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Transcendental Solutions

of Junction Diode Circuits

In a previous example, we were able to use the junction diode
equation to algebraically analyze a circuit and find numeric
solutions for all circuit currents and voltages.

However, we will find that this type of circuit analysis is, in
general, often impossible to achieve using the junction diode
equation!

G Impossible /12! I must intercede
here, and point out that you are
clearly wrong. If I have an explicit
mathematical description of each
device in a circuit (which I do for
a junction diode), I can use KVL
and KCL to analyze any circuit.

A: Although we can always determine a numerical solution, it is
often impossible to find this solution algebraically. Consider
this simple junction diode circuit:

D' — From KVL:
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Likewise, from the junction diode equation:
Yo
/=1, (e wr_ 1)

Equating these two, we have a single equation with a single
unknown (vp):

Q: Precisely! Just as I said! You
have 1 equation with 1 unknown.
Go solve this eguation for vp, and
then you can determine all other
unknown voltages and currents
(i.e., ip and vp). Gosh, is there any
problem that I cannot solve?

A: But that's the problem! What is the algebraic solution of
vp for the equation:

V.
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The above equation is known as a transcendental equation. It
is an algebraic expression for which there is no algebraic
solution!

Examples of transcendental equations include:
x=cos[x], y*=Inly], or 4-x=2°

Q: But, we could build that simple junction diode circuit in
the lab. Therefore vy, iy and vp must have some numeric value,
right 12/

A: Absolutely! For every value of source voltage V%,
resistance R, and junction diode parameters nand I, there is
a specific numerical solution for v, iy and ve. However, we
cannot find this numerical solution with algebraic methods!

Q: Well then how the heck do we find solution??
A: We use what is know as numerical methods, often
implementing some iterative approach, typically with the help

of a computer (see example 3.4 on pp. 154-155).

This generally involves more work than we wish to do when
analyzing junction diode circuits!

Q: So just how do we analyze junction diode circuits??

A: We replace the junction diodes with circuit models that
approximate junction diode behavior!



Q: Oh youre tricky, but you are\
still clearly wrong (thus I am clearly
right). Recall in an earlier example

we analyzed a junction diode circurt,
but we did not use ‘approximate
models” nor ‘numerical methods” to

@7’ the answer! /

A: This is absolutely correct; we did not use approximate
models or numerical methods to solve that problem. However,
if you look back at that example, you will find that the
problem was a bit contrived.

* Recall that effectively, we

were given the voltage across Extiampiles 4 TimcFidn
one diode as part of the Diode Circuit
problem statement. We were Eop e oo b oo
then asked to find the source AL
voltage V.. m:é : %

* This was a bit of an Q@ 119 corr gt e et 63 s
academic problem, as in the Ae Th s Gl ol 1 e | Crtony e oo
“real world" it is unlikely that e
we would somehow know the em———

voltage across the diode

without knowing the value of
the voltage source that
produced it!



* Thus, problems like this previous example are sometimes
used by professors to create junction diode circuit problems
that are solvable, without encountering a dreaded
transcendental equation!

* In the real world, we typically know neither the diode

voltage nor the diode current directly—transcendental
equations are most often the sad result!

* Instead of applying numerical techniques, we will find it
much faster (albeit slightly less accurate) to apply
approximate circuit models.

I wish I had a nickel
for every time my

software has crashed—
Oh wart, I do!




The Ideal Diode Model

One way to analyze junction diode circuits is simply o assume
the junction diodes are ideal. In other words:

T +
Replace: l \VAZ with: 7, = /;;l! v, =V,

We know how to analyze ideal diode circuits (recall sect. 3.1)!

IMPORTANT NOTE Il PLEASE READ THIS
CAREFULLY:

Make sure you analyze the resulting circuit precisely as we did
in section 3.1. You assume the same ideal diode modes, you
enforce the same ideal diode values, and you check the same
ideal diode results, precisely as before. Once we replace the
junction diodes with ideal diodes, we have an ideal diode
circuit—no junction diodes are involved!



Q: But, ideal diodes are not junction
diodes, won't we get the wrong answer???

A: YES lll Darn right we won't |  However,

@ the answers, albeit incorrect, will be close to

m the actual values. In other words, our
answers will be approximately correct.

We approximate a junction diode as an ideal diode.
- Our answers are therefore—approximations !

For example, if using the ideal diode model we find that current
is=10,>0, then the diode voltage determined will be

v, =v, =0. Of course, the exact solution will be some value

closer to v, = 0.7, so our answer has some error.
ip

ideal diode
model

junction
g diode
RSy AR
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The Constant Voltage
Drop (CVD) Model

Q: We know if significant positive current flows through a
Junction diode, the diode voltage will be some value near 0.7 V.
Yet, the ideal diode model provides an approximate answer of
vp=0 V. Isn't there a more accurate mode/?

A: Yes! Consider the Constant Voltage Drop (CVD) model.

® ®
+ : T
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In other words, replace the junction diode with two devices—an
ideal diode in series with a 0.7 V voltage source.

