S ™ i

HE = KO SNEST £
APPLICATIONS Fgare { 8dedd SO (5-5u8
Battery-powered instrmentation — S T
Povesr supply conteol and protection A o e {
Jefecom o S
DAL output amplifier e ¥} DUT 8
ADC input bulfer &l we

E)ems

IOToR W
GENERAL DESCRIPTION AR ;
The OPIRAOP284/0P484 are single. dual, and quad single-supply. o0 3‘%;@%‘;@&%@“

4 MHz bandwidth amplitiers featasing railto-rail inputs and
cutputs. They are moranteed ro operate from 3 ¥V 10 36 V (or e W
215 W 1o £18 V) and function with 4 single supply as was L3 V) :

Phese amplifiers ave superh for single-supply applications
requiring both ac and precsion de performance. The cormbi-
mation of bandwidth, low toise, and precision makes the

OP 184/ OP284/0P484 uselial in o wide variety of applications,
inciuding filters and instrament ation.

s i TP ; s Fegiate 3. 3 d-Load POIP {0Sulflg
Cither applications for these amplifiers inclade portable telecom f#ﬁ?a;‘f.'ﬁwromﬂacy SO £5.S)

equipment, power supply contrel and protection, and as
arapdifiers ar buffers fir tramducers with wide cutpart ranges.
Sensors requiring a rail-to-rall ingut amplifier include Hall
effect. plero electric, and resistve transducers,

The ability to pwing rall-te-reil a1 boths the input and sutput
enables designers to build multistage Hlters in single-supgly
systerts and to maintain high signalto-nowe ratios,

The OP184/OP284/0PA are specified over the hot extended
industrial (~40PC to +125°0) temperature range, The single is
svailable in S-desd SOIC surfoce mount packages. The dual is
available in 2dead PIIP and SO surface mount packages,
The quad OP484 Is avaikble in 14-Jead PDIP and 14-lead,
marrow-body SOOI packages.



Problem 5 (10 points)

Eindrand Sketch v(t) for t > 0 in the circuit shown below. The IV graph of the nonlinear
device is shown. Assume v(0) =3 V and{0) = 2 mA.

73 o =3=2
4 3 v W (volts) )

Py (O Gl comed [P gl el o Wb 27




EXTRA CREDIT (5 points). Many thanks to Bill Oldham for this problem.

You find a tremendous bargain on a transmogrifier at the local Berkeley Flea market.
You are really eager to apply the concepts learned in EE100 and rush home to measure
the IV characteristics of the transmogrifier. Once you measured the IV characteristics of

the transmogrifier, you use it in the circuit shown below. What is the power associated
with the transmogrifier in the circuit?

! A

+

SV CD C/D S /;ﬁh Transmogrifier
C)\I

B
I (mA into terminal A)
2
. T e e
: S il
e > s § 1 e A 4Vah

I I-V characteristics of

I transmogrifier

a—
HERR

\Q&grg\) ) Ia‘: /l m

Power associated with transmogrifier = =D m\"\’)

e & sl Bl
Qws\ N m 511"9
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Problem 1 (25 points)
In the circuit below, find Vo. Assume all diodes below are ideal.

Yoo o+

A T
1k

{
S
(D

Yoo

Vo =




EXTRA WORKSPACE FOR PROBLEM 1



Problem 2 (25 points)

In the circuit below, find and sketch V(t) for t > 0. Assume L = 2L H,C= 2L F, V(0)
T T

=V(0) =2 V. Also assume i(0) (the initial current through the inductor) is zero.

[Hint: It is easier to write the differential equation(s) describing this system and

then take the Laplace transform of those equation(s)].

Closes at t=0
J

it

L1 1

V(D) =

Sketch Wit in the box below




EXTRA WORKSPACE FOR PROBLEM 2



Problem 3 (25 points)

In the circuit below, sketch i as a function of v. Clearly label the x and y intercepts on
your plot. Assume the diode is ideal.

10 4A

Sketch your zalution in the bax below
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Problem 4 (12 points) [Many thanks to Prof. Schwarz for this problem]

In the circuit below, sketch Vg, as a function of V5. Assume the two diodes are ideal.
+2V/
O

=
1000 .

Sketch your zalution in the bax below
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Problem 5 (10 points)

Sketch V(t) for t > 0 in the circuit shown below. The IV graph of the nonlinear device is
shown. Assume V(0) = 0.1 V and 1(0) = -0.1 mA. Clearly mark switching times on

the graph. Assume In (10) = 2.3.

oy
i

10A)

D 1 2/

W (wolts)

Sketch %t in the box below

10
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Problem 1 (30 points)

HINT: Nodal analysis is not necessary for this problem because the circuits can be

solved by inspection.

(a) In the circuit below, find V (10 points).

. V1
12V —

+ v -

)
A ! A
1k @’/ 1k

\%

(b) In the circuit below, the switch has been closed for a long time before opening at t =
0. Find Vs att=0". (10 points).

TOPEN=0
Ay I I o BRDYYY
1K I Vst F 1K
| v el
12V — 10uH L1 5V T
|
Vs(t=0") =




(c) Find the Norton equivalent of the circuit below at the ab terminal. (5 points).

b @\ " g 1 ohm

Draw Norton Equivalent in the box

(d) In the circuit below find Zq at ab. Use o = 1000 rad/sec (5 points).

Wy |

|
I
1K 1mF

a

5mH
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Problem 2 (30 points)

In the circuit below, find V1 and V2.

2k 2k

1k
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PROBLEM 3 (25 points)

In the circuit below, use the NODE VOLTAGE method to write sufficient equations to
solve for the unknown node voltages Va, Vb and Vc. DO NOT ASSUME STEADY-
STATE CONDITIONS! Your equations will obviously be in terms of the resistances,
the capacitance, independent source values and the nonlinear NL element. This device
has been specially made for this midterm and the I-V relationship is given below:

NL v

i = StanfordSucks(v)

+
Va

- WV
' * Vb K
1 —— AW
1k w/ 11V ) 1n 7K
10uH
1

4;»@/)” 3V %

13w

-0

To receive credit, you must write your answer in the box below. DO NOT SOLVE
THE EQUATIONS!
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PROBLEM 4 (12 points)

In the circuit below, the switch has been closed for a long time before opening at t = 0.

Find and Sketch V(t) for t > 0.

TOPEN =0

1k 1k
1 }j 2
o = 0= oy
. V4
W — I\
T 05H 0.5 uF—
J1
V(t) (t> 0)=
WV (volts)
A
10 -4
: — : ; : i ‘= —— - { (seconds)
0 10
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Problem 1 (30 points)

HINT: Nodal analysis is not necessary for this problem because the circuits can be
solved by inspection.

(2) In the circuit below, find V (10 points).

N

(b} In the circnit below. the switch has been clos fime before opening at t=
0. Fimnd Vs att=0". (10 points).

TOPEN =D t_.. Df'.
AR PO S - RO
| 1*‘1"‘? el ""l'\.‘ s
* vi ;'_— "l ) - [ "D‘)
12u£ 1uH L 5¢ v
T ¢ =17 ~A
| ': SN N
*

W oo Wy
JC:::" \L v Wi
H_;wd)\:a A ﬂﬁ.;m.:ﬂ §Y I A
L R

~ A=) M= =Y
a1l 0 (1) v

vseeoy= 5= Lo N
\‘\H\E%\Qﬁk A o~ i6 Cuny Yo 5Ny -y -G

\'II"‘/['O_Ej = 'ﬁ_l ﬂ“‘l:l _MTj' J_F\E?_ Nnt_ 'hf_,_\l]f\g_ \|51_\J'L_v\|l'
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{c} Find the Norton equivalent of the circuit below at the ab termunal. (5 points).

¥
gl ey !
A !| AR o a’y ’
s

aw 1.ohm

A AN == H 1“
I =1 ohm 750
N b
\, '\‘—*M,—-
_”_,- “+ v = B N ¢ l|‘4 - S
WPA T "z '
—__‘———_____
Shw\v\% v ¥ent \ e
Soume tor Rea-L R A
rL;‘.'l
————— !5

atab. Use = 1000 rad’sec (5 points).
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Problem 2 (30 points)

In the circust below, find V1 and V2

Aty * ¥ * Ay

i ? g Tk
BTt 2k oot
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the capacitance, mdependent source values and the nonlinear NL clement. This
has been specially made for this sudterm and the I-V relationship 15 given below:

LNRREAOIE © S f

PROBLEM 3 (25 poinis)

i = StanfordSudkefvh _\—‘—‘_\'_\M\M_MKM
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D
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To recemve credit, you must write vour ansywer 1n the box below. DO NOT SOLVE
THE EQUATIONS!
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PROBLEM 4 (12 points)

In the ciromt below, the switch has been closed for a long time before opening at t = 0.

Find snd Sketch Vi{t) for t= 0.
1k TOPEN=0 1%
fr - 1 -&){ 2 P
M = e + I"'rvf
- w f + Vs
L R ) EY g
T 05H 05 uF - w
b
J1
Vit (t = 0=
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Problem 1 Diodes (22 points)

In the circuit below, assume both diodes are ideal. Find | and V1.

D1 1k 5k
12V =] Ay N/\/\/—UI'G
+\/1- —

D2 |
+10V




Problem 1 EXTRA WORKSPACE



Problem 2 NMOS FETs (25 points)

In the circuit below, which elements are absorbing and which elements are releasing
power? Specify how much power an element is absorbing or releasing. Use VTO =1V
and KP =50 uA/V? for the NMOS.

VA1

M2
4{; W = 2um
— L=1um

MbreakN
an

0

Power Absorbed or Delivered by Elements

NMOS:

Current Source:

Voltage Source:




Problem 2 EXTRA WORKSPACE



PROBLEM 3 Cascaded Opamps (25 points)

In the circuit below, find V1 and V2. DO NOT IGNORE THE EFFECTS OF THE
OPAMP RAIL VOLTAGES!

+12V

B Vi +40V

0 ou +

20mﬁ(@ b : _1_2_V /;

40V

1k
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PROBLEM 4 Nonlinear Circuit Analysis (25 points)

Suppose you are given the following circuit:

>
+ vy !
. o 3uF }-I.c:u-
P e Linear
_ Circuit

The i-v relationship of the non-linear circuidt is shown below:

i (mA)

/ i(4) =}

s / 1000
, ] N I:.Ii..-:l

-1
A E v

: 1000
-4

(Mote: the parabolic portion 1s not drawn to scale, but the equations are valid.)

a.) Sketch the dynamic route, label all equilibrium points, and describe them as stable or unstable.

b.) Given that v_(0) =4V and 1.(0) = —4mA  how long (in milliseconds) does the current remamn constant?
If the current is never constant, then explain why.

c.) Using the same imitial conditions, how long (i mulliseconds) does 1t take for the voltage to reach 0.01V7

T1 (for constant current) =

T2 (for voltage to reach 0.01 V) =
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Problem 1 (30 points)

HINT: Nodal analysis is not necessary for this problem because the circuits can be
solved by inspection.

(a) In the circuit below, find V, (5 points).

10

(b) In the circuit below, find I (5 points).

12y

O—a—WM

| & ohms

20 C) 10 ahms 10 ohms
T 14




(c¢) Find the Norton equivalent of the circuit below at the AB terminal. (Hint: Use
source transforms to quickly solve this problem) (10 points).

O —
12
a ohms & ohms CT) Zh
& B

Draw Norton Equivalent in the box

(d) Find the Thevenin equivalent of the circuit below at the AB terminal (10 points).

10 ahms

e
I

A

401

Draw Thevenin Equivalent in the box
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Problem 2 (25 points)

In the circuit below, switch Ul closes at t=0. After 10 seconds, switch U2 opens and
switch U3 closes instantaneously (that is, the opening of U2 and closing of U3 occur at
the same time, t = 10 sec). Assume the capacitor is uncharged at t = 0.

t=10zec t=10zec

t=0
1 2 1}§2_ 1 2
b2 W
+

0.5k _—

(a) Find V3(t=107). t=10" is the instant before U2 opens and U3 closes. (5 points)
(b) Find V(t) for t > 0 (10 points)
(c) On the set of axis provided, neatly sketch V(t) for t > 0 (10 points)

V3(t=10")=
V() (t=0)=
WV (volts)
A
10 =4
— ! e _= 4+ - { (seconds)
0 5 10
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Problem 3 (30 points)
Find the power dissipated in the 1 ohm resistor

10V

1 |+
I||

Ny + |
% 5 ohms

- 2 ohms ;

2V —
/Dm

Pdissipated =
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PROBLEM 4 (12 points)

In the circuit below, use the NODE VOLTAGE method to write sufficient equations to
solve for the unknown node voltages Va, Vb and Vx. Your equations will obviously be
in terms of the resistances, the capacitance, independent source values and the nonlinear
NL element. This device has been specially made for this midterm and the I-V
relationship is given below:

1

VINL|i= tanh(v) (the hyperbolic tangent function)

3V

-+

A
Ay *
1k
10 VL_— TmA

To receive credit, you must write your answer in the box below. DO NOT SOLVE
THE EQUATIONS!

2k 4k

1uF v | BL =20V

.|‘|p—o—||7n o™

0
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Problem 1 (30 points)

HINT: Nodal analysis is not necessary for this problem because the circuits can be
solved by inspection.

(a) In the circuit below, find V, (5 points).

i+ Yk e -
/1-00 'L)qu () N . é\ X
- é\/ W //(;//) CW 1})“

Oa\*\&%r

v, 6V
(b) In the circuit below, find I (5 points).
12V _['Z_
@ )
o}
92
. 2oV %
c L S LoV Y
§-f(0///o [0S
T+1A= [
T- L, ~IA
LA
1= |A



(c) Find the Norton equivalent of the circuit below at the AB terminal. (Hint: Use
source transforms to quickly solve this problem) (10 points).

N °
o
| 12v
i
§ 6 ohms 6 ohims CT 24
| "

Pur 330

¥
¥

- 8

Draw Norton Equivalent in the box

(d) Find the Thevenin equivalent of the circuit below at the AB terminal (10 points).

\[ : ‘ K 10 ohms

1=1R AN . - .
10 | . é; Vﬁ(/#}/)(/b {\

K- 4oSL

/’\ =
|+

/

NI
5

Draw Thevenin Equivalent in the box



Problem 2 (25 points)

In the circuit below, switch Ul closes at t=0. After 10 seconds, switch U2 opens and
switch U3 closes instantaneously (that is, the opening of U2 and closing of U3 occur at
the same time, t = 10 sec). Assume the capacitor is uncharged at t = 0.

t=0 t:lﬁgfc t=10zec
"‘.‘\/ o «.,¥<",‘
1U1 \‘} 2 AAA 1U2 ‘) 2. o A~ 1U3/ 3 2
1k 0.5k - V3 4
+ * +
5V = yo= 1mF 10 V—=

T | T

(a) Find V3(t=10°). t=10" is the instant before U2 opens and U3 closes. (5 points)
(b) Find V(t) for t> 0 (10 points)

(4 (c) On the set of axis provided, neatly sketch V(t) for t > 0 (10 points)
o 0¢ £ <o T mfe (s
'K \f( \}W‘ '\OV \/QVTG!ZS\‘/L
V] Ve [w & VL(Q' SV’(SV&OV)Q (
- SV ge lsv \/
Vo) 4v- o 0y 4« QvEIOV-Vs . gv
4 £>105 Va (4 07 ):SV V3(t__1&),,"—“
Veina 10V Vividlal < Cy V() (t > 0)= ; (4L (05
=051~ = 08s 4
Te 0
o V- v ey 55 0 &< T o

v voltsy = | 0V-Ce (2%5 \} t{’@" !“‘{ S 6");"&‘}

10 -ﬁ,-

% —— } TR N S— % e e e RS
0 : 10
\——[l.v]‘r
Tv0Ss



Problem 3 (30 points)

Find the power dissipated in the 1 ohm resistor

1v
WA ? it
2 ohms < 5 ohms
s

< 1ohm
p

Il
:
A

2 \/f\'» -—? v . ' é "
Y o nogn \’6\\‘\){ e
Vip: - Ce\/‘ 2o cewy LN v
JR: \/Aa -’O\/: 6‘\/ \_\,) Gb“\k)
D . \/1 26 > ( ;
([2' T{ T 2 bW B \1) AN U (5) \’§ ‘W\X
DT e Soue bombomdo () [ oacipts
Pdissipated= 86W GJL (h}:’\l
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PROBLEM 4 (12 points)

In the circuit below, use the NODE VOLTAGE method to write sufficient equations to
solve for the unknown node voltages Va, Vb and Vx. Your equations will obviously be
in terms of the resistances, the capacitance, independent source values and the nonlinear

NL element. This device has been specially made for this midterm and the -V
relationship is given below:

VI NL | i= tanh(v) (the hyperbolic tangent function)

To receive credit, you must write your answer in the box below. DO NOT SOLVE
THE EQUATIONS!

