4.3- Modeling the Diode
Forward Characteristic

Reading Assignment: pp. 179-188
How do we analyze circuits with junction diodes?
2 ways:
Exact Solutions > Difficult!
Approximate Solutions - Easy (relatively).
A. Exact Solutions

The junction diode equation often results in an
“unsolvable” transcendental equation!

HO: TRANSCENDENTAL SOLUTIONS OF JUNCTION DIODE
CIRCUITS

B. Approximate Solutions



To obtain a quick (but less accurate) solution, we
replace all junction diodes with approximate circuit
models.

3 kinds of models:
1. Ideal Diode
2. Constant Voltage Drop (CVD)
3. Piecewise-Linear (PWL)

HO:THE IDEAL DIODE MODEL

To improve on the ideal diode model, we simply add a
voltage source!

HO: THE CONSTANT VOLTAGE DROP MODEL

Let's try a circuit analysis example with the CVD
model.

EXAMPLE: JUNCTION DIODECIRCUIT ANALYSIS WITH THE
CVD MODEL

A more accurate—but much more complex—model is
the Piecewise Linear Model (PWL).



HO: THE PIECEWISE LINEAR MODEL

There are at least two good approaches for
constructing an accruate junction diode PWL model.

HO: CONSTRUCTING THE PWL MODEL

Let's try an example for constructing a PWL model.

EXAMPLE: CONSTRUCTING A PWL MODEL

It is unfathomably important that you learn how to
correctly implement these models to analyze junction
diode circuits!

EXAMPLE: JUNCTION DIODE MODELS




Transcenglental Solutions of
Junction Diode Circuits

In a previous example, we were able o 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!

Q: Impossible 12/

If we have an explicit mathematical description of each device in a circuit (which
we do for a junction diode), can’t we 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.



One _equation and one unknown—
so what's the big deal

Consider this simple junction diode circuit:
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Likewise, from the junction diode equation:




Try solving this!

Q: Right!
You have 1 egquation with 1 unknown.

Just solve this equation for vp, and then you can determine all other unknown
voltages and currents (i.e., ip and vp).

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

V—vs—

o o o o

A: The above equation is mystically known as a transcendental eqvuaﬁch.

It is an algebraic expression for which there is no algebraic solution!



There is a solution, however

Examples of transcendental equations include:
X:cos[x}, y2=/n[y], or 4-x=2%

Q: But, we could build this simple junction diode circuit in the lab.
D—
+ v '

n D / D +
V5 <_> R Ve

\4

Therefore vp, ip and vp must have some numeric value, right 12/

A: Absolutely!

For every value of source voltage Vs, resistance R, and junction diode parameters
nand I, there is a specific numerical solution for vj, /p and vp.

However, we cannot find this numerical solution with algebraic methods!
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The solution requires a computer

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.
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Scientisis from the RAND Corporation bave created this model to illustrate bow a “bome computer” could look like i the
year s00q, Homever the needed techuologs will mot be cconomically feasible for the average bome. Alro the scientists readily
admit that the computer will require not yet invented tech to actually worle, but 30 years from new scintific progress is
expected to solve these problems. With teletype interface and the Fortran language. the computer will be casy ro use.

This generally involves more work than we wish to do when analyzing junction
diode circuits (despite the help of Fortran and the teletype)!

Jim Stiles The Univ. of Kansas Dept. of EECS



But, we did it before without a computer!

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: Wait! Example: A Junction
Ir,eca// aﬂ ea,,/l‘e,. eXamp/e Wheﬂ aﬂa/yzeda Congider the flol?;ing circuit with two junction diodes:
junction diode circuit, but we did not use =] Il
‘approximate models” nor "numerical methods” & 10;1 K

to find the answer!

The diodes are identical, withn=1andI;=10'* A,

Q: If the current through the resistor is 6.5 mA, what is the

A: This is absolutely correct; we did not use whage of sewer V572
A: Thiz is a difficult problem to solve | Certainly, we cannot

approximate models or numerical methods to just write:
solve that problem.