To find approximate current and voltage values of a junction
diode circuit, follow these steps:

Step 1 - Replace each junction diode with the two devices of
the CVD model.

Note you now a have an IDEAL diode circuitl There are no
junction diodes in the circuit, and therefore no junction diode
knowledge need be (or should be) used to analyze it.

Step 2 - Analyze the IDEAL diode circuit. Determine /. and v}
for each ideal diode.

IMPORTANT NOTEN PLEASE READ THIS
CAREFULLY:

Make sure you analyze the resulting circuit precisely as we did
in section 3.1. You assume the same IDEAL diode modes, you
enforce the same IDEAL diode values, and you check the same
IDEAL diode results, precisely as before. Once we replace the
junction diodes with the CVD model, we have an IDEAL diode
circuit—no junction diodes are involved!

Step 3 - Determine the approximate values /, and v of the
junction diode from the ideal diode values i, and v;:



Note therefore, if the IDEAL diode (nhote here I said IDEAL
diode) is forward biased (7 > 0), then the approximation of the

junction diode current will likewise be positive ( 7, > 0), and the

approximation of the junction diode voltage (unlike the ideal
diode voltage of v, =0) will be:

vy = v+ 07
=0.0+0.7
=07V

However, if the IDEAL diode is reversed biased (7, =0), then

the approximation of the junction diode current will likewise be
zero (/, =0), and the approximation of the junction diode

voltage (unlike the ideal diode voltage of v, < Q) will be:

v, = v,+0.7
< 07V

NOTE: Do not check the resulting junction diode
approximations. You do not assume anything about the junction
diode, so there is nothing to check regarding the junction diode
answers.



The Piece-Wise
Linear Model

Q: The CVD model approximates the forward biased junction
diode voltage as v, =0.7 V' regardless of the junction diode

current. This of course is a good approximation, but in reality,
the junction diode voltage increases (logarithmically) with
increasing diode current. Isn't there a more accurate mode/?

A: Yes! Consider the Piece-Wise Linear (PWL) model.

®
+ y
+ +h i \L’o
. N D
Replace: with: ’ :
/D\l/ SZ Vs Voo
rd
[

junction
diode

Vb




In other words, replace the junction diode with three devices—
an ideal diode, in series with some voltage source (not 0.7 VI)
and a resistor.

To find approximate current and voltage values of a junction
diode circuit, follow these steps:

Step 1 - Replace each junction diode with the three devices of
the PWL model.

Note you now a have an IDEAL diode circuitl There are no
junction diodes in the circuit, and therefore no junction diode
knowledge need be (or should be) used to analyze it.

Step 2 - Analyze the IDEAL diode circuit. Determine /. and v}
for each IDEAL diode.

IMPORTANT NOTE Il PLEASE READ THIS
CAREFULLY:

Make sure you analyze the resulting circuit precisely as we did
in section 3.1. You assume the same IDEAL diode modes, you
enforce the same IDEAL diode values, and you check the same
IDEAL diode results, precisely as before. Once we replace the
junction diodes with the CVD model, we have an IDEAL diode
circuit—no junction diodes are involved!

Step 3 - Determine the approximate values /, and v of the
junction diode from the ideal diode values i, and v :



rd

Note therefore, if the IDEAL diode (nhote here I said IDEAL
diode) is forward biased (7 > 0), then the approximation of the

junction diode current will likewise be positive ( 7, >0), and the

approximation of the junction diode voltage (unlike the ideal
diode voltage of v, =0) will be:

o y

|/D T VD+ VDO+ /D/Z/
L ./
=0.0+V +iir,

L 14
T VDO+ ID/:/

However, if the IDEAL diode is reversed biased (7, =0), then

the approximation of the junction diode current will likewise be
zero (/, =0), and the approximation of the junction diode

voltage (unlike the ideal diode voltage of v, < Q) will be:

I I
Vo = Vpt+ Voot a7
=v,+V,+0

vy, < Vo

NOTE: Do not check the resulting junction diode
approximations. You do not assume anything about the junction
diode, so there is nothing to check regarding the junction diode
answers,



Constructing the PWL
Junction Diode Model

heck are we supposed tfo use
the PWL model to analyze
Jjunction diode circuits? You
have yet to tell us the
numeric values of voltage
Qurce Vpo and resistor ry !

6 Wait a minute! How fhex

A: That's right! The reason is that the proper values of

voltage source Vjppand resistor ryare up to you to determinel
To see why, consider the current voltage relationship of the

PWL model:

/p

)




Note that when the ideal diode in the PWL model is forward
biased, the current-voltage relationship is simply the equation

i)l

Yy = m X + b

Compare the above to the forward biased junction diode
approximation:
i=1Ie nw

An exponential equation!

An exponential function and the equation of a line are very
different—the two functions can approximately "match” only

over a limited region:
id —

junction é\

diode PWL
model

Q: Limited match/?
Then why even bother |
with this PWL model? region of

greatest model

accuracy

T 4




A: Remember, the PWL model is more accurate than our two
alternatives—the ideal diode model and the CVD model.