PEE (}/\Z_ -S ok
(D N Tt f

@ Gy emet 9 =7 o
G Ay olb, -t e

Vg -0V eV , Vg-x
~ +lufolve 4 Ve_Tx
L¥n ImA 4 o 2¥n = O
VeV o (W) o V2OV
PAEY Gk sy
\/@ \\/F\J ;\/\/
V
uwn % N owwng \/f\ , \‘/\(; . ¥
¢auveto Culliciont
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Problem 1 (25 points)

In the circuit below, find Va. DO NOT IGNORE THE EFFECTS OF THE RAIL
VOLTAGES.

2mA
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Problem 2 (30 points)
In the circuit below, assume (v(0),i(0)) is (2 V, 1 mA).

(a) Find the equilibrium points and mark them on the i-v graph provided (2 points)
(b) Sketch the dynamic route (on the given i-v graph) (4 points)

(c) Label the stability of the equilibrium points (on the given i-v graph) (2 points)
(d) Sketch i(t) (5 points)

(e) Sketch v(t) (5 points)

(F) Find the switching time(s) and mark them on i(t) and v(t) (12 points)

| — ;----------- e -

] R SR AR I S E— i

i ()

T B — A OSSR S S

- B I SRR U SR W S

Sketch i(t) Sketch v(t)

Switching time(s):
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Problem 3 (30 points)

The circuit below is to be used as a flip-flop. The i-v characteristic of the nonlinear
resistor is given along with a current square pulse as input.

___%ﬁ' Sl PR
N

(@) Determine the equilibrium points, classify them as stable or unstable and
determine the dynamic route. (15 points)

(b) If the amplitude of the current pulse is 10 A as shown above, calculate the
minimum T required to move from the right equilibrium point to the left
equilibrium point. Use In(2) = 0.69. (15 points)

Stable equilibrium point(s):

Unstable equilibrium point(s):

T=
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Problem 4 (12 points)

In the circuit below, find V. DO NOT IGNORE THE EFFECTS OF THE RAIL
VOLTAGES!
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@ﬂ |

Tn the circuit below, find Va. DO NOT IGNORE THE EFFECTS OF THE RAIL
VOLTAGES.

Problem 1 (25 puints)

. Kot
Ilr_,-' : \1’?3 - UWL {) _,/[KH?
S o
ix = Wa~Var -0.008 A y ;"'A“'B
[k * - Bk
Un s O - I| ) (3 I::.) .-‘ﬂ..."-,'l E; E;:Isi 2

T O - (Bma)(3k) =+ 2V R

.(f...
|

| awu> Vv @als|  <Tpld

U,&. -+

I,l"‘"ﬂ-..

* Ay

@), va



Problem 2 (30 points)

In the circuit below, assume (v{0),1(00) 15 (2 V, | mA).

(a) Find the equilibrium points and mark them on the i-v graph provided (2 points)
{b) Skelch the dynamic route (on the given i-v graph) (4 points)

(c) Lahel the stability of the equilibrium points (on the given i-v graph) {2 points)

(d) Sketch i(l) (S points)
(2) Sketch v(t) (5 points)

(f) I'ind the switching time(s) and mark them on i(t) and v(t) (12 points)

-_..f:.:.d_}i
L AT

ty @ ”{—”f{}—?

_r"_"1
!

Sy V ¥

LD = J T

Imf ——

gab{ I!
[ e

{ (f»iﬁr.qaﬂa-!

A

iSec s )

Sketch ]{1’}

G-

| %i —-MF}{L

[{‘P’EP [,4"_ Q@_uﬂ-{['a{ vurd frJHFW.

| e

AL

Sketch v(t)

10s)

£ 1[)

Switching time(s):

[ Second

et
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Prollem 3 (30 points)

The circuit below is to be used as a flip-flop. The i-v characteristic of the nonlinear
resistor is given along with a current square pulse as input.
L]

(a) Determine the equilibrium points, classify them as stable or unstable and
determine the dynamic route. (15 points)

(b) If the aniplitude of the current pulse is 10 A as shown above, calculate the
minimum T required lo move from the right equilibrium point to the left
equilibrium point. Tlse In(2) = 0.69. (15 puinis)

Reyonl ' h=10 Rz 7|

oo 7O C.':IlI 1 7O

() De””
(=S {=1pe-t
£ Stable equilibrinm point(s): (-1 I’:}.st (+103, _Q)
R
' T _ Unstable equilibrium point(s): {0,0\
, v 12§ REl TS Y
2qion o o T= (.28 Seiands

M:D C‘:: fp:fﬂg-
[



@z’«z/ﬁﬂ/ | )
i Problem 4 (12 points)

In the circuil below, find V. DO NOT IGNORE THE EFFECTS OF THE RATL
VOLTAGES!
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UC BERKELEY EECS 40, Fall 2006
1. (50 pts) Equivalent circuit.

, 50 Y
. i
3y 1
20 § <> Vout
5A 3-Vx
i

. T
(a) (5 pts) What is the current i; through the 5 Ohm resistor?

i, =5A

(b) (5 pts) Use KVL, write down the equation for V, in terms of V; and/or V>

V.=V, -2

(c) (5 pts) Use KCL, write down the equation for V; and solve for V4

—5+£+3-Vx+£:0
2 2

-10+V, +6-V_+V_=0
-10+V,+7-V_=0
-10+V, +7-(V,=-2)=0

—24+8-V, =0
V, =3V

(d) (5 pts) Use KCL, write down the equation for V, and solve for V,

—5+u:0
5
-25+V, -V, =0
V, =25+V,

V, =28V

Page 2 of 8



UC BERKELEY

(e) (5 pts) Solve for Vo (this is simply the Thevenin Voltage)

Ottt:‘/l
v, =V, =3V

out

(f) Now we short the two end terminals.

AT 7
.

| i8¢

(5 pts) What is V, ?

V.=V -2
V,=0

V,=0-2
V. =2V

X

(9) (5 pts) What is V; ?

v, =0

Page 3 of 8
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UC BERKELEY
(h) (5 pts) What is I;?

—5+3~VX+ISC+V—2)‘:O

—5+3-(—2)+1m+_72:0
I, =124

(i) (5 pts) what is the Thevenin Resistance?

R=‘/()C

ISC
w1
124 4

(j) (5 pts) Draw the Thevenin Equivalent Circuit.

1/4
—VVV

3v( )

i
!

e

Page 4 of 8
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UC BERKELEY EECS 40, Fall 2006

2. For t<0, the switch was open and V,,=0. Att=0s, S1 closes. NOTE: u=10'6; k=10%;
e'=0.37; e°=0.14 Remember to put down units.

_.>
IC
Si
Ry=10k <[ +
® I3 C=1 UF;< Vout
10V —
1

(a) (12 pts) Construct the differential equation of V, in terms of all the given quantities. Hint:you
may solve this use Mesh or Nodal analysis, or, even simpler, Thevnin equivalent circuit. Write
all your steps.

Thevenin Equivalence:
Rewrite the 10V source and R1 into a Nodal Equivalent Circuit:
10V source becomes 1A source
R1 is now in parallel with the 1A source.
Combine R1 and R3 together to create a 5k ohm resister.
Rewrite the 1A source and 5k ohm resister into Thevenin Equivalent Circuit.
1A source becomes 5V source
5k ohm resister is in series with the 5V source.
Combine R1||R3 with R2 to yield 20k ohm resister.
We now have a 5V source in series with a 20k ohm resister in series with a 1uF capacitor.
Using the predetermined equations, we can fill in the variables and obtain the equation show
below.

Nodal Analysis:
VZ _‘/in + VZ + V2 _Vout —
10k 10k 15k

_VZ + C d‘/out — 0
15k dt

multiply both sides by 30k
3V,=3v, +3V,+2V, -2V =0

8V2 - 3V - 2Vout = 0

V. +2
Vz — mn ‘/out

8

0

out

Y 1 dv
L”’_L(E‘/m —|——Vom)_|_c out _ ()
15k 15k 8 " 4 -
out _Evm —lVom +15k-C dVout -0
8 4 dt
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0.12

0.11

UC BERKELEY

=2V,
2

dt

+20k-C Do

out

Vv

=5

d‘/()ut
dt

V., +15k - uF

dVOLIf

=5V

dt

V. .. +20ms

(b) (5 pts) Write a closed-form expression for Vou(t) for t>0

Vout =5(1—e™"?"™)

(c) (8 pts) Plot V,tas a function of time t = 0 tot = 100ms. Label the y-axis and all key

points: starting value, 1 time constant value, value at infinity.

Vout vs Time

L

35 -

time (s)

(Note at 20ms, Vout = 3.15 using the above approximation for e

(Note at infinity, Vout should approach 5V)
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UC BERKELEY EECS 40, Fall 2006
(d) (5 pts) As t approaches infinity, what value will i; approach?

Because at infinity, the capacitor becomes an open,
Vv 10 10 1

=—= =——=—m
R RI+R2 20k 2

(e) (5 pts) Now, suppose someone disturbed the circuit and S1 is re-opened at 40 ms again!
Construct the new differential equation.

If switch S1 is open, R1 becomes irrelevant because it is connected to an open circuit.
Therefore we combine R2 and R3 to yield a 25k ohm resister.
Again we have a predetermined form and therefore the equation is

v, +Rc Lo _g
dt
V +25k -1uF Vo =0

out

dt

dv.
V. +25ms—=-=0
dt

(f) (6 pts) What is the new time constant? What is the new expression for Vq(t) for t>40 ms.

T =RC =25ms

Vout = Ke™'>™

Vout(t = 40ms) = 5(1— e~ "2 ) = Ke "™ =43
K=43

Vout = 43Ke™'*™

with a 40ms timeshift

VOI/[Z — 4 36—(t—40ms)/25ms
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UC BERKELEY EECS 40, Fall 2006
(9) (5 pts) Plot the new V,,;; from t=0ms to 100 ms to include the re-opening of the switch at 40
ms. Label the y-axis and all key points: starting value, value at switching point, 1 time
constant values, value at infinity.

Vout vs time
\ T \ \ \
| u ‘ | | | | | |
7777; 777\\X;0_04 o o o o o ]
1Y:4323 | | | | g
X002 4 N4 l | l L L
Y:3.161 1 l l | | |
> 1 | | o T
5 | | 1 1 | | |
(®] | | | | | |
> T e T T T
R R R S | X:0.12 |
| | | L Y:0.1762
1 1 1 1 .=
| | | | |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12

time (s)

Note that at 20ms, Vout = 3.15V, using approximation)

(

(Note that at 40ms, Vout = 4.3V, using approximation)
(Note that at 65ms, Vout = 1.591V, using approximation)
(

Note that at infinity, Vout approaches 0V)

(h) (5 pts) In this case, as t approaches infinity, what value will i3 approach?
I, =0A
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1. [16 points] Parallel and Series Complex Impedance
a) [8 pts] What is the complex impedance Z17?

Z: Uj% I é

0T

Z =Z, I (Z.+R)
1
=jwL!/l/|(——+R)=jwL//
J (ja)C )=1J (

L+ joRC

(1, _jec ) _(1+jeRC+(jeL)joC)
joL 1+ joRC joL(1+ jaRC)
—@’RLC + joL

" 1-@’LC + jwRC
(subscripts omitted for clarity)

b) [8 pts] What is the complex impedance Z2?

R2
o ———AV—

Z2 L2

LYY Y

Z,=Z.+(Z, Il R)

-1
=#+(ja)L// R):#+ _L+l
joC joC \ jol. R

EECS 40, Fall 2006

JoL(1+ joRC)
1+ jwRC + j°0’LC

~joC \ R+ jol
_R-@'RLC + joL
- @’LC + jowRC

JoC(R+ jaolL)

Page 2 of 8
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2. [54 points] Bode Plots:

L W

Vi @ R

~FO
o]

|+

W R Y

(a) [10 points] For the above circuit, show H(f)= X
Sk
1+ 1—-j
f f

Express f; and fin terms of R, L, C. (Hint: Remember w=27f")

Voltage divider on left: Voltage divider on right:

R, _ 1 __ R ,__ 1

Vx = = —V Vouz - 1 x 1 x
R+ joL '

in in

1+wa jaC @RC

Combining, V. = ! X !

1- L I+ 'a)£ ’
]a)RC / R

Vv 1 1
Swapping the terms, H(f)=—%-= 7 X 1
no 1+ jo— 1-j——
R wRC
1 1
= X

- L
1+ 27 = 1—j
JZZfR J

1
27fRC

f, occurs with f in the denominator, and f, with f in the numerator:
1 R
1= 2mme =0

(b) [6 points] Now Let R = 1kQ, L = 0.16 mH, C = 0.16 uF, what are f; and f,? Remember to put
down units.

f = 1 S
271 kQ)(0.16 F) ~ 27107 s
6
fz 1k 625x10°

Toz(0.16mF) 27 s
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(c) [22 pt] Bode Magnitude Plot. You must put down all the steps leading to your results.
Hint: You may consider f, << f,

[4 points] Write down the expression for y = IOlog|H(f)|2

2 2
1
y=10log — +10log -
1+]ff—.2 1—]%
2 2
=-10log 1+(LJ —10log 1+(£j
e f
Units are: dB

Note: The other acceptable expression can be found by multiplying the terms in H(f), and
finding the magnitude of the resulting product.

[4 points] As frequency goes to a very small value, what is the slope of y as a function of log f ?
Constant 1 dominates in left term, f~' dominates in the right term:

2
y=-10log(1)- 101og(£j =0+20 1og(ij
f h
=20log f —20log f,
Slope: 20 dB / decade

[4 points] As frequency goes to a very large value, what is the slope of y as a function of log f ?
f dominates in left term, constant 1 dominates in the right term:

y= —1010g(fij —10log(1)=-20 1og(fi] —0

2 2
=-20log f —(-20log f,)
Slope: -20 dB / decade

[4 points] Whatisy, f, << f << f,?
In both terms, constant 1 dominates:

y =—-101og(1)—10log(1)=-0-0
=0dB

[2 points] What is y at f,?
y= —1010g{1+(%} J—lOlog[l+(%j J

Since f, << f,, y=-10log(1)-10log(1+1)
=-10log2=-3dB
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[2 points] What is y at f, ?

y= —1010g[1+(%j }—1010g[1 +(%j }

Again, f, << f,y =—10log(1+1)—101og(1)
=-10log2=-3dB

[2 points] What filter is this?

Bandpass filter

Bonus [5 points] If the input |V, |=1 V and the frequency is 1 MHz, what is the output [V |7
f, =1MHz, so y=-3dB =10log($)
2
l = |H(f)|2 = Q Vom = L ‘/in = 0707V
2 v, A
=1V and the frequency is 10 MHz, what is the output [V, |?

Bonus [5 points] If the input |V,
10 MHz =10f, : one decade past break frequency

At large f , slope is -20 dB/decade. Thus, y =-20 dB, since f is 1 decade higher than the
break frequency, where the Bode approximation is 0 dB.

y=-20dB =10log(:})

V.

in

1

100

(d) [16 pt total] Bode Phase Plot. You must put down all the steps leading to your

results. Hint: You may consider f, << f,
[4 points] Write down the expression for ZH(f)

1 2
ﬁ—lmf)l =

=0.1v

Vi

out

ZH(f)=tan™ 0— tan_l(ij +tan”' 0 — tan’l(—?]

2

=tan"' (ij —tan”' (ij
f />

[4 points] What does the value of ZH (f) approachestoas f —07?

ZH(f)=tan"(e0)—tan "' (0) = % radians
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[4 points] What does the value of ZH(f) approachestoas f — oo ?

ZH(f) =tan™(0)— tan ™ (e0) = —% radians

[2 points] Whatis ZH(f) at f=/f,7

ZH(f)=tan™ (?J —tan™ (%j =tan"' (1) — tan" (0)

1 2

T .
=— radians
4

[2 points] Whatis ZH(f) at f=1,7

ZH(f)=tan" (%] —tan™' (%] =tan "' (0) —tan"' (1)

2 2

T .
=—— radians
4

Page 6 of 8
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3. [30 points] Second-order Circuits:

EECS 40, Fall 2006

Assume the switch has been to the left for a long time before switching to the right at t = 0.

(a) Find the following values: [18 points] (Hint: What is v,(t) in terms of v¢(1)?)

10V
[, (0H)=—-=2mA
L (0+) 510
Inductor is short circuit right before switch is
thrown.

i,(0)=0 A

All power is dissipated through resistors.

v (0H) =0V

No stored charge.