W =

and then the answer. Instead, let's just determine what we
can, and see what happens |

However, if you look back at that example, you
will find that the problem was a bit contrived.




Professors: they're so tricky!

p1
—

Recall that effectively, we were Dl
given the voltage across one diode T l Iy = ’bzl
as part of the problem statement. + 6.5 mA +

), AV

_ s Ve 0.1 K VDZ
We were then asked to find the _ _
source voltage V.

\4 \V4

This was a bit of an academic problem, as in the "real world" it
is unlikely that we would somehow know the 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!
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Transcendental is the norm;
circuit models are the solution

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.

Jim Stiles The Univ. of Kansas Dept. of EECS



The Ideal Diode Model

One way to analyze junction diode circuits is simply to assume the junction diodes
are ideal.

In other words:

) [ = /"'l
D D

[ ] + ?®

Replace: \/ % with: \ A7

We know how to analyze ideal diode circuits (recall sect. 4.1)!



This is why we studied section 4.1

IMPORTANT NOTE Wl PLEASE READ THIS CAREFULLY:

Make sure you analyze the resulting circuit precisely as we did in section 4.1:

1.You assume the same ideal diode modes,
2.you enforce the same ideal diode values,

3.you analyze in the exact same manner,

4.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!



That's the thing about approximations
—they give you answers that are
only approximately correct

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

A: YES Wl Darn right we won't |

However, the answers, albeit incorrect, will be close
to 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 !l

/



For example

For example, say we replace the junction diode in a circuit with the ideal diode

model.

=> We now have an ideal diode circuit!

Say we then assume, enforce, analyze and check, and find |

that the ideal diode current and voltage are: Vp
i =247mA and v, =0

[, =247mA

Thus, we conclude that the junction diode current
is approximately 247 mA, and the junction diode
current is approximately zero.

|

SZ v, =0




It's that approximation thing again—
they're always in error

Q: What?

I thought that if the junction diode current is positive, then the junction diode
voltage is approximately O.7 V—not zero volts/

A: Yes, the ideal diode model provides a course approximation—with perhaps
significant error—particularly if the junction diode is operating in the forward
bias region.

/deal diode
mode/

—s

Junction
diode




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.

For the CVD model, we approximate a junction diode as:
ih=0 if v, <07V

v, =07V if /.>0

D

A Ip
cVD
mode/

Junction
diode

By

Note this is a fairly accurate statement of junction diode behavior!

A

0.7 vV



Models have more than one components

Q: VYes, but what is the circuit device for the CVD model/—I don't know of any
component that behaves likes this?

A: Our circuit models do not have to be a single device.

Instead, these models typically consist of two or more devices!

I
For example, consider an ideal diode in series with a +
0.7 V voltage source:
V 1, -

From KVL we find: - 07V

L
T

V=v.+07 = . v,=V-07

And from KCL:

"
N



V_is the voltage across the entire modell

Thus, if the ideal diode in this circuit is forward biased
(7, >0 and v/ =0), the model voltage and current is:

v,=V-07=0 = .. V=07 and =I>0

Or, if the ideal diode in this circuit is reverse biased
(v) <0 and /; =0), the model voltage and current is:

I>Ol




Smells like the CVD model!

In summary, we find that for this circuit model: Il,
+ +

=0 if V<07V Vo
% /gl A
V=07V i I>0
——0-7[/
T

Q: Hey! Isn't this precisely the expression for the CVD model, only with
v,=Vandi =TI 2?

A /o Jjunction
cVD diode
ih=0 i v, <0.7V model/ }

)

0.7 V




Just like we did for the ideal diode model

A: It isl

This circuit is the CVD circuit model, and we use it to analyze junction diode
circuits in precisely the same manner as with the ideal diode model:

l , l/D = /y
Replace: ¢ L with: i n

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



Give me three steps.. l SKR

To find approximate current and voltage values of a junction
diode circuit, follow these 3 steps:

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

Note you now a have an IDEAL diode circuit! 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 - Now analyze the IDEAL diode circuit on your paper. Determine /; and
v, for each ideal diode.