At the very least, the PWL model (unlike the two alternatives)
shows an increasing voltage vy with increasing /5. Moreover,
if we select the values of )y and ry properly, the PWL can
very accurately "match” the actual (exponential) junction
diode curve over a decade or more of current (e.g., accurate
from /5= 1 mA 10 10 mA, or from /5= 20mA to 200mA).

q Yes well I asked you a long

time ago what ry and Vo should
be, but you still have not given
me an answer/

A: OK. We now know that the values of ryand Vj, specify a
line. We also know there are 4 potential ways to specify a
line:

1. Specify two points on the line.

2. Specify one point on the line, as well as its slope m.

3. Specify one point on the line, as well as its y-

intercept b.
4. Specify both its slope and its y-intercept b.

We will find that the first two methods are the most useful.
Let's address them one at a time.



1. Specify two points on the line

The obvious question here is: Which two points ?

Hopefully it is equally obvious that the two points should be
points lying on the junction diode exponential curve (after all,
it is this curve that we are attempting to approximatel!).

Typically, we pick two current values separated by about a
decade (i.e., 10 times). For example, we might select /5,=10
mA and /p>=100 mA. We will find that the resulting PWL
model will be fairly accurate over this region.

Y i
; ) )

Q: I've got a question/
How do we find the
corresponding voltage
values vp; and vy for
these two currents? .

A: Remember, we are selecting fwo points on the exponential
junction diode curve. Thus, we can use the junction diode
equation to determine the corresponding voltages:

i |
vy =Nl In| 24
_IS_
Ipe
_IS_



Now, the rest is simply Middle School mathematics. If our
PWL "line" intersects these two points, then:

Thus, we can solve the above two equations to determine the
two unknown values of V)jpand r,, such that our PWL "line” will
intersect the two specified points on the junction diode curve:

[ny —
—Ip2 ) _
- R /‘& =

1
m=—
Iy Voo — Ipy —

And then we use our PWL "line" equation to find r:
Voo = Vo1 =101 1y or Voo =V =12 1y

(note these two equations are KVL!).



2. Specify one point and the slope

Now let's examine another way of constructing our PWL
model. We first specify just one point that the PWL "line"
must intersect. Let's denote this point as (I, V)) and call this
point our bias point.

Of course, we want our bias point to lie on the exponential
junction diode curve, i.e.:

n . I
I,=Ie’" orequivalently V,=nl;/n {TD}

Now, instead of specifying a second intersection point, we
merely specify directly the PWL line slope (i.e., directly
specify the value of r,l):

/Q But I have no idea
what the value of this

slope should bel?/
N

A: Think about it. Of all possible PWL models that intersect
the bias point, the one that is most accurate is the one that
has a slope equal to the slope of the exponential junction
diode curve (that is, at the bias point)!



Not this onel

in S~

This onel!

Not this onel

Q: What! Just how is it possible to
determine the slope of the junction
diode curve at the bias point?/?

A: Easy! We simply take the first derivative
of the junction diode equation:

T [ 1.%)
dv, dv,
m ISeV%Vr
( __nk o N

Q: Of course! This
equation is the slope of
the junction diode

curve at the bias point!

| _/




A: Actually no. The above equation is not the slope of the
junction diode curve at the bias point. This equation provides
the slope of the curve as a function diode voltage v). The
slope of the junction diode curve is in fact different at every
point on the junction diode curve.

In fact, as the equation above clearly states, the slope of the
junction diode curve exponential increases with increasing vj!

Q: VYikes! So what is the derivate equation good for?

A: Remember, we are interested in the value of the slope of
the curve at one particular point—the bias point. Thus, we
simply evaluate the derivative function at that point. The
result is a numeric value of the slope at our bias point!

d g
= Le/™
dv, ( Se J

Vp v

n
_Le’™
nl;

m

=W

vo=Vp
A
nls;
_ Lie/™m
gz

Note the numerator of this result! We recognize this
humerator as simply the value of the bias current Iy

v
I, =Ie v



Therefore, we find that the slope at the bias point is:

nV.  nl

2
[
m:l'se%r I,

Now, we want the slope of our PWL model line to be equal to
the slope of the junction diode curve at our bias point.
Therefore, we desire:

1 I,

—— =

Iy nv;
Thus, rearranging this equation, we find that the PWL model

resistor value should be:
nl;

/‘&:—
D

We likewise can rearrange the PWL "line" equation to
determine the value of the model voltage source Vj:

Voo =Vo = I, 1 (KVL )

Now, combining the previous two equations, we find:



So, let's recap what we have learned about constructing a PWL
model using this particular approach.

1. We first select a single bias point (I, V), a point
that lies on the junction diode curve, i.e.:

v
I,=Ie O

2. Using the current and voltage values of this bias
point, we can then determine directly the PWL model
resistor value:

3. We can also directly determine the value of the
model voltage source:




ﬁ'sme thod for constructing a PWL model pma’uceh

very precise match over a relatively small region of the
Jjunction diode curve.