Ve(e0) =0V

Discharges through resistors.

v (0+) =0V

All current initially flows through capacitor (short).

v (00) =0V

Power dissipated, no current.

d
—i,(0+)=0A/s
5 (09

v, (0+) = L%iL(0+) =V.(0+)=0V

d
—v. (0H)=—"2MV /s
7 «(0+)

. d d -, (0+) -2mA 6
0H=C—v.(0+) = —v.(0+)=—=* = =-2x10°V /s
i (0%) dtvc( ) dtvc( ) C 1 nF
d
L (0 =—1.5MV /s
dt
3 kQ d 3d

Voltage divider: v =——v,. = —v () =——v.(t

9 oS ks ake ¢ T DT g e ®
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(b) [6 points] Write the differential equation in terms of v..

KCL @ node above capacitor, (the 2 resistors are combined into R):

. d 1
0= lL(t)+CEvC(t)+EvC(t)

:%Ivc(t)dt+ C%vc(t)+%vc(t)

Differentiating,

1 d? 1d
0=—v. () +C—v (1) +——v.(t
ch() dt ve(® Rdtvc()

d’? 1 d 1
O=—v. () +——v () +—v.(t
dt e® RC dt e LC c®

(c) [6 points] What are the values of the natural frequency (w,) and the damping ratio (¢)?

Damped harmonic oscillation:

2
d
0= Ve )+ ZaEvC )+ v (1)

1 1 1
), = _— = =
’ \/LC \/(16 mH)1nF)  \16x1072s>

=250 krad /s
oo 1 1 1
2RC 24 kQ)AnF) 8x107°s
=125 krad /s

o 125krad/s
=2 IDhadls

= 0.5 (underdamped behavior)
@, 250kradl/s
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EECS 40, Fall 2006
Prof. Chang-Hasnain
Midterm #3

November 29, 2006
Total Time Allotted: 50 minutes
Total Points: 100 pts

1. This is a closed book exam. However, you are allowed to bring one page (8.5" x 117),
single-sided notes PLUS your 1-page notes from midterm 1 and 2.

2. No electronic devices, i.e. calculators, cell phones, computers, etc.

3. Slide rules are allowed.

4. SHOW all the steps on the exam. Answers without steps will be given only a small
percentage of credits. Partial credits will be given if you have proper steps but no final
answers.

5. Remember to put down units. Points will be taken off for answers without units.

Last (Family) Name:

First Name:

Student ID: Discussion Session:

Signature:

Score:

Problem 1 (30 pts)

Op Amp Circuit
Problem 2 (40 pts):
Diode Circuit

Problem 3 (30 pts):
Semiconductor Physics
Total
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1. [30 points] Op. Amp. Circuit
a) [8 pts] Find V1 in terms of Vin and lin.

By the summing point constraint:
V.=V,=V,

By Ohm’s Law:

Vi = Vip = 1in(0.5Q)

b) [12 pts] Find VO in terms of Vin1, Vin2, and w. Use complex impedances. Assume Vin1 and
Vin2 are AC signals.

0.5uF

5nH

7 TN Vo

Vin1 ﬁ)

\|}—xo

Since no current flows into the (+) terminal:

V. = Vi
By the summing point constraint:
V.= Vi
By KCL:
Z
V.=V -=<WV -V )Z.=———7 = joSnH
0 in2 ZL ( inl zn2) C ]a)OSﬂF L J
1
VO = V (le - sz)

m ®*(0.5F \5nH )
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c¢) [10 pts] Find Vo in terms of Vin.

5kQ

Vin (;}) U ,
- 5kQ 20k0
/\\ [\\/\/\ +

=
1

Since no current flows into the (+,1) terminal:

Vit1=Vi
By the summing point constraint:
V.1= Vi,

Since no current flows into the (-,1) terminal:
V., = 2(V.4) by voltage divider across 2 resistors

Since no current flows into the (-,2) terminal:

V.= Vo[5kQ/(5kQ+20kQ)]
Vo = 5V_’2 = 5(2V_1) = 10Vin
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2. [40 points] Diode Circuit:
Given the following circuit and input. Assume C1 >> C2. Use the Ideal Diode model:

If Vp < 0, then the diode is OFF and does not pass current (I5=0)
If Ip >= 0, then the diode is ON and Vp=0

Vp is the voltage drop across the diode and Iy is current through the diode.
Vin(t) = -Vppsin(2at/T) for t>0,

and
Ves(t=07)= Vco(t=07)=0.

+V - +V_ -
lc1 D2 VINA
ID2 | :
: | D L W S NN
¢ | 0 f ~ ' : — et
I )

(a) (20 pts) For the time period 0<¢ S%

Is Diode 1 on or off? On, Vin is -, so Diode 1 is turned on, charging C1

Vpi=? 0V (on, Ideal)

Vei=? Vin(t) , Diode 1 on grounds the node above the diode, (Vc1 = Vin — 0)
dv,

lps=? C, 277[Vm 005(277”) , Id1 enters negative reference of C1, 1, =-C, dtCl

|4

L
jaC,

Is Diode 2 on or off? On, node between diodes is ground (0V), Vc2 is 0V above the ground

If this was done in the frequency domain, I = —

Vp2=? 0V (on, Ideal)

V=7 0V (ground on both sides of C2)
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Ip2="? 0 A, no current flows through capacitor, all current is through D1 and C1

(b) (20 pts) For the period % <t < %

Is Diode 1 on or off? Off, Voltage begins decreasing on + reference of diode. (Att= T/4, treat
VC1+ node as ground, Voltage on both sides of diode is +Vm. This magnitude begins
decreasing, shutting off diode, since VD+ < VD-)

Vpi=? -Vin + Ve1, KVL requires Vin— Vc1 + Vd1 =0

Vei=? -Vm, (If you assume that C1 >> C2, the same current through both will charge
C2 without significantly discharging C1)

Ip="? 0A, Diode off

Is Diode 2 on or off? on

Vp2=? 0V (on, Ideal)

V=7 Vin + Vm (KVL: Vin — Vc1 - Vd2 - Vc2 = 0)
2 2t av,

|D2=? — C2 7Vm COS[TJ ) 1D2 = C2 d;z

in

In the frequency domain, [ =
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3. [30 points] Semiconductor Physics

Suppose two doped blocks of silicon, one with an N-dopant concentration of 5x10'® cm™, and
the other with a P-dopant concentration of 1x10" cm™.

a) (5 pts) What is the concentration of majority charge carriers in N-block? What type of charge
carriers is in the majority?

Answer:
5x10'® cm™
Electrons

b) (5 pts) What is the concentration of majority charge carriers in P-block? What type of charge
carriers is in the majority?

Answer:
1x10"7 ecm
Holes

c) (6 pts) Suppose the two regions are connected together to form a PN junction with the
junction as x = 0, p-side on the left (x<0) and n-side on the right (x>0). Use depletion

approximation and assume the depletion region in the N side is x € [O, xN] and P side is

xe [—xP,O] . Plot the charge density p(x) over the pn junction. What is xy/xp?

Answer:
xn /xp=Na/Nd=1x10""/5x10"8=0.02
p(C/cm-3)
gNd
Xp
XN X
-gNa
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d) (7 pts) Plot electric field E(x) vs. distance x. Assuming the g is the permittivity of the material
Label your plot. Write Eax as a function of xy.

Answer:

E(V/icm)

XN X

e) (7 pts) Plot electrostatic potential V(x) vs. distance x. Assume the reference point V=0 at p-
side x<<-X,. Label your plot and write V.« as a function of xy.

Answer:
V(Volts)
| »
-Xp XN
Vo= qND(xN)z N qNA(xP)2
e 2& 2&
where
N
x, = 0N
NA

SO
Vo= qND(xN)2 1+ N,

2¢ N,

Page 7 of 7



UNIVERSITY OF CALIFORNIA, BERKELEY EECS Department

Quiz #1, EECS 40, Fall 2006
Total: 100 pts and 20 pts Bonus

Last (Family) Name:__Perfect First Name: Peter
Student ID: 314159265 Discussion Session: 000
o[ })
1. (14 pts) Consider a transfer function, H(f) =
L (f_foj
jo
o f

(@) What is|H (/)] ?
& 2
o5

2 2 f fO ’
1 J o _Jo
e (fo fj

H(f)| =

(b) What is the phase ZH(f) ?

_ol|__7
Z( ]Qf} 2
resel 1) -2

7 _an o LT
ZH(f)= 5 tan [Q(fo fD

2. (50 pts) Bode Magnitude Plot: Use the same transfer function in 1, y=10log|H (f)|’

(a) What is the break frequency (or resonance frequency in the text book)?
fe=1o

(b) What is y at the break frequency?
Page 1 of 2
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y=10loglH (f)|" =10log

= lOlog( 0 J: 1010g(0?)

1+0%(0)
=20logQ

(c) What is y for very small f?

The f term in the numerator is by itself, cannot be ignored. The f term in the
denominator dominates at very small f.

25
~ 1/ _=10logl=0dB
o[ fo
o(;

y=10log

(d) What is y for very large f? What is the slope of this portion?

Again, we cannot ignore the lone f term in the numerator. At large f, the ' term in
the denominator becomes 0. The f term dominates.

e
y=10log———— :1010g(&J
o S !

o/
=40log f, —40log f

Thus, the slope is -40 dB/decade.
(e) Sketch the Bode magnitude plot.

The figure below shows the Bode magnitude plot (blue lines) for different values of
Q. The humps at fo have the value 20 log Q. The thick dashed line represents
the approximate values, emphasizing the linear portions of the Bode plot.
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\H(fl20
)
(dB) g=>

0

First-order filter

Slope = -20
=L dB/decade
—40 Slope = —40 dB/decade
—60
Jo/10 Jo 10 /o 100 fy

3. (36 pts) Bode Magnitude Plot: Use the same transfer function in 1, Iety=1010g|H(f)|2

(a) At the break frequency, ZH(f)="?

T o Lo o
ZH(f)= 5 tan [Q[fo fon

T 4 /4
=———tan (0)=——
2 © 2

(b) In radians, what does ZH(f)approach as f — «?

ZH(f)=—=—tan"(c0)
V1
=————=-7
2 2

ZH ()=~ ~tan"! (=)
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(d) Sketch the Bode Phase plot.
The curve shows the actual values, the dotted line is the Bode approximation.

(f\ VR WaX L 10 £
< ﬂ Jo 710 7o U5
................. . f
-4( “."
-8(
4120
-16(
-180 O
ol _Jo
JQ(f f)
3. (20 pts) Bonus: Given the transfer function H(f) = 0
L+ o T
+jOC—=0)
fo f

What kind of filter is this? Sketch the Bode Magnitude Plot.
This is a notch filter, with Vo, taken across the L and C in a series RLC circuit.

The slope of the response does not take a constant asymptotic slope around the
resonant frequency, but does approach —«at the resonant frequency. The width of the
stop band decreases with higher Q.

|H(p| 10
(dB)

0
fo/10 Jo 10 /o
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EECS 40, Fall 2006
Prof. Chang-Hasnain
Final Exam

December 12, 2006
Total Time Allotted: 180 minutes
Total Points: 350 pts

1. This is a closed book exam. However, you are allowed to bring one page (8.5" x 117),
single-sided notes PLUS your 1-page notes from midterm 1, 2 and 3.

2. No electronic devices, i.e. calculators, cell phones, computers, etc.

3. Slide rules are allowed.

4. SHOW all the steps on the exam. Answers without steps will be given only a small
percentage of credits. Partial credits will be given if you have proper steps but no final
answers.

5. Remember to put down units. Points will be taken off for answers without units.

Last (Family) Name:

First Name:

Student ID: Discussion Session:

Signature:

Score

1. [30 pts] Thevenin Equivalent
Circuit

2. [30 pts] Equivalent
Impedances

3. [50 pts] Semiconductor Device
Physics

4. [40 pts] Diodes/Op-Amps
5. [60 pts] Second Order Circuits

6. [140 pts] MOSFET

TOTAL
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1. [30pts] Thevenin Equivalent Circuit
10Q V4

R ———

Ix

20V C) 0.5iy 200 Vout

40Q

a) What is the current ixthrough the 10Q resistor?

KVL :20V — (i, -10Q)—- (0.5, -20Q)—(0.5i, - 40Q) =0
20V =10Q-i, +30Q-i,

i =[2Y ) 054
400

b) Find V1when there is no load connected to the ports a and b (as depicted by the figure
above).

Voltage drop across the 2 resistors:
V. =(0.51,)(20Q + 40Q)

=(0.254)(60Q)
=15V

c) What is the open circuit voltage across a-b, Voc?

Voltage across the 20Q resistor:
V. =(0.51,)(200)
=(0.254)(20Q2)
=5V

d) What is the short circuit current across a-b, Isc?

0.5ix flows directly from V1 to 40Q resistor, KVL now reads:
20V — (i, -10Q)— (0.5, -40Q)=0

20V =10Q-i, +20Q i

o[22,
30Q) 3
1

i, =05i =—4
3

e) What is Rin? Draw the Thevenin equivalent circuit.

Pade® of 17

5V



UC BERKELEY

lSC
14

" 1/34
=150

2. [30pts] Equivalent Impedances

a) What is Req across the indicated nodes?

Break down 2 resistors at a time:

75Q
o—
500 500 300
10CQ
(@]
2CQ
75Q
O
500 50Q< 50Q

100 Q
O

75Q
O

00 25Q
100 Q

O

100 Q
O

500
100 Q

O

Page 3 of 17
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R, =250

b) What is Zeq across the indicated nodes?

Break down 2 capacitors at a time:

Page 4 of 17

o—
50Q
50 Q
@
O—
25Q
o——|
8mF 8mF
| L
O
|| [
4mF
4mF —
|
|
4mF
8 mF 8 mF
| | | |
|| ||
4 mF
2 mF
| |
|
8 mF 8 mF
| | | |
| |
6 mF
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4 mF
| |
o |
6 mF
1C mF
| |
© |
C,, =10mF
= L =@Q or ! kQ
T joC, jo 10jo
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3. [50 pts] Semiconductor Device Physics
Suppose we have the charge density distribution given by the figure. The permittivity of the
material is e.

‘Charge density

5 o
pz4
%
=
N
Xy

a) (5 pts) Which side is p side and which side n side?

Left side (x<0): p
Right side (x>0): n

b) (5 pts) What is the direction of the built-in electric field?

The built-in electric field is in —x direction

c) (10 pts) What is the value for the electric field E(x) forx <—x,and x, <x?

E(x)=0 for both regions.

d) (10 pts) What is E(x) for —x, <x <-x,?

From the figure, we can write down the expression for charge density in this region
gN
X~ X,
According to Gauss’s law
d
dx
we can arrive at the following result by carrying out the integration

gN  (x+x,)°

e(x; —x,) 2

px) = (x+1,) .

B =2,

E(x) =
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e) (10 pts) What is E.x? Here E.x represents the maximum absolute value.

The electric field reaches its maximum value at the x=0. The magnitude can be calculated by
evaluating the area enveloped by the curve on the left hand side, and divide the area by «.
Therefore,

_ qN(xz _x1)+ gNx,
max 28 (C;
_ gN(x, +x,)
2¢e

E

f) (10 pts) Sketch E(x) vs. X. Label your plot. Also describe the curves.

A EX)
-X2 -X1 X1 X2
8N (x, —xp)
2¢
_gN(x, +x,)
2¢

E(x) is symmetrical with respect to x. It is a quadratic function when xe[-x2,-X4]U[X1,X2], @ linear
function when xe[-x4,0]U[0,x4], and zero anywhere else.
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4. [40 pts] Diodes/Op-Amps
Assume the op-amp is ideal.
Use the large-signal model for the diode with turn-on voltage of 0.6V.

6k
3K 0.6V
2k
+ +
Vin (U + Vout

| R

(a) (10 pts) When the diode is on, what is V, as a function of V;,?

When the diode is on, it acts like a 0.6V source.

By the summing-point constraint, V- = V+ = 0V.

By applying KCL at V-, we get Vin/2k + Vout/6k + (Vout-0.6V)/3k = OV.
Solving yields Vout = 0.4 - Vin.

(b) (10 pts) When the diode is off, what is Vas a function of V;,?

When the diode is off, it acts as a open circuit.

Now KCL at V- gives Vin/2k + Vout/6k = 0V.

Solving yields Vout = -3Vin.

Also notice that this is just a regular inverting amplifier.

(c) (5 pts) For what range of V, will the diode be on?

For the diode to be on, there must be positive current through the diode or, alternatively,
through the 3k resistor (since they are in series).

This means there must be a voltage drop across the resistor must be positive.

So that gives us Vout - 0.6V > 0V.

Substituting in our expression from (a), we get 0.4V - Vin - 0.6V > 0V.

Solving yields Vin < -0.2V.

Alternatively, we can see that for the diode to be off, we need the diode voltage to be less than
the threshold of 0.6V, which gives us Vout -0 < 0.6V.