IMPORTANT NOTE! PLEASE READ THIS CAREFULLY:

Make sure you analyze the resulting circuit precisely as we did in section 4.1.

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 gives the approximate answer

Step 3 - Determine the approximate values /, and v of the junction diode from
the ideal diode values 73 and v,

~

[
o
I

v,2v,+07 V




The junction voltage is always 0.7 higher

Note therefore, if the IDEAL diode (note 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:

v, = vy+ 0.7
=00 + 0.7
=07V

However, if the IDEAL diode is reversed biased (/; =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, <0) will be:

v, = vy+ 0.7
< 07V

Note that the approximate junction diode voltage is always 0.7V more
than the ideal diode voltage—don't forget to add 0.7 to your calculated
value of v}




If the voltage is positive,
why isn't there current?

Q: Wait a second!
Say the ideal diode in the CVD model turns out to be reverse biased, with:
v, =-01Vandi;=0.

The "approximate” junction diode current and voltage would thus be:

v,2v,+0.7=-01+07=06V

12

. l/. 1
Iy 2y = 0]

The junction diode voltage is 0.6 V—this instead sounds like forward bias/!

=> How does this make sense?



That ambiguous transistion!

A: Remember, an ideal diode must be unambiguously forward or reversed biased.

But, a junction diode operates in ambiguously defined "regions”, whose boundaries
are a bit murky.

Thus, a result like the example above, where v, = 0.6 V' (the forward bias
region?) and /, = O (the reverse bias region?), is indicative of junction diode
operating in the ambiguous transition region between forward and reverse bias.

Junction
cvD diode

Transition
Region
g N §




Works quite well for reverse bias region

In other words, the junction diode current is not sufficiently large to be
unambiguously in the forward bias region, but neither is it sufficiently negative
to be unambiguously in the reverse bias region!

Q: But still, a junction diode with a voltage of v, = 0.6 V' would not have zero
current—and vice versa.

This numerical result would seem to exhibit a bunch of error!/

A: True enough! If we plot both the junction diode curve and the CVD model
curve, we see that they overlap very well in the reverse bias region, meaning the
CVD model is very accurate if the junction diode is operating in that region:

A b

Junction
cVD diode
Reverse mode/
Bias A <«—

Region

e "

0.7 vV

\ 4




Works reasonably well in
the forward bias region

And, the two curves overlap reasonably well in the forward bias region, meaning
the CVD model is reasonably accurate if the junction diode is operating in that

region:
Reverse (\‘
Bias

Region \
N unction
/p C V D J
model diode
0.7 Vv




Not so great in the transition region

But, the two curves diverge significantly in the transition region between
reverse and forward bias—it is here where the approximations provided by the
CVD model will typically exhibit the most (although often still acceptable) error.

Junction
cVD diode

Transition
Reagion
g b




No step 4—we're donel

Q: OK, were done with step 3, what about step 4?
A: There is no step 4.

Once we use the results of our ideal diode circuit analysis to estimate junction
diode voltage:

~ 1
%=%+07

and junction diode current:

~
112
\\
I
o

we're done!



What about CHECK?

Q: Hold on!

The math of the CVD model was conditional; don’t you remember:

/.=0 id v, <07V

1))

v, =07V if i >0

Shouldn't we now CHECK these inequalities?

A: Recall that we never assumed anything about the junction diode—thus there
is nothing to CHECK.

Of course in step 2, we had o ASSUME and CHECK something about the ideal
diode in the CVD circuit model.

But, once we determine for certain (in step 2) the ideal diode voltage and
current, there are no more assumptions to check!



The smart thing to do!

However, it is always smart do a sanity check on your final
answer:

q
3
1

* If your junction diode voltage estimate is less than 0.7 volts, then the
junction diode current estimate must be zero.