We will find that this is very useful for many practical
diode circuit problems and analysis/

This PWL model produced by this last method (as
described by the eguations of the previous page) is
called the junction diode small-signal model.

We will use the small-signal model again—make sure
that you know what it is and how we construct it/




Example: Constructing
a PWL Model

For a certain junction diode, we know that:

ir=10 mA when v,=0.7V
and

I»=1mA when v,=06V

Say we wish o construct a PWL model that will approximate
this junction diode behavior for diode currents from, say,
approximately 1 mA to approximately 10 mA.

Recall that the resulting model will relate diode voltage Vjto
diode current /5 as a line of the form:

(1 _ [ W
"’_Lfaj iz (@]

We therefore need to determine the values of Vjpand r, such
that this PWL model "line"” will intersect the two points /p,=1,
VD]:O.6 and /'D]=10, VD]:O.7.



The slope of this line must therefore be:

he=iy _ 10-1 9
Vor =V, 07-06 01

=90 K mhos

Thus our PWL model resistor value r,must be:

Ay 0.0111 KQ

L1
“m 9

Or in other words, r;, =11.1Q.

Q: Wow! That's a very small resistance value. Are
you sure we calculated ry correctly?

A: Typically, we find that the resistor value in the
PWL model is small. In fact, it is frequently less
than 1 Q when we attempt to match the junction
diode curve in a *high" current region (e.g., from
iD:5O mA to ID:5OO mA)

Now that we have determined r, we can insert either point
into the model line equation and solve for V), For example,
the equations:

: 1 V ! 1 V
coBols) = wlghels
d d d d



become either:

Voo = Vi1 =1 1
=0.6-1(0.0111)
=0.589 V

or

Voo = Vo —1pa Iy
=0.7 -10(0.0111)
=0.589 V

In other words, we can use either point to determine Vp,.

Our PWL model is therefore: ol/;)
_|_
0 for v, <0589V +
. o ———o0.589V

o v,  0.589
(00111 00111

for v, >0.589V N
— 1110




Now, compare this PWL model to the CVD model:

®|/ ®/
+ l" + lo

|
o —L—0589v 4
1110 1
L L ¢
®
PWL CVD

Note that the CVD model can be viewed as a PWL model with
Voo= 0.7 V and = 0.0. Compare those values with our model
(Vpo= 0.589 V and ry= 11.1Q)—not much differencel!

Thus, the PWL model is not a radical departure from the CVD
model (typically Vpois close o 0.7 V and ryis very small).
Instead the PWL can be view as slight improvement of the
CVD model.



Example: Constructing a
Diode Small-Signal Model

Recall that one method for constructing a diode PWL model is
to specify a single point (i.e., the bias point) on the junction
diode curve, and then determine the slope of the junction
diode curve at that point.

We can then select our PWL model parameters ryand Vpp
such that the PWL model "line” will intersect the specified
bias point, and so that the slope of the line will match that of
the junction diode curve at the bias point.

We call this model the small-signal PWL diode model!

For example, say a junction diode with #=1 pulls a diode
current of /5= 10 mA at a diode voltage of v, =0.6 V.

-~ Let's build a small-signal PWL model for this diode!

First, we need to select a bias point (I, V)). Recall that this
can be any point on the junction diode curve.

ﬂ@ Q: But which point do we

select? How can we decide?




A: Remember, a PWL model (with a linear /p,v, relationship)
can only "match” the junction diode curve (with an exponential
ip,Vp relationship) over a relatively small region. Thus, we want
our PWL model to accurately "match” the junction diode curve
over the region where the correct junction diode solution /p, v,
actually lies.

Q: Whoa! How can we do fhah
We are constructing the PWL
model so that we can accurately

2
P i estimate the unknown junction
/Q diode values ip, vp. But now you
say that we must first know the

S P Rl N GF solution in order to construct a
Qefu/ PWL model! /

A: It is of course true that if we already know the exact
value of junction diode iy and vp, we might as well stop
working—we already have the final answer!

However, we do not require the exact junction diode solution
in order construct a useful PWL model. Rather, we need only
to have approximate knowledge (i.e., a "rough idea").

Often, we can do a quick analysis of a circuit to get a rough
ideal of the diode current. For example, we can use the ideal
diode model (or the CVD model) to determine an approximate
value for /p.



You can then use this approximate current value to select
your bias point (on the junction diode curve). Now you can
construct an accurate small-signal PWL diode modell

OK, now back to our example. Say that somehow we know that
the actual junction diode current in our circuit is in the
vicinity of 10 mA. Let's therefore use as our bias point the
values that we were initially given—values that describe a
point lying on the junction diode curve:

I,=10mA  V,=06V

Note that this was the hardest part of the whole process!
Determining the model parameters is now straightforward.

Using the results of a previous handout, we find:

nV.  1(0.025)
_nh ~0.0025 K=250
T 10 |
and 'l’i)
Voo =V, —nls T
_0.6-0.025 Vv
-0.575 V v F

We're done!