Plugging in our expression from (b) gives us -3Vin < 0.6V.

Solving yields Vin > -0.2V.

This means the diode will be on for Vin <-0.2V

(d) (15 pts) Complete the following plot for Vout. Indicate which regions the diode is on. Make
sure to label your axes.
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15 1 1 1 1 1 1 1 1 1

15 --ON-- —ON-- |

2 i
— %in

25 Yout | [T

_3 | | | | | | 1 | |
0 0z 04 0e 08 1 1.2 1.4 1.6 1.8 2

The key points are that the diode switches when Vin = -0.2V and Vout = 0.6V.
The negative peak is -3V, and the positive peak is 1.4V.
Also notice that When Vin = 0V, Vout = 0V.

Page 9 of 17



UC BERKELEY EECS 40, Fall 2006

5. [60 pts] Second Order Circuits
Suppose the following circuit. Assume that the switch has been in position A for an infinitely long

time before t = 0. v, = 3.0sin(1000¢)

A B
1k N 1k
V. t— sv( "
3.0sin(1000t)@ °”‘ T~ F 10nH C)

a) (10 pts) Write the input voltage in the Phasor format, V;,?
Noting the input is a sin, we apply the identity:
cos(wt — 7 /2) = sin(wt)

Thus, V,, =3.0Z —%

This angle is equivalent to -90 degrees.

b) (10 pts) Assuming an AC steady state condition and the switch is in the A position. What is
the output voltage in Phasor format, Vout?

T

3.04-=
Vo= Z, Vo= 1 Vv, = ! 3_01_12—2214_3_72-
Z +R 1+ joRC 1+ 2 T NG 4

4

c) (10 pts) What is the output voltage in time domain, vyu(t)?
3 RY/2
By inspection, V,, = —=cos| 1000 ——
ynep G ( 4 j
This angle is equivalent to -135 degrees or +225 degrees.
d) (20 pts) At time t = m ms, the switch flips from position A to B, disconnecting the AC source

from the output. Provide a differential equation describing v, with respect to time. The
solution should be a second-order differential equation of V.

Vout - SV + C dVout + l Vout dt — O
dt L

Taking the derivative,

v 1 dv, 1

out out + — 0

d* RC dt LC ™
Plugging in values,

2
d Vz +10° Do +10"7,, =0
d d
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e) (10 pts) What is the V. at very large t?
In steady state, the inductor becomes a short circuit (while it is in parallel with the capacitor).
So, Vout = 0V.
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6. [140 pts] MOSFET

EECS 40, Fall 2006

In the circuit below, Vpp=5V, and both transistors are identical with V,,=7V, K=0.1 mA/V~.

Vout

— R4 — J—

(A) (50 pts) DC analysis
a) (5 pts) Whatis V4? Given Ry = R, = 5kQ

R2 5kQ

=5 =25V
R1+R2 5kQ + Sk

V, =Vdd

b) (10 pts) What is Ip1? Given R; = Ry = 5kQ. Write down the necessary equation(s) and draw

load line in the following graph.

Vl _[DR4 :VGS
25-1, *5k=VGS
_ 2.5V _ 25—V

I
P 5k 5

mA

From the Load Line
ID =0.1mA
Vgs =2V
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1

0.9

0.8
0.7

0.6

0.5

Ib (MA)

04

0.3
0.2

0.1

0

0 05 1

15 2 25 3 35 4 45 5

Ves(V)

f)

)

(5 pts) Which mode is transistor M1 in?

Saturation

(5 pts) What is Vpg?

Vs =Vdd -1, R3—1, R4=5-1m*5k — 1m*5k =5-0.5-0.5 =4V

(5 pts) What is V,?

Voo =Vdd -1, R3=5—1m*5k = 4.5V

EECS 40, Fall 2006

(5 pts) For transistor M2, write down the equations for Vps, and Vgso. What mode is this

transistor in?

Vs =Vdd —1,,R5
Vs, =4.5—1,,R5

The transistor is also in saturation.

(10 pts) What is Ip,? Given Rs = 3.75kQ. Write down the necessary equation(s) and draw

load line in the following graph.

Viosa =V, =15, RS

A5V,

45—

VGSZ mA

P2 375k

3.75
I, =04mA@V, =3V
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1.1

1
0.9

0.8

0.7

(mA) 0.6
0.5

0.4

0.3

0.2

0.1

0

0 05

1

15 2 25 3 35 4 45 5

Ves (V)

h) (5 pts) What is Vps,?

Vo =Vdd -1, R5=5—4m*3.75k =3.5V
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(B) (90 pts) AC small-signal analysis:
a) (20 pts) For transistor M1, the small signal gain Ay, = V2/Vi,. Draw the small signal model

for M1. Consider r, — oo for both transistors.

@
Vob

R3
R4

Va

-

=

R4 =
{:__"':

b) (15 pts) What is Ay1?

To find Av, we first find GM and then find Rout.
To find GM, we short the output (V2) and apply a test voltage at the input.
Applying KCL at V2 and VS (source of M1):
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Vs
——om(Vt-Vs)=0
R4 gm( )

*
Vs = gmR4* V't
1+ gmR4
lout + gm(Vt —Vs) =0
* *
1+ gmR4 1+ gmR4 l1+gmR4 1+ gmR4
[Out = L’m
1+ gmR4
GM = lout __—8m
Ve 14+ gmR4

Ro is simply R3, because rd is infinity.
Therefore the gain Av1:

Av1l = GM*Ro = _LR?’
1+ gmR4

(20 pts) For transistor M2, the small signal gain Ay, = Vo/V2. Draw the small signal model
for M2.

Vout
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d) (15 pts) What is Ay2?

To find the gain, we find GM and Ro.

If we short the output VS (the source of M2), and apply a test voltage at the gate (V2), we see
that GM = lout / Vt = gm.

lout — gm(Vgs) = lout — gm(V'2—0)

lout = gmV'?2

GM2 =10 _ o
72

To find Ro, we short the input (V2) and apply a test voltage at the output VS. Then we measure
the current flowing into the output node.
First, combine R5 and RL together to form RL".

Using KCL:
Vt

—lout+ ——gm(0-Vt)=0
708 ( )

1
Tout =Vt(——+ gm
(RL, gm)

. [tt 11 1+ gmRL
ou gmRL'
—+gm
(RL' gm)

Av2=GM2 * RO2

Av2= %
1+ gmRL'
e) (5 pts) What is the overall gain Ay, = Vou/Vin?

gmR3 gmRL'
1+ gmR4 1+ gmRL'

Av = Av1l * Av2 = —

f) (5 pts) What is the input impedance of the overall circuit?
The input impedance is simply R1 || R2 because the input impedance of a NMOS is infinity.
Rin = R1 || R2 = 2.5kQ

g) (10 pts) What is the output impedance of the overall circuit?

As found above in part d), the output impedance of the overall circuit is the same as the
output impedance of the second stage (consisting of M2).

RL'

Zo=RL|| (1/gm)= ———
|| (1/gm) I+ gmRL
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Midterm 1 Solution for EE40 Sp 2006
(Prepared by Josh Hug, jhug@eecs.berkeley.edu)

1. Resistive Circuits and Capacitors

a. This is most easily solved by using the current divider rule:
I7 :IS/ 8

b. If we treat the two resistances R in parallel as a /2R ohm resistor, we can
use the voltage divider rule:
Vi=Vi* %/ (n+])*Vy=1/3V;

c. At the node of interest, we have 21 current coming in from the right, and I
current leaving from the bottom, so we know that there must be I current
leaving through the top. Thus, by Ohm’s law, we know that V| = 10+I*5.
Furthermore, we also know by Ohm’s law that V; =101. Using these two
equations, we can find that V; =20 Volts.

Another way to solve this problem is to use KCL at the V| node:
v, —10 N vio2n

5 10 10
2V, =204V, -2V, =0
V, =20Volts

d. We know that for two capacitors in series, the charges are equal, and for
two capacitors in parallel, the voltages are equal. If we treat the pair of 2C
capacitors in parallel as a single 4C capacitor. Then we have the following
equivalent circuit:

’\___,_.f!
|—n—|

W (

]

We know that Qc=Qsc, and Vct+Vac =Vs, Qc=C*V¢, and Q4c=4C*V 4.
From Q¢ =C*V¢, Q4c=4C*Vyc, and Qc=Qac, we know that Ve =4Vuc
Thus 4V4c+Vac= Vs, s0 Vac=1/5 * Vg and Ve =4/5 * Vg
Qc=Q4c=4C/5 * Vg

2. One solution is to use the trick from homework 4.

For 0 <t <2 sec, we have the following circuit:



1042

i

20V 20H 5 VL

First we note that i (0)=i.(0")=0, and i (0)=20/10=2 Amps

Next, we find the Thevenin resistance that the inductor sees, which is trivially 10
Ohms. This gives us the time constant L/R = 20/10 = 2 seconds

Now that we know the initial current (0 Amps), the steady state voltage (2 Amps),
and the time constant (2 seconds), we use the shortcut from Homework 4 and get:

I(O)=1,-(,~1)e""
— 2_2e—Z/ZSeCAmpS

For t > 2 sec, we have the following circuit:

1052 1052
AVAVAS AVAYA
Iy
+

W0V 20H VL CD 0V

First we note that ir(2)=1i.(2")= 2 -2e¢>'* =2 -2¢7'=1.26 Amps
To find ir(o0), we can use superposition. From the 20 volt source, ir(o0) is
increased by 2 Amps. From the 10 volt source, i () is decreased by 1 amp. Thus,

ip(00)=2-1=1 Amp.

Next, we find the Thevenin resistance that the inductor sees by zeroing out the
independent sources, yielding the following circuit:

This is just a 10 ohm resistor in parallel with another 10 ohm resistor, which
means that the resistance the inductor sees is 5 ohms.

Thus our time constant is 20/5=4 seconds.



So, again using the trick from homework 4, we have

1,@)=1,-(I,—1)e"™""
=1-(1-1.26)e "
— 1 + 0.26e—(t72sec)/4secAmpS

Another possible solution is to write the differential equations in both cases and
solve.

For the first case, we can use KVL to find that:

10-107, =201, =0
2-1,-21,=0
I, +21, =2

We first find the complementary solution /,.(t) = Ke™"'*. Since we have our

equation in the form 7, +1, = f(t), we know that /. (¢) = Ke™"'*** Amps .

Next we can find the particular solution by guessing that our solution is of the
form/7,(t)=A* f(t)+ B* f'(t) = A. Plugging this into our differential equation
above, we get that A+0=2, or A=2.

Finally, we know that I(0)=0, so we find I(0)= /.(0)+/,(0)=K+2=0,or
K=-2. Thus, our final solution for 0 <t <2is /(f) =2 —2e™"'** Amps .

For the second part of the problem, we write a new differential equation using
KCL at our node of interest. (We could also write two KVL equations and add
them).

Doing this, we obtain:
V=20 V,+10 oV, _
10 10 20

V,=LI,

201, —20 . 201, +10 L 200, _
10 10 20

21, —2+21, +1+1, =0

41, —1+1, =0

a1, +1, =1

0

0



Since our equation is in the form 7, +z, = f(¢), we know that our

complementary solution is of the form 7, (¢) = Ke 72591 gmps .

Next we find the particular solution. As above, we assume that 7, (¢) = 4, and

plug this into our differential equation, finding that A=1.

Now we add our particular and complementary solution and have
that/, = Ke™"®’* +1. To find K, we know that/, (2) =2—2e™' =1.264, so

I,(2)=Ke ®™"* +1=K +1=1.264, and therefore K=0.26A.

Thus our final solution is 7, (t) = 1+ 0.26e~">**9"** gmps

There are many more possible solutions, such as using separation of variables, etc,

a. Fort <0, the circuit has been closed for a long time, and since we have a
DC source, we can perform DC steady state analysis. We treat the
capacitor as an open circuit, and the inductor like a short. Thus, we find

that 7/, =5/500,000 = 10~ Amps , and since the inductor acts like a short,
V. =0 Volts.

b. One method is to write KCL at the node, take the derivative of both sides,
and reorganize the terms, as shown below:

V, —cos(t) e +J-VL _0
L
L

V, +sin(?) o +ﬁ 0
L

Vv, V, _ sin(?)

RC IC  RC

V, +2V, +V, = -2sin(t)

+V, +

c. Since, our equation is in the form
d’*x(1) dx(t
—+ 2 ()

+@’x(t)= f(t
dt” dt o Fe)

, we know that

a=1, caozl,{:—:l:l

Therefore, the complementary/transient solution is:

V.(t)=Ke ™+ K,te™ Volts



d. Critically damped

€.

We assume a solution of the form V,(¢) = Acos(¢) + Bsin(?)
V,(t) = Acos(t) + Bsin(?)

V (t) = —Asin(t) + Bcos(t)

V,(t) = —Acos(t) — Bsin(t)

Then we plug them into our equation from part b, and get:

— Acos(t)— Bsin(t) — 2 Asin(t) + 2B cos(t) + Acos(t) + Bsin(¢) = —2sin(t)

By collecting sine and cosine terms, we find the following:
-A+2B+A=0
-B-2A+B=-2

From the first equation we find that B=0.
Plugging B=0 into the second equation, we get -2A=-2, or A=1.

Thus our particular solution V', (¢) = cos(¢)

We obtain the complete solution by adding the particular solution and the
complementary solution, so we have:

V(t)=K,e " + K te" +cos(t)

To find the constants, we can first use the initial condition v(0)=0, and
obtain:
V(0)=K,e" + K,0e’ +cos(0) =0
K +1=0
K, =-1

To find K, we know that i (0)=i.(0")=10"" Amps . However, to use this
information directly, we’d need an equation for I (t).

Instead, it’s easier to find ic(0"). Note: i.(0%) #i (07 )!! At time 0", we can
write KCL at node Vi, which gives us:

V,(07)—cos(0)
500000

+1.(0")+17,(0")=0

We also know the following facts:



Vi(07)=V.(0")=V.(07)=0
I1,(00=1,(0")=10"" Amps

So our above KCL equation becomes:
-107

+1.(0")+107 Amps =0

This gives us:
1.(07) =-4/5* 10" amps

Next, we find 7.(t)=CV,."'(t)=10"°(e” + K,e™ — K,te™" —sin(t)), and
thus :

I1.(0)=10°(1+K,)=-4/5%10"

(1+K,)=-40/5

(1+K,)=-8

K,=-9

Thus, we have our final solution:

V,(t) =—e """ = 9te™""* + cos(t) Volts
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Prof. Chang-Hasnain
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Total Time Allotted: 80 minutes
Total Points: 100

1. This is a closed book exam. However, you are allowed to bring two pages (8.5 x
11”), double-sided notes

2. No electronic devices, i.e. calculators, cell phones, computers, etc.

3. SHOW all the steps on the exam. Answers without steps will be given only a small
percentage of credits. Partial credits will be given if you have proper steps but no
final answers.

4. Draw BOXES around your final answers.

5. Remember to put down units. Points will be taken off for answers without units.

6. NOTE: n=10°; k=10%; M=10°
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Problem 2 (35 pts):

Problem 3 (15 pts):

Problem 4 (30 pts):

Total

Page 1 of 15



UNIVERSITY OF CALIFORNIA AT BERKELEY

EECS Department

1.(20 pts) Match the transfer function to the Bode plot. Each transfer function matches to
exactly one Bode plot. Also, there is no partial credit for this question.

a

H(f) = 1

. 2 .
SELIR I (L
100 100

b.

H(f)=

J

f
=+
(100

qz

1
H()=—p—

.
1000

1
L
100

H(f)=
+1

H(f)=

J

1

2
(fj +1
100

Mark your answer
here

Magnitude Plot (dB)

-20

-40

40

20
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Mark your Phase Plot (degrees)
answer here

10 10 10° 10° 10 10
Frequency (Hz)

For the magnitude plot, we first split the list into first- and second-order Bode plots. The first
order Bode plots have a -20dB/decade slope, and the second-order Bode plots have a -
40dB/decade slope.

Looking at the breakpoints of the first-order Bode plots, we see that (c) has a breakpoint at f =
1000Hz, and that (d) has a breakpoint at f = 100Hz.