* If your junction diode current estimate is positive, then the junction diode
voltage estimate must be 0.7 V.

* Your junction diode voltage estimate can never be greater than 0.7 volts, nor
can your junction diode current estimate ever be negative.

If any of these statements are not true for your estimates, then you have simply
made a mistake—go back and correct your error!



Example: Junction Diode

Circuit Analysis with the
CVD model

Consider now this circuit:

Ri=1K R3=1K

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

Step 1 is to replace the junction diode with the CVD model:
/QF].K /Q3=1K




Now we have an IDEAL diode circuit, and therefore Step 2 is to
analyze it precisely as we did in section 4.1 I

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

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

/i RF].K
— AN
T Ve —
<1‘> 0.5 mA
A4
Now we ANALYZE this IDEAL diode circuit:
/i Ri=1K /é Rs:=1K
—> —>
A l
+
V2o
\v4
First, from KCL:
. =0.5mA

And a second application of KCL:



L=4—=05-1/
And finally a third dose of KCL:
L =1 o5 =05-4=05-/

Now, we play the Ohm’'s Law card:

Vee =R, =(05-7)(1) =05~/
and |
Ves = /3’% T /;(1) = /L;

And how

/_i) Rlzlk

AN

+ Vi —

<1‘> 0.5 mA

A4

O+v,,—v,,-0-0.7=0
= 0.70=v,, —v,,

Combining with the results from Ohm's Law:



0.70 =v,, —v,,
-(05-4)-1
=05-2/

One equation and one unknown (i.e., /)

Now solving for IDEAL diode current /;:

. 07-05b
f=—""=-01mA
> (-2
Therefore:
05 R=1K 0.1 Rs=1K
+095- 06 - 0.1+

T
v v
Our ANALYSIS passes the sanity test!

But now, we must CHECK the inequality associated with the
IDEAL diode assumption:

?)
/g:—O.lmA > OX



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

Now ASSUME the IDEAL diode is reverse biased.

ENFORCE the equality that 7; = 0.0 mA (an open circuit).

1 Ri=1K Lo Ry=1K
—> A A A —
+ Vo — /2\1/ + Vpz — +
+ Ol v,
CT 0.5 mA Veo S R=1K _T_;
T T 07V

v v

Now we ANALYZE the IDEAL diode circuit.

i} /lelk /_3> /Q3:1K
+ Vpy — /'zl + Vpy — n

+ Ol Vp
<T>o.5 mA Ver S Re=1K ‘ T

+
_ 0.7 V

v v

O+v,, —V,,—v,-07=0

From

I _ I ]
= V=V, — V= 0.7



From Ohm's Law:

Vo = HR = 5(1) = 4,
and

Ves = iRy = (1) = 4

Thus, combining with the KVL result:

/‘_ -_-_
v, =1, — 1 0.7

Now for KCL |
/i /QF].K /.3 93:1/(

First, from KCL:
,=05mA

And a second application of KCL:

And finally a third dose of KCL:

,=4(—-4=05-0=05 mA



Therefore, the IDEAL diode voltage is:
v,=h—-£-07=05-0-07=-02V

Now for the sanity test:

05 Ri=1K 0 Rs=1K
—> A AN —>
+ Vo — 05\1/ + 0 - 4
- Ol -0.2
<¢>o.5 mA  05SSR:=1K | F
— T 07 vV
It passed V %7

Now, we CHECK to see if our assumption is correct (it better
bel):

?

vi=-02V < 0
Q: Great! So we're all done?

A: Holy smokes no! We need to find the approximate values of
the junction diode voltage and junction diode current.

Q: What do you mean? I though 7‘W>
Just did that!

The diode current is zero and the
diode voltage is -0.2 volts. Right?