Example: Junction
Diode Models

Consider the junction diode circuit, where the junction diode
has device parameters Is= 102 A, and 7 =1:

+5V
N I numerically solved the resulting
) lSZ y transcendental equation, and

1))

/
2 determined the exact solution:

/,= 87.40 mA
50 O

vp= 0.630 V
Now, let's determine approximate values using diode models !

First, let's try the ideal diode model.
+5V

50 O 50 O




+HV Assume IDEAL diode is "on".

o/ . Enf C = 0.

/D\I/ V[; T O orce VD
- Analyze the IDEAL diode circuit:
50 O

Check result:

We therefore can approximate the junction diode current as
the current through the ideal diode model:

/.~ /7 =100 mA

D D

And approximate the junction diode voltage as the voltage
across the ideal diode model:

/=
vy, =V,=0

Compare these approximations to the exact solutions:

/,= 87.4 mA and v = 0.630 V

Close, but we can do better! Let's use the CVD model.



50 O

50 O

Assume IDEAL diode is "on".

Enforce v, =0 .

Analyze the IDEAL diode circuit:

Check the result:



We therefore can approximate the junction diode current as
the current through the CVD model:

iy~ 17 = 86 mA

And approximate the junction diode voltage as the voltage
across the CVD model:
vy = Vy+ 0.7
=0+0.7
=07V

Compare these approximations to the exact solutions:

h=874mA and  v,=0.630V

Much better than before, but we can do even better! Let's use
the PWL model.

rq

50 O

50 Q



Q: But, what values should we use for model parameters Vo
and ry 2?

A: From the CVD model, we know that /5 is approximately
86mA. Therefore, let's create a PWL model that is accurate in
the region between, say, 50 mA < ip < 125 mA.

First, we determine vy at 50 mA and 125 mA.

v, = nV;In(i /Ig)
=0.616 V for 50 mA
=0.639V for 125 mA

We now know two points lying on the junction diode curvel Let's
construct a PWL model whose “line" intersects these two points.

Recall that when the ideal diode is forward biased, applying KVL
to the PWL model results in:

Vo= Voot /p1y

or equivalently:

Yy Voo
[y=-2—-20
Iy Iy

Inserting the junction diode values into this PWL model equation

provides:
0.616 = V,,+ (0.05)r,

0.639 = V,,+ (0.125)r,



Two equations and two unknowns !l Solving, we get:

Vo =0.600V and r, = 0.31 Q (small It)

Therefore, the ideal diode circuit is:

+5 V
- Assume the IDEAL diode is “on".
,. l i
Vs .
B + Enforce v, = 0.
0.6 V
B Analyze the IDEAL diode circuit:
0310
50 O

Check the result:



We can therefore approximate the junction diode current as
the current through the PWL model:

iy~ 17 =875 mA

and approximate the junction diode voltage as the voltage
across the PWL model:

Vo = VA + Voot /; 5
=0+ 0.600 + (0.087)0.31
= 0627V

Now, compare these values to the exact values v, = 0.630 V and
In=87.4 mA.

The error of the PWL model estimates is just 0.003 Volts and
0.1mAl

Each model provides better estimates than the previous onel!



Example: Another Junction
Diode Model Example

Consider now this circuit:

R1=1K R3=1K

—/VV\V NA—
</[\> 0.5 mA R,=1K /;)l \/ iD
v ¢

Using the CVD model, let's estimate the voltage across, and
current through, the junction diode.

First, replace the junction diode with the CVD model:

R;—IK R3:1K

</[\> 0.5 mA Rz=1K f




Now we have an IDEAL diode circuit, and therefore we analyze
it precisely as we did in section 3.1l

ASSUME the IDEAL diode is forward biased (why not ?).

ENFORCE the condition that v, =0.0V (a short circuit).

RI:]-K R3:1K
. 1 +
—> / T .
h Zi + /;;l v, =0

ANALYZE the IDEAL diode circuit:

From KCL > =1+ 1}
Where - =05 mA
N 73 7
/2_ER:TR:V/2
i V=07 v,-07 _ 0.7
/D IQ3 1 R ‘

Therefore > 05=v,+(v,-0.7)=2v,-0.7



_05+07

=0.
> 6V

And thus: Ve

So that: ih=v,-07=06-07=-0.1mA

CHECK the IDEAL diode assumption:

i=-01mA<0 X

Yikes! We made the wrong assumption! Let's change our
assumption and try again.

ASSUME the IDEAL diode is reverse biased.

ENFORCE the condition that /; = 0.0 mA (an open circuit).
RFIK R3=1K

ANALYZE the IDEAL diode circuit:

From KCL > =1+ 1}



Where - =05 mA

Therefore > 05=v,+0=y,

Note that we must find the numeric value of v, the voltage
across the reverse biased IDEAL diode.