Looking at the size of the humps/peaks of the second-order Bode plots, decreasing values of zeta
gives rise to a larger peak. (Note that technically speaking, (b) is two first-order terms but we
can think of it as having a zeta = 1).
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From this, we have that the magnitude plots match as: (b), (e), (c), (a), (d).
For the phase plot, we again split the list into first- and second-order terms. For first-order terms,

the phase plot is -45 degrees at the breakpoint. For second order terms, decreasing values of zeta
gives rise to a sharper phase transition.
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EECS Department
2.(35 pts) The circuit schematic for a functional block known as a lead compensator is

—100,uF 100

0 Rz__nQ C,=100uF
R1=EQ C1=100yF A |
W | —‘ o)
| | |
I

V. «‘/
mn

I
ol
o
o
—t

a (15 pts) Let R; = 10/(2) ohms, R, = 100/(27) ohms, C; = 100 uF, and C, = 100 uF. Show that
the transfer function of the circuit shown above is

JE +1
H(f)=190
it +1
1000
Method 1: all at once

3) OV—Iz[R2+ !

w
2) OV—Il(.l J_]z(.l j
JjoC JjoC,
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1 : 100 (7
RC,+— 27 f| ——Q [100uF +1 14
Vou _ (2 ’ jwj_ (JoR,C,+1) (] ”f(ZE j # ] (1(100] J

Vv, 1 (joRC, +1) , 1 ( f
[Rlcl+jwj (]Zﬂ'f(zﬂ_Q)IOO/JF-I-IJ (1(1000)”)

Method 2: Two Inverters

1

Voutl ~— joC, 1 _ 1 _ 1
Vinl 1 " 1+jwRC, . 10 - . f
——+R ™1 1+ 27 f(—)(100uF I+ j——
oc R J2r [ )A00uF) 1+ s
1
Vout2  joC & 1+ joR,C 100 f
ou 5 ,C, . .
=— =— =—|1+ 27 f(—)(A00uF) |==| 1+ j—=—
Vin2 1 1 [ J2m ) G 100u )} ( Jlooj
JjoC,
S
Vout 1 ( . f j ]ﬁ—i-l
=— X—|1+4 ] =
Vin o, S 100) . f
J J T hnn
1000 1000
Method 3: Solve in stages:
b
Vm—l() :O_Zouﬂ;VO'uﬂ:— J a)Cll .. then same analysis as above
Rl+ . . Vlnl R1+ .
joC,  joC, JjoC,

1

R+—
Vin2—0  0—Vout2 Vout2 * jwC, :
= j——=— .. then same analysis as above
1 R 1 Vin2 1
DU 2T DU
JjoC, joC, JjoC,
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2b (12 pts) In the following table, write the magnitude and phase values for H(f) for f=100Hz,
f=1000 Hz, very low f values ( f — 0 Hz ) and very high f values ( f — o Hz). These answers

only need to be within 1.5 times the correct answer (but only because of rounding errors or
sketching inaccuracies that you might have. Do not use the “straight line” approximation if it will

cause your answer will be off from the exact value by more than 1.5 times).

Note — terms in red should be f, not ®. Was announced during midterm

f value (Hz) 10 log |H(o)|* ZH(o)
Very low f( f > 0Hz) 3dB 39.7 deg
f=100Hz 17dB 39.7 deg
f=1000Hz 0dB 0 deg
Very highf( f >oHz) |20dB 0 deg

Given terms:

tan'(0.1) = 5.7 deg
tan'(0.5) = 26.6 deg
tan' (1) = 45 deg
tan'(2) = 63.4 deg
tan'(10) = 84.3 deg

2
(1+4] 5
Magnitude: 10log| H(f)[’=10log N 10 zlolog[(l+lfvﬂ—10bgﬁl+

&
10
Phase: tan™ (Lj —tan™! (Lj
100 1000

For f=100Hz, becomes 3dB — 0 dB = 3dB
For £=1000Hz, becomes 20dB — 3dB = 17dB
Low f becomes 0dB — 0dB

o)
10
[i5)
10
For f=100Hz, becomes tan™’ (1) —tan™' (1) =45°-5,7°=39.3°
For f=1000Hz, becomes tan~' (10)—tan™" (1) =84.3°—45°=39.3°

For f-> 0, becomes tan™ (0)—tan™' (0) = 0°
For f-> infinity, becomes tan™' (o) —tan™ (o) =90°—90° = 0°

High f becomes 101log =10log [100] =20dB
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2¢ (8 pts) Sketch the Bode plot of this transfer function. Sketch BOTH the magnitude and phase

plot. Make sure to label the slopes of segments, the two break points of the transfer function, the
low frequency magnitude, the high frequency magnitude, and the highest value on the phase plot.

Be as accurate as you can, i.e., do not use the “straight line” approximation except as a starting

guide if you wish for plotting the actual transfer function.

Bode Plot
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3.(15 pts) Find the unknown values in the circuits below. For the diodes, use the “0.8V ON-
OFF” model:

F£1d < 0_then the diode NEE
If I _d =0, then the diode is open or OFF
IfI_d > 0, then the diode is a 0.8V source or ON

a. (5pts) Find I a in the circuit below:

‘.Y <H7
100 ohms ﬁ

h

\ 41

0V diode is off, 5V diode and I a diode are on.

[ V=08V -08Y
- 1000

34mA

b. (5 pts) Find I b in the circuit below:
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Lb

LAY C) 100 ohms

100 ohms

h 4

1) 10V -1 1(1000hm) = 0;
I 1=100mA (I 1 is current in left branch)
2) 10V —1 2(1000hm)-0.8V =0
I 2=92mA (I_2) is current in right branch with diode)

Sol b=I 1+ 2=192mA

c. (5pts)LetR 1=10ohmsandR 2 =100 ohms. Find V_c in the circuit below, in
terms of V_1 and V_2:

R,=10Q R,=100Q

. WA
Vi
- — +
VC
L oW -
v R,=10Q R,=100Q
2
1

1) V2 -12(R1) - I12(R2) = 0
1) V2 — I2(R1+R2)=0
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2) V1 - T1(R1) - I1(R2) = V¢
2) V1 —11(R1 + R2) = V¢

2) hoVe =1,
R +R,

3) Ve + 11(R2) =12(R2) (on far right opamp both voltages same)

3+2+1) Ver hlegy- Vo gy
R +R, R +R,
R
et oo By | | (1) v =2 ()
R +R, R +R, R +R, R +R, R +R, R,
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4.(30 pts) Consider the circuit shown below, in which the RC time constant is very long

compared to the period 7 of the input Vin(t). Use the Ideal Diode model:
If Vp <0, then the diode is OFF and does not pass current (Ip=0)

If ID >=

0, then the diode is ON and Vp=0

Vp is the voltage drop across the diode and I, is current through the diode. Vp =Vour in this
problem. Analyze the following circuit. Given Vin(t)=V,sin(2at/T) for t>0, and V(t=0")=0.

Vil

Vi
R

’ N N e

-V,

(a) (8 pts) Sketch V(t)? Label all key values.

The capacitor is initially able to charge up, since V_out starts at 0V and so the diode is a
short. However, the capacitor is not able to discharge through the diode since the diode is an
open when reverse biased. Thus, the capacitor discharges through the resistor. Since the RC
constant is large, we have either:

Ve

Or:

T
Vm
_.____l 1 1 i i ] | ] [] | [] |
/‘ 1 1 L] L] L] T L] L] 1 L] 1
1 ] 1 [ ] 1 1] 1 ] [ ] ] [ ] ]
1 ] 1 [ ] 1 1] 1 ] [ ] ] [ ] ]
3 CE e e e L L L Ll T - Am———
1 ] 1 1] 1 ¥ 1 1 1] ] n ]
0 : ; : pE : : : : : : '
o ’1" — z“f. —t—37
| iecleccbemabecebondeandeeedacodeeadan-d . t
1 ] 1 1] 1 [ 1 [} [] ] n ]
1 ] 1 n 1 ¥ 1 [ ] n ] n ]
1 ] 1 n 1 ¥ 1 [ ] n ] n ]
_n--r———r———'-———r——l‘lllﬂ---ﬁ---‘---1---‘---1---‘

1 ] ] 1

1 ] ] ] 1 ] I ]

1 ] ] ] ] 1 ] I ]

-F - -F - -_r-—-== === == L] - L

1 1 L 1 ¥ 1 L I 1

1 1 L 1 ¥ 1 L I 1

1 1 1L ] 1 1 1 1L

1 T L] ] 1 L] I L]

1 1 T 1 ¥ | 2|i 1 i 1 T

ceeblcccbocabomoboedeeede e e de e de e e dae oo a5k t

L] ] 1 L] L] ] 1 1 L] I L] I
L] I 1 1 1 ¥ 1 [ ] 1 I 1 I
L] I 1 1 1 ¥ 1 1 1 I 1 I

(b) (8 pts) Sketch Vour(t)? Label all key values.
Simple application of KVL gives that V_out =V _in—V _c. The respective sketches of

V_out are:
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-2Vm

Or:

=2Vm -

Note the concavity of the curves above.

(c) (8 pts) Explain what is happening for different time duration.

The capacitor is initially able to charge up, since V_out starts at 0V and so the diode allows
current flow in the positive direction. However, the capacitor is not able to discharge
through the diode since the diode is an open when reverse biased. Thus, the capacitor
discharges through the resistor. Since the RC time constant is large, the capacitor will
discharge very slowly (in the limit it will not discharge at all). When V_C matches V_in,
then V_out is 0V and so the diode will again allow the capacitor to charge up. We repeat this
process.
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(d) (6 pts) Sketch Ip(t)? Label all key values.

L Ll L B =
1 1 1
1 1 1
] 1 ]
R L LT Py -
] 1 ]
] 1 ]
1 1 1
R T R =
] ] ]
] ] ]
i ¥ T.
- -
] ] 2.
] ] ]
] ] ]
L I B |
[] ] []
[] ] []
i ] i
sm==pa=d== =
1 ] 1
1 ] 1
1 ] 1
e - ]

S R
- i
| 1 1
'm l"lll.—.l.l .l.ll“.ll:l
- 1 ¥
= 1 ¥
=, ek - -
e | '

< 1 T r

Ip

Or:

2(pi) Vin/T

AT

I
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Student ID Discussion Session

EECS 40, Spring 2006
Closed-book Quiz #1

Prof. Chang-Hasnain

Total Time: 15 minutes
Total Points: 100

1. No electronic devices, i.e. calculators, cell phones, computers, etc.
2. SHOW all the steps on the exam.

1. (40 pts) (a) Express V; in terms of Ry, Ry, R,, and Vg
+ ol -

R, +

: V,=R, =R,

L'

R, and R, are parallel. We only care about the voltage across them both, so when analyzing the circuit,
we can treat their total resistance as Req = (R, xR )/(R, +R)).

R
Then the circuit just looks like a simple voltage divider. So V, =V X(R eqR J
+
eq 1

Or:
X R2Ra
* RR, +RR,+RR,

(b) (30 pts) Set R, to open circuit. Whatis V, ?

Just looking at the equation above, if we set R, — o (the definition of an open circuit), then the
equation becomes:

R
V=V, x—2

" R+R,

Which is the standard equation for a simple voltage divider circuit. We get the same result of
course if we just look at the circuit with R, taken out, and use the voltage divider equation.

These equations are important for your labs, because it shows exactly what happens when we put a
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voltmeter with some finite input resistance into a circuit! Think of R, as being the input resistance of a
voltmeter, which is measuring the voltages in a voltage divider circuit. You can see by the equation in
part (a) that we’ll end up getting a slightly altered answer.

We often assume voltmeters are perfect open circuits, but they really have a resistance on the order of
mega-ohms. So, when we place them in a circuit, we have to be careful that we aren’t affecting the rest of
the circuit.

In this example, if we are using typical resistor values for R; and R, (1kQ for example), and the input
resistance of our voltmeter (R,) is IMQ, we only affect the result by around 0.04%, basically negligible.
But if we were using higher values for R, and R,, like 1IMQ also, then we change V, by 33%, a huge
difference!

(c) (15 pts) Comparing V4 in case (a) and (b). (which one is bigger?)

By inspection, we can see by the equation in part (a), that as we increase R,, we increase V,. So by KVL,
V, is bigger in case (a)

Physically speaking, since this is a voltage divider circuit, the potential from the source is split in
proportion to each resistance in the loop. So in the case where R, is finite (case a), the effective total
resistance of R, and R, is lower than just R, alone (case b), so V| is bigger in case a.

(d) (15 pts) Comparing V; in case (a) and (b).

Again, since we get rid of R, in part (b) (make it an open circuit), we increase the total resistance in that
section of the voltage divider circuit, so V, is bigger in part (b).
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EECS 40, Spring 2006
Closed-book Quiz #2: February 14, 2006

Prof. Chang-Hasnain

Total Time: 15 minutes
Total Points: 100

1. No electronic devices, i.e. calculators, cell phones, computers, etc.
2. SHOW all the steps on the exam.

1. (50 pts) (a) Express Vo in terms of Ry, R4, Rz, Rp, R, gm and Vs

R0
MA
N + R +
Rz RV g.Vin Rp= Ry Vo

This circuit is easier than it may look at first. The single wire connecting the two loops doesn’t
really have any effect except to provide something like a ground wire between the two sections
of the circuit. You can always arbitrarily make one of the nodes a “ground” node for any circuit if
it isn’t already labeled. So this ends up just looking like two separate grounded circuits.

You can also notice that you can’t have charge building up on one side of the circuit. Charge in
these passive circuits is conserved. Even when charge is stored on a capacitor, you still have
+Q on one plate and —Q on the other.

OK, so for the actual analysis: R; is || to R;. So we can make that Req = R1R2/(R1+Rz). So
Vin = Vs* Req / (Req + Ro)
since this is just a voltage divider circuit.

Again, for the right side of the circuit, Rp is || to R., so we can combine them into Reqe =
RDRL/(RD+R|_).

Then since we have a voltage controlled current source and a resistor in one loop, we can
easily figure out the voltage from ohm’s law. V= - IR, I=g,,V\n. Careful of the sign convention
here. It's negative since the current is flowing from the — to + signs on the V, resistor.

V.R,,R
V= -
R, +R,

eq?
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and substituting in:

o v [ ol |[ RR:
o "\R,+R, \ R +R,
out

Rk, +R

R +R, ’

It’s usually good to try to substitute values in at the last step to keep the algebra simple.

(b) (30 pts) For the load resistor R, what is the Thevenin equivalent voltage Vi, and Thevenin
equivalent resistance Ry?

The right side of the circuit is already set up like a Thevenin equivalent current source and
resistor. We know Is; = - gmVin (remember the sign convention again), and Ry, = Rp in this
configuration. Ry, doesn’t change for either case, and Vy, = -RpgmV iy Which is equal to (looking at
our V|y expression above:

Rl Rz
R +R,

KR, +R
R +R, ?

Vi =—Rpg,Vs

2(a) (10 pts) At t=0 the switch is opened, prior to that, the switch had been closed for a long,
long time. V is a battery, what are Ic and V¢ at t<0? =0 L A A A
R

)l

+ —
% C
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If the switch is closed for a very long time, the circuit is in steady state (no signals are varying with time
at this point).

So the capacitor acts like an open circuit (since basically our values are all OHz at this point). So no
current can be flowing in the loop (Ic=0) and since Vr must consequently be 0, then Vo =V

(b) (10 pts) What are Ic and Vc when t goes to infinity?

When the switch opens, no current flows. The charge that was on V¢ stays on V. So at t=infinity, Vc =V,
and Ic = 0.
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EECS 40, Spring 2006
Closed-book Quiz #3: March 14, 2006
Prof. Chang-Hasnain
Total Time: 15 minutes
Total Points: 100
1. No electronic devices, i.e. calculators, cell phones, computers, etc.

2. SHOW all the steps on the exam.
R= 1 MQ AV

out

1. You are given the circuit on the right.
a) (30 pts) What are Vi, and V,; in phasors?
Write them in terms of . V,=3cos (ot+m/6) C=luF——

Vi, in phasor form is just V;,=3 230" .

The phasor form for V, can be found using Vi, and the transfer function for V. as shown:

1
vo—y J9C 3300 L 33001 3230 3 B0°—tan (@)
L » 1+ joRC I+jo*ls 1+’ Ztan(0) 1+’
jooC

Note | omitted the “1 second” term in the last two steps. To be more clear, the final answer with
proper units would be something like
3
= Z£(30°—tan"' (@ *1sec))
1+ (w*1sec)’

out

b) (5 pts) What is the break point frequency in Hz?

The break frequency is just when |Vou|=|Voutmax/Sqrt(2)]. So looking at the magnitude of V,, the
break point fg in Hz occurs when:

3 3
=2 =1+(w,) 0, =174
V2 i+ (e, Vi =175

S5 :%ﬂ-HZ
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c) (5 pts) What type of filter is this?

This is a low pass filter. Remember, an easy way to tell is to think of what happens when the input is OHz,
and when the input is ©°Hz. At 0Hz, a capacitor acts like an open circuit so V, is maximum. At ©Hz,
capacitors act like a short circuit, so V, is OV. Hence, it “passes” the low frequency signals.

%
(d) (30 pts) The transfer function is H(a)) =— . Plot the magnitude Bode Plot of the transfer

function. Plot x-y plot, where y = lOlog|H(a))|2 and x = log . Label y at x<<0, 0, and the slope
of the line as x>>0.