A: NO! We have only 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 = vh +0.7

=-02+07

=05V

. What an interesting result/ \

Although the IDEAL diode in the
CVD model is reversed biased,
our junction diode voltage

(57‘/’/7107‘6 /s positive v, =0.5 V ////

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):

112

iy =i =0 llbéo

N
Hopefully, this example has convinced 0.2
you as to the necessity of carefully, _T_ —
patiently and precisely applying the v, =0.5¥ 8_7 %
junction diode models—models that T |
include IDEAL diodes only. T 6



Then, you must use the model results to carefully, patiently and
precisely determine approximate values for the junction diode.

Each and every step of this process is
required to achieve the correct
answer—I'll find out later in the
semester if you have been paying
attention!




The Piece-Wise
Linear Model

Q: The CVD model approximates the forward biased junction diode voltage as
vy =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. i>
PWL %
mode/
s
Junction
diode
— i Vo
Vo




The PWL circuit model

Replace:

Vp SZ

/p

PWL Y
mode/
s
Junction
diode
| o
Vo

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



Give me three steps.. l SKR

To find approximate current and voltage values of a junction
diode circuit, follow these 3 steps:

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

Note you now a have an IDEAL diode circuit! 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 - Now analyze the IDEAL diode circuit on your paper. Determine /; and
v, for each ideal diode.

IMPORTANT NOTE! PLEASE READ THIS CAREFULLY:

Make sure you analyze the resulting circuit precisely as we did in section 4.1.

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 PWL model, we have an IDEAL diode
circuit—no junction diodes are involved!




Step 3 gives the approximate answer

Step 3 - Determine the approximate values /, and v,of the junction diode from
the IDEAL diode values 7} and v;:

o~
<«
o

I oSN T+
o




The PWL model when the
/deal diode is forward biased

Note therefore, if the IDEAL diode (hote 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:

L y
Vy = Vp+ Voot 11y

— ./.
= 00 + Vo+ 7pr,

= Voot iR
+ -
0 L/;; >0
= +
Thus, it is apparent that if the IDEAL diode is forward 7
biased (/5 > 0), then the junction diode voltage estimate must L
be greater than voltage source 1 : Ry

Vo =Vpo + 1pRy > Vpo



The PWL model when the
/deal diode is reverse biased

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, <0) will be:

Vo = Vot Vot R
i =v, +V,, +0

+ .
o
V <0 \l/ _VD+VDO

_T_ o Thus, it is apparent that if the IDEAL diode is reverse biased
P g (v, < 0), then the junction diode voltage estimate must be greater
D

I

X+ @

than voltage source 1 ,:
Vo = V5 +Vpo < 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

@ Wait a minute! How 7‘/1)

heck are we supposed to
use the PWL model to
analyze junction diode
circuits?

You have yet to tell us the
numeric values of voltage

(urce Vpo and resistor Ry

A: That's right!

The reason is that the proper values of voltage source Vjpand resistor Ry are up
to you to determinel!



The PWL circuit model

To see why it is up to you to determine, consider the current voltage relationship
of the PWL model:

Ip

X[~

Vo




em ex plus bee

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

An exponential equation!



An exponential is not a line!

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

.

Junction <—\

diode PWL
mode/
Q: Limited match!?
Then why even bother
with this PWL model/? region of
greatest model
accuracy

)

Vo

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 v with increasing /p.



Four ways to construct the PWL model

Moreover, if we select the values of V5p and R, properly, the PWL

can very accurately "match” the actual (exponential) junction diode
curve over a decade or more of current (e.g., accurate from /p=
1mA to 10mA, or from /5= 20mA to 200mA).

q Yes well I asked you a long time ago ___"’i'_f}::fiffi X;
what R, and Vo should be, but you still x_—\; )M

b ‘.-/‘ il /
have not given me an answer! / AN

Fa \
H LY

i/

A: OK. We now know that the values of R, and Iy specify aline. 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.



Method 1: Specify two points on the line

The obvious question here is: Which two points ?

Q: Which two points?

A: 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 approximate!).