FromKVL: v, -R/-v,-07=0
And since 7, =0, we find that:
v, =V, — Ry 1 —0.7
=v,—-0.7

=05-0.7
=-0.2V

CHECK the IDEAL diode assumption:

v,=-0.2V <0 /

Our assumption was correct!



gy =< Now, we must estimate the junction
°° diode current and voltage!

Q: What do you mean? I fhoug/?
we just did that! The diode
current is in=0.0 and the diode
voltage is vp=-0.2 V. Right?

A: NO! We have determined the current and voltage of the
IDEAL diode voltage in our CVD model. These are not the
estimated values of the junction diode in our circuit!

Instead, we estimate the junction diode voltage by calculating
the voltage across the entire CVD model (i.e., ideal diode and
0.7 V source):

vy = v+ 07
=-0.2+0.7
=05V

What an interesting resul 7‘/\
Although the IDEAL diode

in the CVD mode/ is reversea
biased, our junction diode

_ voltage estimate is positive
Q-’Oﬁ Vi /




We likewise estimate the current through the junction diode by
determining the current through the PWL model (OK, the
current through the model is also the current through the ideal
diode):

i=1 =0

b I



DC and Small-Signadl
Components

Note that we have used DC sources in all of our example circuits
thus far. We have done this just to simplify the analysis—
generally speaking, realistic (i.e., useful) junction diode circuits
will have sources that are time-varying!

The result will be voltages and currents in the circuit that will
likewise vary with time (e.g., /(#) and v(#)). For example, we
can express the forward bias junction diode equation as:

V(1)
(1= 1"

Although source voltages v.(f) or currents /;(#) can be any

general function of time, we will find that often, in realistic and
useful electronic circuits, that the source can be decomposed
into two separate components—the DC component V., and the

small-signal component v_(7). L.E..

VS(T):V.S +V5(7‘)



Let's look at each of these components individually:

* The DC component I/ is exactly what you would expect—the
DC component of source v.(7)! Note this DC value is not a

function of time (otherwise it would not be DC!) and therefore
is expressed as a constant (e.g., V, =12.3V).

Mathematically, this value is the time-averaged value of v (7):
1 T
o=y vt

where T is the time duration of function v (7).

* As the notation indicates, the small-signal component v_(7) is

a function of tfimel Moreover, we can see that this signal is an
AC signal, that is, its time-averaged value is zero! I.E.:

1T
—|v.(#)dt=0
rl

This signal v,.(7) is also referred to as the small-signal
component.

* The total signal v.(7) is the sum of the DC and small signal
components. Therefore, it is neither a DC nor an AC signal!



Pay attention to the notation we have used here. We will use
this notation for the remainder of the course!

* DC values are denoted as upper-case variables (e.g., Vs,
I,Q, or VD)

* Time-varying signals are denoted as lower-case
variables (e.g., vs(1),v.(1),/5(1)).

* AC signals (i.e., zero time average) are denoted with
lower-case subscripts (e.g., v.(7),v, (1),7.(1)).

* Signals that are not AC (i.e., they have a non-zero DC
component!) are denoted with upper-case subscripts (e.g.,

vs(1), Vo (1), i2(1), V).

Note we should never use variables of the form

I.,V,. Do

it ="e

you see why??

G You say that we will often find
sources with both components—a DC
and small-signal component. Why is
that? What is the significance or
physical reason for each component?

N




Al: First, the DC component is typically just a DC
bias. It is a known value, selected and determined
by the design engineer. It carries or relates no
information—the only reason it exists is fo make
the electronic devices work the way we want!

A2: Conversely, the small signal component is typically unknown!
It is the signal that we are often attempting to process in some
manner (e.g., amplify, filter, integrate). The signal itself
represents information such as audio, video, or data.

Sometimes, however, this small, AC, unknown signal represents
hot information—but noise! Noise is a random, unknown signal
that in fact masks and corrupts information. Our job as
designers is to suppress it, or otherwise minimize it deleterious
effects.

* This noise may be changing very rapidly with time (e.g.,
MHZz), or may be changing very slowly (e.g., mHZz).

* Rapidly changing noise is generally “thermal noise”,
whereas slowly varying noise is typically due to slowly
varying environmental conditions, such as temperature.

Note that in addition to (or perhaps because of) the source
voltage v, () having both a DC bias and small-signal component,

all the currents and voltages (e.g., /,(#), vy(#)) within our

circuits will likewise have both a DC bias and small-signal
component!



For example, the junction diode voltage might have the form:

v,(1)=0.66+0.001coswt

It is hopefully evident that:

v, =0.66V

=0.001 cosawt

)

06 AA A A

0.0 — — —




Small-Signal Analysis

Consider this simple junction diode circuit:

The DC voltage source (V)p) results in a DC current (1), as
well as a DC voltage across the junction diode V).

Now let's add an AC (e.g., small-signal) source (v;) to the

circuit:

R

— A

o @ I, +1,(1)

— Voo

0o

NV, +v, (1)

Note that this results in an additional AC (small-signal)
component for the junction diode current and voltage.



