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Anode Cathode

4.1 The ideal diode

* 4.1.1 Current-voltage characteristic (non-
linear/piecewise linear)

— Reverse bias: open circuit/cut off, v < 0,i =0

— Forward bias: short circuit/turn on, v = 0,i > 0

1

i - — —Reverse bias —>|<— Forward bias - — - i i

2y

0

(a) (b) (c) (d)

Figure 4.1 The ideal diode: (a) diode circuit symbol; (b) i—v characteristic; (¢) equivalent circuit in the reverse

direction; (d) equivalent circuit in the forward direction.
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* Voltage dropped across the diode (v) and the current
flows through the diode (i)

— Fig. 4.2(a): conducting diode/short circuit, v = 0,1 = % =
10V
1k_Q = 10mA

— Fig. 4.2(b): cut off/open circuit, v = 10V,i = 0mA

+10V +10 V
1 kQ 1 kQ
10 mA | ! 0 mA
Y (.
0 \ ]“ \

Figure 4.2 The two modes of operation of ideal diodes and the use of an external circuit to limit (a) the forward
current and (b) the reverse voltage.
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* 4.1.2 A simple application: the rectifier

— Can be used to generate dc from ac

Uy A
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<

Vo A
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D
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(e)

Figure 4.3 (a) Rectifier circuit. (b) Input waveform (c¢) Equivalent circuit when v; = 0. (d) Equivalent
circuit when v; < 0. (e) Output waveform
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4.2 Terminal characteristics of
junction diodes

The characteristic curve consists of 3 distinct
regions.

— Forward-bias: v > 0;
— Reverse-bias: v < 0;

L] |
— The breakdown region: v < —V,x; ——
: = i
i Compressed |
—Vzk scale | _
' 0 R v
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|
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Figure 4.8 The diode i-v relationship with some scales

Figure 4.7 The i—v characteristic of a silicon junction diode. €Xpanded and others compressed in order to reveal details.
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* 42.1 The forward-bias region

i = I.ev/vr

— I;: saturation current/scale current, very strong
function of temperature

- vr: thermal voltage, = 25mV at room temperature

or v =vrln Ii, where In is the natural logarithm.
S
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« Example 4.3

A silicon diode said to be 1-mA device displays a forward
voltage of 0.7-V at a current of ImA. Evaluate the junction

scaling constant /.

What scaling constants /. would apply for a 1-A diode of the
same manufacture that conducts 1-A at 0.7-V.

(a)i = 1,e¥/VT so I, = ie V/Vr,
I, = 1mA x e~ 07V/25MV — 6.9 x 107164

(b) Iy = 14 x e™07V/25MV — 6.9 x 107134
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* The forward-bias region
Inx ~lgx =>y = lgx =>x =10Y
IfI, = [,eV/?r [, = [ .eV2/VT

=>Inx =y X Inl0 = 2.3y = 2.3Ilgx

vy — vy, = 2.3V7 lg%, lg 1s base-10 logarithms

— Conclusion #1: for a decade current change, the diode voltage changes
by 2.3vy, which is approximately 60 mV. So

Ul _UZ = 006 Xlgj_l
2
— Conclusion #2:

|
e <0.5V (cut-in), the current is |

\

s |
negligibly small e E j{ -
: 0 07V
* 0.6~0.8V, rapid increase of | | 05V
|
° A Simple mOdel for the diOde o Breakdown ¥: Reverse " + -

Expanded scale

a conducting diode has approximate

a 0.7-V drop across it.
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» Exercise 4.6
Find the change in diode voltage if the current changes from 0.1mA to 10mA.

I 10mA
vy — Uy, = 2307 lgE = 2.3 X 25mV X lgO T = 115mV

Or approximately, = 2 X 60mV = 120mV

 Exercise 4.7

A silicon junction diode has v = 0.7V at i = 1mA. Find the voltage drop at i = 0.1mA
and i = 10mA

v, — vy = 0.0ZSln%, so v, = vy + 0.025 ln% = 0.7V + 0.025 X In 2
Fori = 0.1mA, vy = 0.7V + 0.025 X In == = 0.64V

Fori = 10mA, vy = 0.7V + 0.025 X In= = 0.76V

Or approximately, v;= 0.7V + 0.06 X lgoT1 = 0.64V fori = 0.1mA
and v; = 0.7V + 0.06 X lg— = 0.76V for i = 10mA
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* 4.2.2 The reverse-bias region

i =~ —I, I, saturation current
* 4.2.3 The breakdown region
Breakdown voltage: V.

where the subscript Z stands for zener and K denotes knee
i A

Forward } l
< .