The transfer function is written above:

1

H(@)=———
(@) 1+ jo*ls

We already know the break angular frequency which is @, =1" a% . So this is the point where the graph

switches from a slope of 0 to a slope of -20dB/decade. We can do a quick “sanity check” and note that if
we compare ow=1rad/s and w=10rad/s, indeed |[H(w)| drops by a factor of 10 for a frequency that’s about

10 times higher than the break point. Hence, since the plot is of y = 1010g|H (60)|2 , the slope is -20dB

per decade above the break frequency.

40 ‘ ‘ ‘
, y=-3dB
20 +—{x<<0 g y .
slope=0 / (can approximate as 0 for plot)
0
z
T -20
? x>>0
5 w slope=-20dB/dec
-60
-80
' ' ) ! j T 1
-2 -1 0 1 2 3 4

log(w)

At x<<0, y is 0. At x=0 (w=1), the break point, we can approximately draw the plot at y=0, but
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really this is the “3dB” point, so the y value is exactly -3dB. At x>>0, the slope is labeled as -

20dB/decade.

(e) (30 pts) Plot phase Bode plot of the transfer function. Plot x-y plot where y = ZH(®w) and x
= log . Labely at x<<0, 0, and the slope of the line as x>>0.

For the phase plot, we know the phase portion of the transfer function is

ZH (o) =tan™'(w*1s)

At frequencies w<<wg, the phase is just tan™(~0) = 0° .

At frequency w=wg, the phase is - tan™'(1)=-45

At frequencies w>>wg, the phase is just - tan™ (infinity)= -90° .

So we draw the low frequency part up to 1/10™ of wg and the high frequency part down to 10wg
and then connect them across the phase point for w=wg

x<<0
slope=0

-20

o
—

-40

/H(w)

-60

-80

x>>0

-100

slope=0

When x<<0, the value of y is 30 degrees. At x=0, the y value is exactly -15 degrees. At x>>0,
the slope is zero, as shown in this plot.
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EECS 40, Spring 2006
Closed-book Quiz #4: April 27, 2006
Prof. Chang-Hasnain
Total Time: 15 minutes
Total Points: 100
No electronic devices, i.e. calculators, cell phones, computers, etc.

Hints: 5
Gauss’s Law qE P Poisson Equation |E(x) = _d9(x) = =0.625
dx ¢ dx 8
1. p-n junction. You are given the space charge diagram on the right. Charge density p(X)
a) (10 pts) Express x4 in terms of xo Na and Np N 4
q
Xo ] R
Since the sum of the total charges on each side has to equal 0, you | X4 >x
can write qNpx; + -(qNax2) = 0 -aN,,

X1 = NAX2/ND

b) (10 pts) Plot electric field E(x) vs. distance x. Assuming the ¢ is the permittivity of the material
Label your plot.

Electric Field E(X)

1
By Gauss’ Law, E(x) = —jp(x) dx 'y

£

ok o
So we just draw the integral of the plot of p(x) \/X
Since this is a square function, E(x) ends up 1
looking like a triangle " glpx,
=

E(X)min = — gNpX, or — gN ,x,
& &

This is a plot of the electric field in the x direction — so the Electric field is actually pointing to the
left in this junction.

c) (10 pts) Plot electrostatic potential V(x) vs.

distance x. Label your plot. Electric Field E(x)
A

V(x) = — j E(x)dx

So you just have to draw the negative of the integral X L~

of your previous plot. Since the E field is zero 2 X

outside the junction, the voltage is constant outside X

the junction too 1




Remember, potential has an arbitrary “ground”. We’'ll say that the p-side is 0 volts.

So that makes the voltage on the n (right) side equal to the opposite of the area under the E(x)
plot above.

_qNDxl _ gNpx, (x,+x,)
£ 2e

This is just —%-(x1 +x,)-

_gNpx, _ gNpx

The voltage in the middle of the plot (x=0) is just half the triangle: —%-xl . 2
£ £

d) (10 pts) If what is described here is the depletion region of a pn junction, which side is n-
side? Which is p-side?

The left side is the p-side, the right side is the n-side. You can tell by the plot of charge density
in the depletion region. The p-side has extra holes, which go to the other side and leave
negatively charged atoms. The opposite occurs on the n-side

(e) (10 pts) If I connect the positive side of a battery to the xo > x; side, which direction will the
current flow?

If you connect a battery positive terminal to a point beyond x4, you are connecting it to the n-
side, so it is reversed bias, so no current will flow.



2 Given the circuit on the left and the load line analysis for ip and vps on the right figure.

Voo
RD
300 k2
Ip z
VG -
R, Vs
250 Q2

(a) (10 pts) Determine Vpp, Rp

The load line plot tells us the voltage across the D to S terminals of the transistor. So we can
see that if we cut the current to zero (open circuit, essentially as if we removed the transistor
completely), then the voltage across those terminals would be 10V. Since we said 1=0, the
voltage across Rp and the 250Q resistor are 0

So VDD:1 ov

If we short the terminals, we see Ip=20mA. So we know that 10V — 20mA(Rp + 250Q)=0

10V -5V =20mA * Rp
So 5V/20mA = Rp = 250Q

(b) (15 pts) If ip = 9 mA, Vi,=1 V what is vs ? What is vg? What is R,?

If ip=9mA, we know that Vs = 9mA * 250Q by ohm’s law, so
Ve=2.25V

To know Vgs, we need to use the load line analysis figure. We already know Ip, so we need to
determine what our Vps and from that we can figure out Vgs.

Vp =10V — 9mA*250W = 7.75V
So Vps = 7.75V - 2.25V = 5.5V

So you can see on the plot above, that where Ips=9mA and Vps=5.5V cross, the gate-source
voltage of the transistor, Vgs, is equal to 4V.

So VGS =4V
So the voltage of Vg is equal to Vgs + Vs = 6.25V

Since no current flows through the base, we can determine the R; thinking of R, and the 300kQ
resistor as a voltage divider.



R
6.25V = — 210V ; R, = 500kQ
R, +300kQ

(c) (15 pts) If ip =4 mA, Vi,=1 V what is vg ? What is vg? What is R,?

Just like before, if ip=4mA, we know Vs = 4mA * 250o0hm = 1V, Vp = 10V — 4mA*2500hm = 9V,

So Vps = 9V-1V = 8V

So looking at the plot again, Vgs = 3V, so Vg = Vgs + Vs =4V

ve—2 __jor R, =200k
R, +300kQ)

(d) (10 pts) Draw the new load line on the graph below when Vpp=5V. What is the new ip?

Ip (MA)

If the voltage changes to 5V, then the “open circuit” voltage is still 5V, and the “closed circuit’
current is reduced by half since we cut the voltage in half. The slope of the line also has to stay
the same since we didn’t change the resistance in our “equivalent” circuit.

Ips will of course be reduced, but the actual value depends on the choice of R,.
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1. This is a closed book exam. However, you are allowed to bring three pages (8.5 x
11”), double-sided notes

2. No electronic devices, i.e. calculators, cell phones, computers, etc.

3. SHOW all the steps on the exam. Answers without steps will be given only a small
percentage of credits. Partial credits will be given if you have proper steps but no
final answers.

4. Draw BOXES around your final answers.

5. Remember to put down units. Points will be taken off for answers without units.

6. NOTE: n=10°; k=10%; M=10°
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la. (10 pts) Solve for V; in terms of V5 and R

EECS Department

R 4R Vi 2R
—VV\V
4R AR
V, SR AR 2R
Vi=
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1b. (i) (10 pts) Solve for node voltages V; and V,

EECS Department

100
AVAVAY.
VA
150 100
U"I » ' VE
1A () 5Q 2V, 50 ) 2A
Vl = V2 =
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1b (ii) (10 pts) Find the Norton equivalent current ( Iy) and resistance (Ry) for the circuit above
(1) between V; and V; as shown:

Norton Equivalent
Circuit

Page 4 of 19
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1
a) By combining the resistors, we can get a circuit that’s a Vs, A resistor R and two five ohm
resistor in parallel(i.e. 2.5 ohm).
So this is a voltage divider, we can say that V_2 across the 2.5 ohm resistor as
V2=Vs*(2.5)/(2.5+1)=Vs*(5/7)
Use another voltage divider across the 4R and the equivalent resistance of
4R//AR//AR//4R=R,
V1=V2*(1/5)
V1=Vs(5/7)(1/5)=Vs/TV

b) Write KCL at V1 and V2, and Vx=V2-V1:
At node V1:
1A=(V1-V2)/10+[V1-2(V2-V1)]/15+V1/5
= 1A=VI*(1/10+1/15+2/15+1/5)+V2*(-1/10-2/15)
= 1A=VI1*(1/2)+V2*(-7/30)
At node V2:
2A=(V2-V1)/10+[V2-2(V2-V1)]/10+V2/5
= 2A=V2*(1/10+1/10-2/10+1/5)+V1*(-1/10+2/10)
= 2A=V2*(1/5)+V1*(1/10)
Solve for V1 and V2,
V1=200/37 V
V2=270/37V

c) The open circuit Voltage Vth=V1-V2 and from part (b) this is V1-V2=200/37-270/37=-70/37
The short circuit current Isc is obtained by shorting V1 and V2, i.e V2-V1=0, and Vx=0.
Redraw the circuit after zeroing out the dependant voltage source, the circuit looks like the

following:
V1 V2
1A 5Q Q 10QA
50

where: 5Q//15Q=15/4Q, 10Q//5Q=10/3Q
Atnode V1, 1A =V1/(15/4Q)+Isc
At node V2, 2A=V2/(10/3Q)-Isc
And VI=V2, sum the above two equations,
3A=V1/(15/4Q) + V1/(10/3Q2)
V1=V2=90/17 V
Substitue V1 into the first equation
In=Isc=1A-V1/(15/4Q) =-7/17 A
Rn=Vth/In=170/37Q
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2. (55 pts) Find the transfer function (from Vi, to V) of the circuit given below. Note that Vi,
and V are both referenced to ground.

— V_out

(For parts (a) through (f), write the relationships in terms of labeled values (like Ry, R;, C;,
etc.)
a) (10 pts) Use KCL to find the relationship between V, and Vj, in the subsection below:

c1
R2 —

Va M L Vb
-

b) (10 pts) Use KCL to find the relationship between V,, Vy, and V. in the subsection below:

Rl
R1
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¢) (10 pts) Using voltage divider, find the relationship between V, and V, in the subsection
below:

R4

R3 =
Va i

TCZ

L

V _out

d) (10 pts) Use KCL to find the relationship between V4 and V in the subsection below:

C3 Ré

Vd —-

e) (5 pts) Use KCL to find the relationship between Vi,, V., and V4 in the subsection below:
R1
R1 ‘
.‘?—iﬂ _ﬂlllll'lllill"h - 1?
C

[ Rl
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) (10 pts) Combine the relationships from parts (a)-(e) to figure out the transfer function from
Vin to Vou. You need not simplify your final solution. However, make sure to EXPLICITLY note
when and where you use parts a,b,c,d,e. Make your work very clear!

a. Simple application of KCL, in conjunction with the summing point constraints (SPC)
yields that V,/R; + Vi/(1/jwC;) = 0. This implies that V, = -(Gw*R,*C;) V4.
+5 for KCL
+3 for SPC
+2 for math (-1 incorrect sign)
b. Once again, using KCL and the SPC gives that V/R; + Vi/R; + Vo/R; = 0. This implies
that V. = -V, — Vi,
+5 for KCL
+3 for SPC
+2 for math (-1 incorrect sign)
c. The voltage divider equation, and the SPC immediately gives that Vo, =
(15wC)/((1/jwCs) + R3)*V, = 1/(1 + jw*Cy*R3)*V,.
+5 for Voltage Divider/KCL
+3 for SPC
+2 for math (-1 incorrect sign)
d. Using KCL and the SPC, we get V,u/Rs + V¢/((1/jwCs) + Rg) = 0. This implies that V4 =
-(1 + jw*C5*Re)/(jW*C3*R5)*Vour.
+5 for KCL
+3 for SPC
+2 for math (-1 incorrect sign)
e. This, is the same as b.
+5 for doing the same thing as in (b) or noting that the problem is the same as (b)
or:
+2 for KCL
+2 for SPC
+1 for math
f. There are several ways to do this, including some quite clever ways. The most
straightforward is to merely do a series of substitutions. Combining equations (a) and (b)
gives V. = Vp*(GW*R,*Cy - 1). Next, using equation (¢) gives V. =V_out*(jw*R,*C; —
D*(Gw*C*Rs + 1).

Next, consider equations (d) and (¢). Combining these two blocks gives Vi, =-V.+ (1 +
JW*C3*Re)/(jW*C3*Rs5)* V. From the relationship above, we can write that Vi, =
Vou*(-GW*R2*C — 1)*(GW*Co*R3 + 1) + (1 + jw*C3*Rg)/(jw*C3*Rs)). Thus, our final
answer is that Vou/Vin = (-GW*R*C; — D)*(GW*C*R3 + 1) + (1 +
JW*C3*Re)/(jW*C3*Rs))N(-1).

+4 for the correct connection of the blocks

+3 for math

+3 for giving a final answer
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3. (20 pts) For the following circuits (i) write the truth table (ii) write the logic function as either
a sum of products or product of sums.

(a) Vop

Ry

AL b

(b) Vo

T
:
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Problem 3
The truth tables and logic functions are as follows:

a)

b)

Note that when a high input is received at A, B, or C, the corresponding NMOS transistor
turns on. When all transistors are off, no current can flow through the resistor, so F stays
at the high voltage. When a transistor is on, it behaves almost as a short, so F goes to the
low voltage.

F=A4-B-C

The logic function is also known as NOR.

_———0 = O O Ol
—— O O~ O o|W
—o— oo~ oln
SO OO OO O~

In this case, high inputs activate NMOS transistors and turn off PMOS transistors. Low
inputs activate PMOS transistors and turn off NMOS transistors. The output follows a
complete path either to the high voltage, or to ground, and assumes the corresponding
voltage value, for any given input set.

F=4.(8+C)

Note: we didn’t require that the form of the
expression be simplified completely. Any
expression accurately describing the truth
table was accepted for full credit.

'—‘*—"—‘OP—‘OOO>
—_—_ O~ O~ OQo|W
b—‘Ob—‘b—ioOP—iOO

SO OO OO — = =T
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4. (20 pts) You are given the space charge diagram on the
pP(xX)=qN,,x, <x <X,

=—qN ,,x, <x<0,

= 0,everywhere else

where N,(x, —x,) =-N ,x,

right.

EECS Department

Charge di:nsity p(X)

X,

aNpT

0

dE _p

Hints: Gauss’s Law e Poisson Equation
x €

E(x)= _—ddc)zch)

»X

a) (10 pts) Plot electric field E(x) vs. distance x. Assuming the g is the permittivity of the material
Label your plot. Label the axes as well as important points (both x and E(x) values at important

points).

b) (10 pts) Plot electrostatic potential V(x) vs. distance x. Label your plot. Label the axes as well
as important points (both x and V(x) values at important points).
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Problem 4

a) Part A required the use of Gauss’ Law in order to determine the electric field. Given the
provided charge density plot, we obtain the following plot of electric field. Note that because -
Naxz = Np(X; — Xo), we know that the integral over the charge density from x; to x; evaluates to
zero, so E(xy) = E(x;). By a simple area calculations, we obtain the key value in the plot below.

E(x)

s
e
>

<

E(O) — qNAXZ

g
b) Part B required the use of the Poisson Equation to determine the electric potential.
The result is that change in electric potential is given by the negative of the integral over the
electric field graph. Because the graph for E(x) is piecewise linear, this is again doable by hand.
By some additional area calculations, we obtain the values in the plot below.

V(x)

X, A

As absolute voltage has no meaning, we focus only on the voltage differences outlined above. By
geometric area calculations (A = 1*w for rectangles, A = (1/2)b*h for triangles):
2
A, = N ¥, LA, = qNA(_xoxz) A, = qNA(xl _xo)(_xz)

5

P 2
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EECS Department

5 (20 pts) Given the circuit on the left and the load line analysis for Ip and Vp on the right figure.

R
A ——e—o

A

I (mA)

Diode Characteristics

(a) (10 pts) Determine the values of Vg, R

(b) (10 pts) What are the solutions of Vp and Iy for this circuit?

Page 13 of 19
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Problem 5
This problem was an exercise in interpreting a load-line characteristic plot.

a) By inspection, the load line intersects the voltage axis at V =-5V. Given that the load line
represents Vi and R, which are arranged in Thevenin circuit form, this intersection gives the
open circuit voltage V5. We can also observe the value of I at -0.4mA. Then,

1% _
R=&=i412.5k§2=R, V,=-5V
/ —0.4mA

b) To determine Ip and Vp, we can take the coordinates of the intersection point between the IV
characteristic of the diode and the load line. By KVL the voltages must match, and by KCL
the currents must match.