Q: What are the DC and small-signal components of the diode
current and voltage, and how are they related to the DC (Vpp)
and small-signal (vs) voltage sources?

A: Let's replace the junction diode with a small-signal PWL
model and find out! R iy =Iy+1,(1)

vs(7) /\) /deal *

Vo = Vs ZVD +V, (7')

m;

If the DC voltage source is sufficiently large (e.g.,, V,, > V).
we will find that the ideal diode is forward biased (v, =0):

R o =T, +1y (1)
.

%méib i

oo

"3

Vo =V +v, (1)




Now, let's apply KVL and analyze the circuit!

First, we'll consider the case where the small-signal voltage
source is zero (v,(#)=0). In this case, the remaining DC

sources (Vpp and Vpo) produce a DC voltage and current (V)
and ID).

These DC values are related from KVL as:
l/DD :ID(R+F0')+[/DO

We call this the DC circuit equation.

Now let's "turn on” the small-signal source, so that v, (#)#0.

Now we have, in addition to the DC currents and voltages,
small-signal components /,and v, as well!

Again using KVL, we find that the DC and small-signal
components are related as:

Vip+v.=(L,+i,)R+V,, + (I, +1i)r,
=(R+r), +V,+(R+r)i

Now, just for fun, let's subtract the DC equation from this
KVL:

V. +Vop =(R+ 1)L, +V,, +(R+1,),

D

VDD _(R + Q)Io T Voo

v, =(R+1,)i,



The resulting equation:
v, (1) =(R+r,)i,(t)
is known as the AC, or small-signal circuit equation.

Thus, the total KVL can be divided into two parts, the DC
equation and the small-signal equation, i.e.:

Vip +v. =(R+r)I, +V,, +(R+r,)i,
were the DC equation is:
Voo = (R + 1)L, +V,
and the small-signal equation is:
v, =(R+r),

Now, it is very important that you note this interesting
result. The DC equation can be directly derived from KVL
applied to this circuit:

R I,

VDO =

Voo ——

rq

—ANA




Likewise, the small-signal equation can be directly derived
from KVL applied to this circuit:

R iy (7)

— A
o) (1) =R +1), (1)

—o—o0-

Just as we can separate the total circuit KVL equation into DC
and small-signal equations, we can separate the total circuit
into DC and small-signal circuits!

Look closely at the two circuits. All we really have done is
apply superposition! I.E.:

1. We turned off the small-
signal source and then
determined the DC solution
(i.e., the DC equation):

Voo = (R+ )L, + 1, Voo




2. We then turned off the DC A AR IN D

sources and determined the
small-signal solution (i.e., the

small-signal equation): @ ()

o—@

(1) =R+ )i, (1)
IVDD:O

G Hold on dude! Earlier in
the course you said that
diodes are non-linear devices,
meaning that superposition
cannot be applied/?/

N

A: Truel But look at the circuit we
are analyzing—there are no diodes
in this circuit!

R h=Li(P)




* Recall the (assumed) forward biased ideal diode was
replaced with a short circuit—and a short circuit is a
linear devicel

* Thus, applying superposition to this circuit is a valid
analysis technique, provided that ideal diode remains
forward biased for all time 7 (i.e.,

I, (t)>0 for all time 7).

* If the DC source is sufficiently large to place the ideal
diode "firmly" into forward bias (i.e., I, > 0), then the
addition of a small AC source (i.e., the small signal source)
will typically not change the ideal bias state (i.e.,

I, +7,(t)>0 forall ).

Thus, we can perform a small-signal analysis of a junction
diode circuit (once a junction diode model is applied) by
applying superposition—turn off the DC sources and analyze
the resulting small-signal circuit!

Q: But what junction
diode model should I
use when performing a
small-signal analysis??

_/




A: We can theoretically use any valid diode model (e.g., CVD,
PWL) in a small-signal analysis. However, when we consider
the type of small signal problem that we typically encounter,
we find that one model stands out as most appropriate.

Consider the total diode current and total diode voltage when
both DC and small-signal components are present:

I (F) =Ty +1,(1)
Vo (1) =V, +v, ()

First of all, we can assume that the small-signal current /yand
small-signal voltage v, is indeed—small. As such, we typically
need some precision in our diode model if we are in search of
accurate small-signal estimates.

For example, the CVD model would
always provide an estimate of the
small-signal diode voltage of v,(f)=0
(i.e., for CVD v»=0.7 V always, thus
V»=0.7 V and v,=0 always!)—this is not
precise enough!

Thus we might conclude that a PWL model -
is our best bet. The problem then becomes

how to construct this model (i.e., what ry
values of rpand V) should we use??).



First, we note that since if the
small-signal diode currents and
voltages are small, the largest
total diode current and total
diode voltage (/p(?)and vp(1))
will never be much larger than
the DC diode current and
volTage ID and VD.

Likewise, the smallest total
diode voltage and total diode
current will never be much
smaller than the DC diode
current and voltage I, and V).

-~ We need a model that matches the junction
diode curve around the DC diode voltages Iand V!