Typically, we pick two current values separated '
by about a decade (i.e., 10 times). ‘o

2| e

For example, we might select ;=10 mA and
Ip>=100 mA.

1004-----------ceeee -

We will find that the resulting PWL model will
be fairly accurate over this region.

V D2 Vb




You must use the junction diode equation!
N

Q: I've got a gquestion/

How do we find the corresponding
voltage values V; and Vp; for these
two currents? /

A: Remember, we are selecting two points on the exponential junction diode
curve.

Thus, we can use the junction diode equation to determine the corresponding
voltages:

Lo
I

s

vm:nl/r/n{ } and vozznl/r/n{i}

I

s

Or, if the diode manufacturer provides us with a test point instead of scale
current Is':

VDI B V/’esf

+/7I/T//7(11_."1 J and V,,=V,__ +/7l/r//7(11_."2 j

fest fest



This should bring back fond memories

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

B[

Dl B

V.
V. _ ﬂ} Ipz
D2 (RD

T !
Vo Vo1 Voz Vo

Thus, we can solve the above two equations to determine the two unknown values

of Vpoand Rp, such that our PWL "line” will intersect the two specified points on
the junction diode curve.
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Middle school math

The slope of the line is:

m = 1 — o
’QD Voz o Vm
Voz B Vm
R=7 —7
D2 D1
And then we use our PWL "“line"
equation to find 1,
Voo =V~ ’.01 RD/:/ or I/Do =Vpo ~ ’.02 Ro’:/

(note these two equations are KVL!).

Jim Stiles The Univ. of Kansas Dept. of EECS



Method 2: specify one point and
the slope he PWL circuit model

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 (Zp, V) and call this point our bias point.

Of course, we want our bias point to lie on the exponential junction diode curve,
ie.
A
I, =Ie O or equivalently V, =nl; /n {%}

s

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

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

slope should bel?/
N— g




This slope is too low

Al: Not this PWL model!

Ip
Junction
diode curve

=

Not this one!

)




This slope is too high

A2: Not this PWL model either.

Not this one!
Junction

(_/ diode curve

Vb




This slope is just right!

A3: 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)!
6 What! \

Just how is it possible to
determine the slope of
the junction diode curve
This one! at the bias point?/?

Not this one!

by Sy

Not this one!

Vb




Nutin' funner than calculusl!

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

di, _d (IeVD”VTj

dv, dv,\ °
_Te /iy
dz
q Of course! )

Isn't this equation is the slope of the
Junction diode curve at the bias point?

A

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.



Number—we need a number

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

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 e
— Te/™
dv, ( & j

v
Ie%l/r
1 S
n;

m

vo=Wp

Vo=Vp
A
nvr

nv;




Pretty darn simple

Note the numerator of this result!

We recognize this numerator as simply the value of the bias current Iy
Vs
I,=Ie o
Therefore, we find that the slope at the bias point is:

7
Ise%'/f I,
m: —
nl; nl;

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,
— =
R, nV;



The small-signal PWL model

Thus, rearranging this equation, we find that the PWL model resistor value
should be:

R

D

T

I

We likewise can rearrange the PWL "line” equation to determine the value of the
model voltage source V)

V,=V,-I,R (KVL D)
Now, combining the previous two equations, we find:

V

00

I
oN
o~

RD

Il
oN
I
N
S
NI
N——

[l
SN
[
S
=



In summary

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 (Ip, V), a point that lies on the
junction diode curve, i.e.:

v
I, =1Ie o

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

R —

D

.
I

1))




We'll use this later

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

ﬂe thod for constructing a PWL model produces a very precise
match over a relatively small region of the junction 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
equations 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

We measured a certain junction diode in our lab, and
determined that the current through this diode is:

=10 mA when v,=0.7V
and

ih=1mA when v,=06V

Say we wish o construct a PWL model that will approximate
this particular junction diode.

We want this PWL mode to be particularly accurate for diode
currents from, say, approximately 1 mA to about 10 mA.