By inspection, the current at this intersection is -0.1mA. Also, the voltage at the intersection
is between -4V and -3V.
We can calculate this voltage explicitly, as follows:
V. =1,R+V,
Vy=V,—1,R=-5V—(=0.1mA*12.5kQ) = -3.75V

V, ==3.15V.1, =—0.1mA]
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6. (55 pts) Analyze the following NMOS circuit. K=1 mA/V* and V=1V

10V
1KQ

IMF

TKD §
| |

| | | % ”:
Vin JKQ2
= C L

— +

1KQ

oY
1KQ

Vo

a. (10 pts) Using KVL, write the equation of Ipg as a function of Vps.

b. (10 pts) Draw the load line on the following diagram.
MOSFET I Characteristic

18k ........ ........ ........ SRR ........ T .........
: : : \ys=500Y

T P vquqgu \f o

........................................................................................

qusza.'ﬂu \

: : : YWs=2 00 % :

; i i Wos=100%

5 3] 7 g 9 10
vds (v}
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c. (10 pts) By using your load line plot or by using the equation for current through an NMOS,
Find Vgsq, Insq, Vbsq

d. (15 pts) Draw the small signal model

e. (10 pts) Find A,, the small signal voltage gain
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Problem 6

10V
1K<2
TKL2

1MF
| | | 1KQ
_ 1 I
V. IKQ
1n
1K
Vo

a. (10 pts) Using KVL, write the equation of Ids as a function of Vds.
Solution: V+=V-=0, therefore Vsource= 0
Setup KCL at the Vdrain node: (10V-Vds)/1kohm=Ids+ (Vds/1kohm)

Ids (mA) = (10V-2Vds)/1kohm
MOSFET I-% Characteristic

185k ........ ........ ........ ........ ........ e .........

\qs=5.00 V

18
14k ....... Jonaoanac ......... ........ Inanocoa: ......... Bonnaone ........
12k ....... ........ ......... ........ ......... ......... ........

z 4 U N T U T T T
Moot PR Toaaaans e ERMRE R RS R

= N . S : Wgs=400Y

= : :

Vs=3.00 v

: : Wiys=2.00 W

- LN i Wgs=100Y |

a 1 2 3 4 5 B 7 g 9 10
k""’lzisl:\'f:I

At Ids=0, the Vds=5v, and at Vds=0, the Ids=10mA from part a.

c. By using your load line plot or by using the equation for current through a MOSFET,
Find VGSQ, IDSQ, VDSQ
Solution: The Q point is where the Vgs=3v, from voltage divider rule, we know
Vgs=10v (3/3+7) =3volts.
Vdsq=3v (can read of the plot)
Ids=4mA by substituting the Vgs and Vds into Ids(mA) = (10V-2Vds)/1kohm
or solve Ids=K(Vgs-Vt)"2=K(3-1)"2=4mA
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d) To get the small signal model we ground the DC source, replace the capacitor by a
short, and replace the MOSFET by a dependent current source.

Note: It was an extremely common mistake (>70%) for people to merge the S node and the
ground node. While the op-amp does indeed force the S node to ground, it is still a distinct node!
(In other words, if you write KCL at S, you get different equations than if you write it at node S.
In other words again, the op-amp does not act like a wire. The book refers to this voltage copying

behavior as a “virtual short™)
; 1KC2
D

TKQ §

G

1K

V., [~ JKQ
in

+ —
1K€
Vo

e) Let the current through the output resistor be called I,, with the positive direction from left to
right (into the op-amp). Clearly v,=I, * 1K.

To find I,, we just use some basic circuit analysis principles. First, we write KCL at node D, and
get that Vy/1K + V4/1K + g, V=0. Since Vg=Vin, and S=0V, we can rewrite KCL as:
V¢/1K+Vy¢/1K+4 mS V;,=0, which gives us V4= -2Vj,.

We know that I, will be the sum of the current out of the dependent source, and the current from
D to S through the resistor. We get the current through the resistor using Ohm’s law, and get that
Ids_through_resistor:\/d/ 1K= -2V;, mA. Furthermore Ids_through_current_source:zél'\/in mA. Thus,
I0:Idsithrough7resist0r + Idsﬁthroughﬁcurrentﬁsource: 4Vin—2Viy mA =2 Vi, mA. Thus v,=2 Vin, 80 the gain
is 2.

Sorry this problem was so difficult. I really didn’t think (and still don’t think) it’s so bad, but
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then again [ have been teaching this class for a year. It’s alright, though, only 4 or 5 people got
the last part right, so nobody really suffered. - Josh
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March 3, 2005
Total Time Allotted: 80 minutes

. This is a closed book exam. However, you are allowed to bring one page (8.5” x

11”), double-sided notes
No electronic devices, i.e. calculators, cell phones, computers, etc.

Numerical answers within a factor of 1.5 will not get points deducted, provided the
steps are all correct and the errors are due to the lack of a calculator. (e.g. if the
correct answer is 1, the acceptable range will be 0.67~1.5).

SHOW all the steps on the exam. Answers without steps will be given only a small
percentage of credits. Partial credits will be given if you have proper steps but no
final answers.

Write your answers in the spaces (lines, boxes or plots) provided.
Remember to put down units. Points will be taken off for answers without units.
NOTE: nH=10°H; pF=10"? F; GHz=10° Hz; MHz=10° Hz
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Problem 3 (30 pts):
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Total 100 pts
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1: A voltage source with voltage V is connected to N identical resistors with resistance R.

(a) All of the resistors are connected in parallel, as in Figure 1a. What is the equivalent
resistance Re¢q? What is the total power consumed in the resistors?

ot 1O

N identical resistors Fig. 1a

Solution:
The resistors are in parallel so:

1 1 N
R, ZR R

Thus, the total power dissipated is:

2 2
p=Y _NV
R R

eq

Answer: Reg= R/N
Power = NV#/R
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(b) All the resistors are all connected in series, as in Figure 1b. What is the equivalent
resistance Re¢q? What is the total power consumed in the resistors?

R R R
M M— -

N identical resistors = eq

Solution:
The resistors are in series so:

R, = NR

eq

Thus, the total power dissipated is:

Answer: Rqq= NR
Power = VZ/NR
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2. Equivalent circuit
a) What is equivalent resistance Reqfor points A-B?

(a)

(b) What is the open circuit voltage across points A-B?
(c) What is the short circuit current through points A-B?
(d)

d) Draw both Thevenin and Norton equivalent circuits.

10 Q 5Q 5Q

W A MA——= 4
10V 10Q \\ .
@ = > =50

10 Q

" ;

5Q

(a) To get the equivalent resistance, we short voltage source:

10 2 5Q 5Q

— W M M A
100=\\
= 10 Q% =30

/OQ » .

5Q

Two 10 Q in parallel is equivalent to one resistor of 5 Q. So the equivalent circuit is:

5Q

50
gw A T A
50 N\
V{OQ 109@ =50

/\/\/\ B

5Q

EECS Department

Two 5 Q in series and then in parallel with 10 Q. R=(5 + 5) || 10 = 5 Q. So the equivalent circuit is:

5Q

Mpe——r—e o

/§ e = 50
A B

5Q

Page 4 of 12



UNIVERSITY OF CALIFORNIA AT BERKELEY EECS Department

Again two 5 Q in series then in parallel with one 10 Q resistor. R=(5 + 5) || 10 = 5Q. So the equivalent
circuit is:

5Q

iW T A

5 Q% =0

L oB

Finally, two 5Q in series then in parallel with another 5Q.
Req =(5+515=10/3Q
(b) Open circuit
We set nodes C, D, E as shown below besides nodes A and B.

10Q b 50 - 50
W A M2 A

10V 100 A\
@ = o 109@ %59

/\N\ B

5Q

E
Figure 1

Now we try to find the equivalent resistance to the right of D and E.
Two 5Q in series then in parallel with one 10Q, R=(5 + 5) || 10 = 5Q. We get:

10Q 50
A A
1OV® 1OQ§ A\
kNN

E
5Q Figure 2
To further simplify that, two 5Q in series then in parallel with 10Q, R=(5 + 5) || 10 = 5Q. We get:
10 Q 5Q
-
IOV@ 10Q § A\
5Q
E Figure 3
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To further simplify, 5Q in series then in parallel, R=(5 + 5) || 10 = 5Q, we have:
10 Q

W

10V@ 5 Q§
L

E
Then V. :LXIOZEV
10+5 3
From Figure 3, we know V, —LXV —EV
gure = TS 5 ET
From Figure 2, we know V/ —LXV —EV
gure < TS5y s TG
Finally from Figure 1, we know V. =V —LXV —iV
y g , oc AT
%
@ Ve 3,31
‘ R, 12 10 8
Thevenin equivalent: Norton equivalent:

10/3 Q ‘ °* A

Mp—————A
N 1/8A @ = 10530

5/12V @ ‘

\ :
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3. Transient Analysis: 1* order circuit

(a) At t<0, the switch is open and V.= 0. At t=0, the switch is closed towards the right.
What is V(t)? (Hint: You can leave terms of the form e™ as they are)

(b) Att=100 ps, the switch is closed towards the left and shall stay closed towards the left.
What is V.(t) when t>100 ps?

(c) Qualitatively draw V,(t) when t>0.

t=100ps.. -,
50 Ops L t=0
v v
50 Q
1V |+ 1V
1 pF T~V
Solution:

(a) Steady-state response: At DC steady-state, the capacitor behaves like an open circuit so we
can redraw the circuit like so:

No current flows in this circuit, so there is no voltage drop across the resistor and KVL says that
the steady state voltage is 1 V.

Transient response: To see the natural response of the circuit, we turn off all power sources:
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KVL:
=V.(t)—RI(t)=0
where

dV,(t)

dt
dV ()
dt

1=C—~—=
+—Vt 0
RC ()=

This first-order linear differential equation gives solutions of the form
V.(t)=Ke "

Substituting into the homogeneous equation, we have:

—Ee_’/f+£e_’”: —l+L Ke"=0
T RC T RC

= 7=RC =50ps
Total response: From the above, we have that the total response is in the form:
V.(t) =1+ Ke
And since the voltage across a capacitor must be continuous, we have the initial condition:

V.(0")=1+K =0
=K=-1
=>V.()=1-e""™ Vv

(b) The analysis here is much the same as part (a). Steady-state response: Vo =-1V.
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R

Transient response:
R
<
+
(Y o
V.(t)=Ke""

7 =(50Q +50Q)(IpF) =100ps
Total response:
Vo (t)=—1+Le™"
Note that this is equivalent to writing:
V() = =1+ Me™ (7100100

So now when we use part (a) to find initial conditions:
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V(100 ps) =1—e PP =17

EECS Department

VC (100+ ps) — _1+Me—(lOOps—lOOps)/lOOps =1- e—2

=>M=2-¢"

=>V.t)=—1+(2- e )e—(t—IOOps)/lOOps v

(c)

0<t<100 ps

Ve(t)= V.t) =1-e" v

t>100 ps
Vo(t)= Vo) =142 —e?)e 70100 v

Draw V(1) vs t:

Problem 3: Vc(t) vs. time

1 ! T T 1
0.8 B
06 e P T P P -
04 P PP -
021 f
2
=
O _
-0.2F f
SO b s D -
-06 f
08 I | | i 1
-50 50 100 150 200 250 300

Time (ps)
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4. Transient Analysis: 2" order circuit
At t=0, the switch is closed.

(a) What is the KVL equation of the circuit in
terms of V(t)?
(b) Calculate @, , «, and ¢ . Is the circuit

underdamped, critically damped or
overdamped?

(c) What is the solution of V(t) ?

(Hint: @, =\ @," —a* = ?xlo10 rad/s )

dav. ] d*V.
wi=C—* VL:LQ:LC 7
dt dt

dt -’
2
LCd ‘2/ +RCdV“ +V.=5
dt dt '

d2V6+£dVC+ V. 5

C

r —=—
di* L dt LC LC

d’V, dv,
So —<+10" —<+10*V, =5x10*
dt dt

:% underdamped case

EECS Department

g 100Q
v —— 1 pF
C
5V
V., <10nH

dv.
Ve, =Rxi=RC—=
dt

(c) Since it's underdamped, the solution has the following form:

V.=Ke“cosat+K,e"sinwt+5

Initial condition: there is no charge on the capacitorV, (0) = 0

SoV. =K, +5=0=K,=-5

dv

Initial condition: there is no current in the circuit i(0)=C—<| =0

dt

t=0
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So i(0)=-aK, +®,K, =0= K, =a_l<1:_i:_ﬂ

o, V3 3
NG

V. =—5¢ 0" cos ==X 107 - —5;/5 e 0 sin%

c

d’v, dv.
KVL in terms of V(t): —<+10"" —=+10*V, =5x10*
dt dt
— a = 5+10° — Damping case:
— 1/2
wO 10"°rad/s ; underdamped
\/g 5\/5 -5x10%r _: \/5

c

V(t): vV =—5¢7 0 cos X2 x 100 — e sin—x10"7+5
2 3 2
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7.

Last (Family) Name:

EECS 40, Spring 2005
Prof. Chang-Hasnain
Midterm #2

April 14, 2005
Total Time Allotted: 80 minutes

. This is a closed book exam. However, you are allowed to bring one page

(8.5” x 117), double-sided notes
No electronic devices, i.e. calculators, cell phones, computers, etc.

Numerical answers within a factor of 1.5 will not get points deducted,
provided the steps are all correct and the errors are due to the lack of a
calculator. (e.g. if the correct answer is 1, the acceptable range will be
0.67~1.5).

. SHOW all the steps on the exam. Answers without steps will be given

only a small percentage of credits. Partial credits will be given if you have
proper steps but no final answers.

Write your answers in the spaces (lines, boxes or plots) provided.

Remember to put down units. Points will be taken off for answers without
units.

Mobility chart is provided for your reference.
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1
1. [25 pts] RLC circuit in series. Given: R=1+—Q, C=1F,and L =

L
V10 Jio

L
Y Y Y Y—

D) R ; Vou

Part a. This is a simple voltage divider:

Z
out = Vin —
2,+7,+7,.

where
Z,=R
Z, =joL
ZC:.L
jooC
H(a)): out
B R
= ‘ ;
R+ joL+——
joC
1+4l,
_ /10
jo 1 1
=+ 1+—= |+
V10 ( «/ﬁ] jo
1+—lf
_ J10
jo 1
=41 1+—
()
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Magnitude Bode plot for 1/1+*w/sqrt(10))
10 L S S A T T T

1 . S S L
S — Actual
| —— Asymptotic ||

40 SRR RS EEEEE I I NN S N
10 10" 10° 10’ 10°
Frequency (rad/sec)

Phase Bode plot for 141+j*w/sqrt(10))
100 T T T T T T T T T 171 ‘ T T

— Actual

arg(H(w)) (dB)

-100 NIRRT i I REEET
10° 10" 10° 10’ 10°
Frequency (rad/sec)
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I+—
jao

Magnitude Bode plot for 1/{1+1/%)

10 T T . S S
i —— Actual
oL —— Asymptotic ||
@_10_ ............................................... —
3
i-ZO a
A0 e e _
_4072 i L ‘371 ; i .‘i;i‘iu ; ; i‘H;ii1 ; ; ‘i.‘.‘z
10 10 10 10 10
Frequency (rad/sec)
Phase Bode plot for 1/(1+1/4*w)

N S L Asymptotic
= 50_ ........ ...... ....... ............ ..... ................ ........ ......... ..... ....... _
m
z
ESON PSRN W U T TR S0 U 0 RN SIS W~
I
B
« _50 T O S A S S P —

-100 I 1 ‘ ‘D I 1 2
10° 10 10 10 10

Frequency (rad/sec)

H(w): We are given that log, (1+%/ﬁ)z 0.12, thus 20log,, (l+%/ﬁ)z2.4 dB,

which actually is accurate out to the 2 significant digit. So we can superposition the above two
plots and shift the magnitude plot up by 2.4 dB.
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Magnitude Bode plot for H{w)
10 T T T — T T T — T T

— Actual
| — Asymptotic

L ‘ i ; A A
10° 10' 10°
Frequency (rad/sec)

Phase Bode plot for H(w)

100 ———r : : —
= 50_ ....................................................
m
-
F AU S T R O O N 1 e S TS TS 0 1
I
=
0_50_. .............................................................................................................. —
100 AR NIRRT R R R
107 10" 10" 10’ 10°

Frequency (rad/sec)

Part c. By superposition, we can treat each frequency separately. For w = 1 rad/sec:

1
J10 1.3£0°

~
~

(1 1t] b hasmss)

1.3
\H(1) ~ 15209

[a—

H(l)=

1+
J

1
ZH(1)= 0" —18" —(-45°) = 27°

For w = 10 rad/sec:



UNIVERSITY OF CALIFORNIA AT BERKELEY

1+
1.320°
H(1)= L - . :
i+ 410 L (33272 J1£-6)
j10
|H(1)|=%=04

V., = H(1)-2cost + H(10)-3sin 10z
=(0.9227°)-2cost +(0.42 - 66°)- 3cos(10¢ —90° )
=1.8cos(t +27°)+1.2cos(10t — 156"

The actual answer is:

V.., =|1.775cos (1 +27.45°) +1.185cos (10 —156.7°)

EECS Department
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2. [25 pts] The op-amp is configured as shown in the figure.