Q: Hey! Doesn’t the small-signal
PWL model do that ?

A: Precisely! That's why we called it the small-signal PWL
model—it works best for accurate small-signal analysis!

The DC diode current I, and voltage V) is the "bias point”
that we spoke of when explaining the small-signal PWL model.
Recall that once we determine these DC bias values, we can
immediately find the model values of Vppand rp!



.........................

G But dude, how can I \

determine the DC "bias” values
Iy and V) if I do not first know
the parameters (Vpo and rp) of
my PWL junction diode model?

_/

A: Easy! We simply perform a DC analysis with the DC circuit
to find Ipand Vp. The “trick" is that we perform the DC
analysis using the CVD model—and we know the model

parameters of th

e CVD modell

1. Replace
junction diodes
with CVD model.

2. Turn “off"
e Ss sources.

5. Replace junction

diodes with ss PWL &

model.

6. Turn off DC sources

(including Vo)

3. Perform DC
analysis to find
DC bias.

!

4. Calulate ss
PWL model values.

>| 7. Perform ss analysis.




Small-Signal
Analysis Steps

Complete each of these steps if you choose to correctly
complete a diode small-signal analysis.

Step 1: Complete a D.C. Analysis

Turn off all small-signal sources, and then complete a circuit
analysis with the remaining D.C. sources only.

‘Good news! The CVD model is accurate enough for this step
(but make sure you complete every step of the ideal circuit
analysis).

Estimate I for each junction diode.

Step 2: Calculate diode small-signal resistance rp

For each junction diode, determine r as:




Step 3: Replace junction diode with a small-signal PWL model

The ideal diode in the PWL model will be in the same bias state
as the ideal diode in the CVD model in step 1.

In other words, if you determined in step 1 that an ideal diode
is forward biased, then rest assured the same ideal diode is
forward biased in this step!
Step 4: Set all D.C. sources fo zero.
Remember:

A zero voltage source is a short.

A zero current source is an open.

‘More good news! Since source Vpo is a DC source, then we
set it to zero--there is no need to calculate V!

Step 5: Analyze the small-signal circuit.

Analyze the circuit with small-signal sources only to find all
small-signal voltages and currents.

Note if /yis the small-signal current through the diode, then
the small signal voltage across the diode is:

Vy = 15 1p



Example: Diode Small-
Signal Analysis

Consider the circuit:

1K

vs(9) n=1\/

2 K l/b(f) = Ip+ y(7)
Vs= BV T/ n=1\/

Q: If v.(t)- 0.01 sinot, what is iy(1) ?

A: Follow the small-signal analysis steps!

Step 1. Complete a D.C. Analysis

Turn off the small-signal source and replace the junction diodes
with the CVD model.



1K

2 K

V5: BV =

I 1K
Vor - ,-
(R FERR 4
2K Vez =07V
Ve= BV T ] !

Now analyze the D.C. circuit:

From KVL V,, =0.7+0.7=14V
I = % =0.7mA

From KVL: V,, =50-V,=50-14=36V



DN

Thus from Ohm's Law: I = Tl =3.6 mA
I,=I-1,
And finally from KCL: =3.6-0.7
=2.9mA

Now checking our resulf:

I;=29mA >O\/

Therefore our estimate of the D.C. diode current is:
I, = I,;' =2.9mA

Step 2: Calculate the diode small-signal resistance ry:

mn, 0025

[ 1V | _8.60
=1 700029

Note since the junction diodes are identical, and since each has
the same current I,=2.9 mA flowing through it, the small-signal
resistance of each junction diode is the same (r,=8.6Q).



Step 3: Replace junction diodes with small-signal PWL model

1K
—AA
+ Ve - _*_
vs () ’9 I Voo

2K Vk2

8.60)
Vo
8.6Q

This means turn off the 5 V source and the V), sources in the
PWL model |

Vo= BV —

Step 4: Turn off all D.C. sources.

Q: Jeepers! How can we
turn of f the Vpo sources in
the PWL model? We haven't
yet determined their valuel?!

A: Gosh Wally, don't you se)
Since we're just going to set
these DC sources to zero

(i.e., Vpo=0) anyway, there is
no reason to calculate their

&vo/rage values/ /




That's right! There is no need to determine the value of PWL
model sources V.

After turning off all DC sources, we are left with our small-
signal circuit: iy

— A=

/S/I\ 1K 1

8.6Q$ Vy
vs(1) ,\> =

Step 5. Analyze the small-signal circuit.

Combining the parallel resistors, we get:

/'ST 1K
v (P @ 2K|(8.6+8.6)=16.9Q

Therefore /;is:

o V(1)
(1) =15700169

- 9.83sinwt uA



We can now find /yusing current division:

o

—/\/\/\
- 1K
IS/I\ +

8.6Q$ Vy
IR

i (H)=1; (")(z ; 0?0169j

=9.75sinot uA

And the small signal diode voltage is therefore:

vy (1) =1, (1) 73
=9.75(8.6)sinwt ¥/
=83.85sinat