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

)8
& I

We therefore need to determine the values of Vppand Rp
such that this PWL model "line” will intersect the two points
ID] =10 /TIA, VD] = 0.6 Vand IDZ =100 /71/’, VDZ =0.7 V.



in(mA)

R SR RSk R Bk B

T !

The slope of this line must therefore be:

_10-1 9
07-06 01

I _
m= VDZ =90 K mhos
D2

Thus our PWL model resistor value R, must be:

— =0.0111 ¢«

1 0.1
o _1_0
5T m 9

Or in other words, R, =11.1 ().

vo(V)

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 /5=50 mA to /=500 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:

become either:

Voo = Vm T IDI 'Qo
=0.6-1(0.0111)

=0.589 V
or

Voo = Voz B Ioz ’Qo
=0.7 -10(0.0111)
=0.589 V

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



Our PWL model is therefore: = /'Dl

| +
0 for v, <0589V T
/= =W 0.589V
| o 9989 4 for v, >0589V -
0.0111 0.0111 0.011K

PWL cvD

Note that the CVD model can be viewed as a PWL model with
Vbo= 0.7 V and zero resistance R, = 0. Compare those values

with our model (Vo= 0.589 VVand Ry =11.10 )—not much
difference!



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: Junction
Diode Models

Consider the junction diode circuit, where the junction diode
has device parameters Is = 10° mA, and n=1:

+HV
A I numerically solved the resulting
N transcendental equation, and
A lsz " determined the exact solution:
= i, = 87.40 mA
poa £ v, = 0630 V

Now, let's determine approximate values using diode models !

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

’2’&; -/ Ly

0.05 K 0.05 K




+BV Assume IDEAL diode is "on".

Enforce v, =0.

= Analyze the IDEAL diode circuit.

From KVL:
il 50-0-0.05/ =0
, 50
L =22 100 mA
®Too5 "

Check result:

/=100 mA >0

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

=7 = 100 mA

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

v, =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.



0.05 K

Assume IDEAL diode is "on".

Enforce v, =0 .

Analyze the IDEAL diode circuit.
From KVL:

50-v,-0.7-005 =0

. 50-07
229707 a0 ma
=005 m

Check the result:

[ =86050



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

=i, = 86.0 mA

And approximate the junction diode voltage as the voltage
across the CVD model:
vy=v,+ 0.7
=00 + 0.7
=07V

Compare these approximations to the exact solutions:

= 874 mA and v,= 0.630 V

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

0.05 K




Q: But, what values should we use for model parameters Vo
and R D 2?7

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

50mA < 7. < 125 mA

1))

First, we determine vy at ; = 50 mA and 1> =125 mA.

V= b In(L /L) y, = n¥In(L, /1)
= nV, In(50 /I,) = nV, In(125 /I,)
=0.616 1 =0.639V

We now know two points lying on the junction diode curve! 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= Voo + 1R,

(L) Ve
(R] 3

Inserting the junction diode values (4,1;) and (V5,13) into this
PWL model equation provides:

or equivalently:



0.616 = V,, + (0.05)R,
0.639 = V/,+ (0.125)R,

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

V.

00

= 0.600 V' and R, = 0.00031 K (small II)

Therefore, the ideal diode circuit is:

+5 V Assume the IDEAL diode is "on".

Enforce v, = 0.

Analyze the IDEAL diode circuit.

0.00031 K From KVL:

AV
I O
o
A

5.0-v}—0.6-(0.05+0.00031)/ =0
0.05 K
. 5.0-0.6

220706 g5 g
» = 0.05031 fi

Check the result:
/=875mA > O



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

=iy = 87.5 mA

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

v, = v, + Vo o+ if R
~ 0 + 0600 + (0.087)0.31
= 0.627 V

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
0.1mA!

> Each model provides better estimates than the previous

onel
ip (MA) vo (V)
Ideal 100 o)
cVD 86.0 0.700
PWL 87.5 0.627
Exact 87.4 0.630
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