R4s=5kQ
AV
R3:i/l\(/s\/2 \I V+
=3 kQ °
A Rl«/i/w % g Vou

|||—o

Vi ZR-3KQ

(a) Express Vg in terms of V| and V,. [5 pts]

Use superposition.

Short V; first.
1 1 1
Then we have V+ = iVl = _Vl , then V.= iVout = _Vout = V+ = _Vl
3+3 2 5+5 2 2
Sowehave VA =V,
Then we short V.
V. V
Wehave V., =V_ =0 and 2= Coul v.=-V,
S5k S5k

Now we superpose the above two results:
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(b) Now resistor R 4is changed to a piece of Silicon whose dimensions are L=8 um, T=2 pm, and
W=4 um as labeled in the figure. The Silicon is doped with Boron at a concentration of 3 X 10"
cm’™. Express Vo, in terms of V; and V; again. [10 pts]

= o
Ve @ Rl/\/i/\/kQ + Vout

V-
v Q) ZR-3KQ

|||—o

We need to find the resistance of the Silicon first.

1
Resistivity is: p = ———
gqni, +qpu,

2
n.
. . 16 -3 3 -3
Since boron is acceptors, we have p= N, =3x10"cm™ and n=—"—=3x10"cm™".

p
Since the electron density is much smaller than the hole density, we approximate resistivity as:
1
p = —
qpH,

Since N, + N, =3x10"°cm™, from the mobility chart, we get u, = 420cm* 1V /s.

1 1
o p= = = 0.5Qcm
P 1.6x107"” x3x10"° x420 2.016
Resistance is: R = p L =0.5 8 =5kQ

wT 4x2x107*

So the same as (a),

V

out

=V ="
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(c) Ifweadd5X 10" cm™ Phosphorus into the Silicon, what is V,, now? [10 pts]

Since phosphorus is a donor, now we have N, =3x10"°cm™ and N, =5x10"cm™.

N,-N,=2x10"cm™ >>0, so N, >> N, the material is N-type now. And we have

2

n=N,-N,=2x10"cm™, pzn#:5x103cm’3.
n

Now resistivity can be approximated as p =

q”ﬂn

Since N, + N, =8x10"cm™, from the mobility chart, we get g, =800cm’ /V /s

1
o p= = = 0.4Qcm
P 16x1077 x2x10 <800 2.56
Resistance is: R = p L =04 8 - =4kQ
wr 4x2x10"
5 1
So for Vi, wehave V. =——V =—V ,soV , =09V
5+4 2
V. 4
For V,, we have —==——2L 50 V =-0.8V,
4k
Finally,
V.. =09V —-0.38F,

10
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3. [25 pts] Diode rectifier. The input voltage is shown below. Assume all the diodes are ideal and
with threshold voltage V1=0V.

Vin @j

(a) Please draw the output voltage on the load resistor and give explanations. (The input is given

as a reference.) [8 pts]

Vout

For the V;, positive half cycle, the current path is:

YV
A

11
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D; and Dy are on while D; and D; are off. So V. on the load resistor is Vj, positive half cycle.

For the Vin negative half cycle, the current path is:

Y

%
Y

D, and Dj are on while D, and D, are off. However, the current goes through the resistor in the
same direction. So V,,; on the load resistor for the negative half cycle is the same as it was for the
positive half cycle.

So we get V¢ looks like |Sin Q) t| . (Flip the negative half cycle.)

(b) If we put a large capacitor in stead of the resistor at the output as shown below, what is the
voltage of the capacitor? Please draw the output you got in (a) as well for a reference and give
explanations. [8 pts]

Vin @i

D;

12



UNIVERSITY OF CALIFORNIA AT BERKELEY EECS Department

Ve

Consider the steady state.

The capacitor is charged up to the peak value when the input signal reaches its maximum. Then
the input signal starts to drop, thus the capacitor is discharging. Since it’s a large capacitor, it is
being discharged slowly. By the time the absolute value of the input voltage is higher than it is on
the capacitor, it’s being charged again, which makes V, to the peak value again.

(c) Which one do you think is more efficient in getting DC power, (a) or (b)? Why? [4 pts]

(b) is more efficient, since the average power is higher. Or area below the output is larger.

13
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4. [30 pts] A photodetector (reverse biased photodiode) is connect to an NMOSFET as shown in
the figure. We know Vpp=5 V, Rg=10 kQ, Rp=50 Q and Rg=200 Q.

_Vob_

\\ ? Ry

(a) The photodetector I-V characteristics are known as shown in the I,-V,, plot below. When it is
dark, it follows the top curve, while when it is under a certain amount of light, it shifts down.
Now given that the light intensity is exactly the amount that makes the photodiode follow the
bottom curve, please draw the load line of the photodiode on the I,-V,, plot below, label its
operating point and give the V,q, I,q values of the operating point. [10 pts]

The current loop of the photodetector is

NV

“y

[

So the load line equation is: V,,, ==V, =1 R . Note that we put negative sign before V,, and

14
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I,, because the photodiode is reverse biased. Put the values of Vpp and Rg in, we get
5=-V,—1,10k and we draw this on the plot.

Since we know from the characteristics that the photocurrent now is -0.4 mA under reverse bias,

so I,= -0.4 mA and from the load line equation, we know immediately that V,=-1V.

Vyo=-1V I,o=-0.4mA

A Ip (mA)

(b) Given the vgs-ip characteristics of the MOSFET which is shown in the vgs-ip plot below,
please draw the load line on this plot, label the operating point Q of the MOSFET and give vgsq
and ipg values of the operating point. [10 pts]

From the circuit configuration, we apply the KVL at gate and source and get the load line equation
Vs = Rol, —ipRg =10k x 0.4m —i,200 = 4 —200i,, = v =4 —200i),

We draw this on the vgs-ip plot. And from the MOSFET characteristics, we read the values of the

operating point.

15
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VGSQ: 2V

iDQ: 10 mA

ip(mA) A

3 4 5 vas (V)

(c) Given the vps-ip characteristics of the MOSFET which is shown in the vpg-ip plot below,

please draw the load line on this plot, label the operating point Q of the MOSFET and give vpgq

value of the operating point. [10 pts]

Apply KVL from VDD through drain and source to the ground.

We get the load line equation V,, =i, R, +v s +i,R =1, (200 + 50)+ Vs

Vos =V, —250i, =5-250i,

We draw this line on the plot below. Since the VGS is 2 V, the Q point will be on the middle curve.

Since we know from question (b) that ip is 10 mA, so vps=2.5 V

16
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Vpbso=2.5V
ip (MA) A
20
15 vgs—3V
10 Q vgs=2V
vgs=1V

0 1 2 3 4 5 vyog(V)

17
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1: [20 pt] Equivalent Circuit
Find Req, Isc, and Vo at the terminals indicated and draw the Thevenin equivalent circuit.
(All' answers should be numeric and not contain V)

i
o e
6 kQ 7
e VAVAY, + | o
+
2 kQ
+
vy () 1 mA Voc
B 2V
3

Page 2 of 22



UNIVERSITY OF CALIFORNIA AT BERKELEY

Set current iy going through 6k to the right, i, going through 2k down.
Open circuit to calculate Vo
i, =1mA
V, =6000i, +2000i, +2=6+4=10V
V. =2+2000;, —"?0:2+2—5 —-1V
Short circuit to calculate Iy
L=l =6-i,=1,
v, = 60007, +2000i, +2

%0 = 2+2000i,

v, =12V and i, =2mA

EECS Department

I, =-1mA
R, Ve ko
Req= 1 kKOhm Voc=-1V lsc= -1 MA

Thevenin equivalent:

Page 3 of 22
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2. [60 pt] 2" order circuit

EECS Department

Part |: Transient Analysis: For t<0, the switch is open and had been open for long.

There is no charge on the capacitor. At t=0, the switch is closed.

(a) [6 pt] What are the initial conditions for V| and i.?

ot

VOZIV C) C=%F —— l L=2H VL

o

Since there was no charge when t<0 and the switch was open, there was no current
and voltage on the inductor. Thus V (0)=I1.(0)=0.

V(0)=0

iL(0)=0

Page 4 of 22
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(b) [10 pt] KVL equation of the circuit in terms of i (t)?
KVL: V, =i,R+V,

iy =i, +i,
. 2.
v, =1%o ol
dt dt
d’i
Sy =i, +CL—%
o dt’
2. .
V. =i R+ LCRY Ly i,
dt dt
diip  Ldi, 1.V

d® RC di  LC"  LCR
With the numbers given:

d’i, _di
+2—L+i, =V,
dr* a

dZiL +Ldi+i' VO or _dziL +2di+jL = VO
dt

KVL in terms of i (t): — i, = :
dt~ RC dt LC LCR dt

Page 5 of 22
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(c)[12 pt] If Vo=1V, R=1 Q, C=1/2 F, and L=2 H, calculatew, , o, and ¢ . Is the circuit
underdamped, critically damped or overdamped?

From the KVL equation gotten in (b)

2dag=—=>g=——=1
RC 2RC
SSL IS -
oL JLe
=%
@,

So it’s critically damped.

_ = — Damping case:
a)o -1 a 1 § 1 " PIng
Critically damped

Page 6 of 22
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(c) [12 pt] What is the solution of V| (t) ?

Solve i (t) first since the second order differential equation is in term of i (t).
Particular solution:
i,, = 1from inspection.
Complementary solution for critically damped case:
i, ()= K,e" +K,te™
So the solution is:
i,(t)=K,e" +K,te" +1
From the initial conditions gotten in (a),
i, (0)=K +1=0=>K, =-1

di : : ,
v,(0)= % =—s,e" + K ts,e" + K e L= tK, =0=K, =5,
t=0
s, =—a=-1
K, =1

vy 2te” vy

Page 7 of 22
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Part |l: Steady State Frequency Analysis: Use complex impedance to analyze the circuit.

(e) [10 pt] What is the transfer function H(a)): % of this circuit if Vg is a sinusoidal
0

source?
L/C
1 :
——+ joL ol 5 1 .
H(w)= / = - 2 = -~ r =2 12
L/7C+R R+jol-o’LCR 1+2jo-w jo+1 jo+l
1
——+ joL
joC /
H(w)= Jok o _, 1 _Jjo

R+ joL-@’LCR 1+2jo- o ja)+1.ja)+1

Page 8 of 22
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important features (slopes, break points etc.) and axes. (Hint: Draw it versus angular

(f) [10 pt] Draw magnitude Bode plot of the transfer function. Please label all the
frequency)

UNIVERSITY OF CALIFORNIA AT BERKELEY

Magnitude Bode plot:

-4+ +H
CTTIT
-4 44+ H

4=
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
4--=--
|
|
|
|
|
|

—
I
I
I
I
|
b
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
[
I
I
I
I
I

Tt T
I
I
I
I
I
1

— - - A-

TrTT T

B I R B

- —f +--

-30
-35

Angular frequency (rad)
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3. [40 pt] NMOS Circuit DC Analysis

Let Vo=Vpp=5V. Two identical NMOS put in series,
with parameters are KP = 50 uA/VZ, V=1V, L=1 um,
W=40um. The Ip vs. Vps curves for various Vgs
values are shown below.

(@) [10 pt] What values of Vi, can make NMOS2
NOT be in the cutoff region?

Based on the fact Vo=Vpp, what mode(s) (cut-off,
saturation or triode) can NMOS1 be in when
NMOS2 is NOT in the cutoff region?

EECS Department

V,=5 V o—|

iy

Vps; NMOS 1

- VF
+
NMOS 2

vDSZ

:_L_ i

When Vi, >V, NMOS2 is no longer in cutoff region. So Vi,> 1 V.

Based on the fact that Vo=Vpp
VGSI =V0 Ve, =5-V;
VDSl = VDD _VF :S_VF

VDSI = VGSI > VGSI -V,

t

So when NMOS2 is on, NMOS1 is always in saturation mode.

Range(s) of Vi, where NMOS2 is on: | Mode(s) of NMOS1:

Vii>1V Saturation

Page 10 of 22
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(b) [5 pt] Write down Ip as a function of gate-source voltage of NMOS1 when NMOS2 is

on.

Since two NMOSFETSs are in series, they share the same current. ID is the saturation
current of NMOSH1.

KPWw KP W
1, :TT(VGSI _Vt)2 :TT(VO Ve _Vt)2 :(4_VF)2
2
lp= (4_VF)

Page 11 of 22
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16

Ve (V)
Io (MA)

Vps for NMOS2. Label key points with values. (Hint: Take Ve=0,1,2,3,4 V, then sketch)

(c)[10 pt] Sketch Ip (that you got in (b)) vs. VE onto the figure below, which is the Ip vs

UNIVERSITY OF CALIFORNIA AT BERKELEY

20
18-

Vg2 V)
Page 12 of 22
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0,1, 2,

1.2

1.44

0
5

(d) [15 pt] Sketch Vg vs Vi, for Vi, ranging from 0 to 5V. Label Vg Values for Vi,

3,4,5V.

Vin (V)
Ve (V)

2.5 3.5 4.5
Vin V)

1.5

0.5
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4. [40 pt] Op-Amp

(a) [15 pt] Please express Vo in terms of V4 as shown in Figure (a).

R4: 6Q
A
M
R=12Q
Rgz 2Q
l VOU[
= R2: 4Q

Vi R=80Q
(@)
R
A . B
R, +R, 4+8 3
1
Ryl Ry = ———— =40
i_l_i
6 12
R
: Vout = V— = ng
R, +R,//R, 3
2y, =2,
2+4 3
Ly, =2y
3 3
Vout = 2Vv1
Vout= 2V

Page 14 of 22
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(b) [15 pt] Please express Vot in terms of V, as shown in Figure (b).

R,-20 R=6Q

VOU[

(b)
V.=V =0
N =iR,
I =1,
Iy =1, +i
LR, =i,R,
Vout _isz _i4R4

Vou= -3V1

Page 15 of 22
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(c) [10 pt] Please draw a structure using (a) and (b) only to realize the operation

2V1+6V,. Please do not change the resistor network configuration of (a) and (b) and do
not add any other components.

R2=ZQ R4:6Q

AN AVAYAY; R=6Q
A VAVAY
R3: 3Q
4AViVaY,
R=12Q
R=4Q \I =
— N\ - y R=20
=—ANN -
VOUI
v.(0) +/‘ R:=4Q
_+_
R5: 5Q
Vi R=8Q
— -

Just connect the output of the inverting op-amp to R; of the non-inverting op-amp.

Page 16 of 22
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5: [40 pt] Common Gate Amplifier

EECS Department

VDD: 5V

= I Vis= -5V

RL=500Q2

+ +
OIS Vi, R¢=5000Q

<+

Consider an NMOS with KP = 50 uA/V?, V=1V, L=1 um, W=40um. Rs =Rp = R =500 Q

(a) [10 pt] Q point analysis: What are Vgsq, Ipq and Vpsq? Please derive load line
equations and draw load lines on the following graphs.

Apply KVL on the loop GS-Vss
Veg + Rl +V =0
V. =5-5001,

Draw this load line on the following figure.

Page 17 of 22
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Apply KVL to the loop from Vpp to Vss.

Voo = Vs =ID(RD +RS)+VDS

10

1,1000+ ¥,

Plot this load line on the following figure.
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10

Vbsa=6 V

IDQ= 4 mA

Veso=3 'V
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(b) [10 pt]Small signal analysis: Draw the small signal model. Indicate all relevant
value(s).

R
AN~ S
+ + < gmvsg +
+ \Z
V(t) @ Vm ng:Vin § RL Vo
— Rs ) RS RD
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(c) [10 pt] Calculate small signal voltage gain A,. (Hint: +/0.1 ~0.32)

g, =N2KPAW /L[, =N2x50x107 x40x 4107 =0.128
R, =R, /IR, =250Q

Vo = _(ngsg )R// = _(ngin )R//

v
A, =7 =g, R, =-0.128x250 = =32

n

Ay=- 32

Page 21 of 22
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(d) [10 pts] Calculate input impedance Rj, and output impedance R..

From the small signal model. It's obvious to find
Rin=Rs and RO=RD

A
A

Rs Ro RD
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