I
Compressed |
—Vzk scale l o
I

0 : 0.7 V v

| 05V

2 . . . . . .
| 5 Figure 4.8 The diode i-v relationship with some scales

Breakdown || Reverse - 1 & -

' = o—2P—o expanded and others compressed in order to reveal details.
: E; —_—

= i

[84]
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4.3 Modeling the diode forward

characteristics

* 4.3.1 The exponential model

Iy = [SeVD/VT =e)

VDD_VD
Iy, = - @ I

R R —

AN

‘l)[) e ¥ \ '/ )

Figure 4.10 A simple circuit used to illustrate the analysis of circuits in which the diode

is forward conducting.
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 Exercise 4.11

Design the circuit in Fig. 4.11 to provide an output voltage of
2.4V. Assume that the diodes available have 0.7-V drop at ImA.

+10V
[ =I,e¥/VT,s0 I = [eV/7T,

IS — 1mA X e—O.7V/25mV

When v = % = 0.8V

| = 1mA X e—O.7V/25mVeO.8V/25mV — 54.6mA

R = 10V-2.4V — 1390
54.6mA

Alternative way:

Iy

0.8—-0.7=0.025 X In Tma’ S0 I, = 54.6mA
Or 0.8 — 0.7 = 0.06 x Ig h’;A, so I, = 46.4mA Figure E4.11
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» 4.3.3 lterative analysis using the exponential
model -- Example 4.4

Determine the current /;, and the diode voltage Vj, with Vpp = 5V and R= 1k().
Assume that the diode has a current of 1mA at a voltage of 0.7V.

The First iteration: Assume that V, = 0.7V, I, = -2 DR_VD = SV;ROJV = 4.3mA
Then use the conclusion #1 to obtain a better estimate for /
(V,=0.7V and I, = 1mA, I, = 4.3mA) s

I 4.3
V, =V, + 0.06 X 1ng = 0.7V +0.06 x Ig—= = 0.738V

:

Thus the first iteration are I, = 4.3mA and I/, = 0.738V

The second iteration: Assume that I/, = 0.738V, I,= SVO0T38Y — 4.262mA

1kQ)
(V,=0.738 V and I, = 4.3mA and I, = 4.262 mA)

Thus V; = 0.738V + 0.06 X Ig==2= = 0.738V

Thus the second iteration are Ip = 4.262mA and V, = 0.738V

Since these values are very close to the values obtained after the first iteration, no

further iterations are necessary.
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* 4.3.5 Rapid analysis using constant-voltage-drop
model

Vp = 0.7V (a forward-conducting diode has a voltage drop that varies in a
relatively narrow range, 0.6~0.8V)

i A i A
Go back to Example 4.4:
VDD = 5V and R= 1k().
|
5V-0.7V
= —= |
Ip 0 4.3mA :
R /1—):> L
M 0.7V v 0
Vop =" :;/ ) we ®)

Figure 4.12 Development of the diode constant-voltage-drop i
model: (a) the exponential characteristic; (b) approximating the
exponential characteristic by a constant voltage, usually about 0.7 o—i
V.; (¢) the resulting model of the forward-conducting diodes. : '

(c)
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e Conclusion:

— A diode circuit involves both dc and signal quantities.

* Equivalent Models:

— Exponential model
i = I ev/vr

V4 — Uy = 0.06><lg%

— Constant-voltage-drop model (Vp = 0.7V)
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4.5 Redctifier circuits

« AC power supply: 120V (rms) 60-Hz
* Transformer:

— Primary winding (N; turns) and Secondary winding (N, turns)

- vs:120 X Z—i V(rms) e.g.8-V (rms) vg, 15:1 turns ratio

* Diode rectifier: sine-wave -> unipolar output
 Filter: reduce the variations of the rectifier output

* Voltage regulator: reduce ripple (zener shunt regulator)

Power
transformer I;

e
= : e + —O— —O0— —O0—

A5 1ing Diode Voltage :
120 V (rms) Us = Filter 'g Vo Load

60 Hz C rectifier regulator

P~ ol —
N N O\, — —
U t U t t t /5

Figure 4.22 Block diagram of a dc power supply.
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e 4.5.1 The halt-wave rectifier

v, =0,vs <Vp

Vo

O

O

D
> o
R Vo
O

(a)

vs — Vp,vs 2 Vp

Yo A

Vp is around 0.7V

vA

Slope =1

Figure 4.23 (a) Half-wave rectifier. (b) Transfer characteristic of the rectifier circuit. (¢) Input and output waveforms.
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e 4.5.2 The full-wave rectifier
— Center-tap the transformer secondary winding
- Vs positive half: D1 conducts, D2 reverse bias
the circuit behaves like a half-wave rectifier
- V¢ negative half: D1 cut off, D2 conducts

the circuit behaves again like a half-wave rectifier

Dl U A
o >l +——o0
3 = :: ®* T Center :
‘: s tap R Uo
ac C 7~ -
line O
( i
voltage 4: . =
£ o y
U -
- -
" C N
D,
Slope = —1 Slope = |
(a)

"vn 0 V,, i (L)
(b)
Figure 4.24 Full-wave rectifier utilizing a transformer with a center-tapped secondary winding: (a) circuit; (b)
transfer characteristic assuming a constant-voltage-drop model for the diodes; (¢) input and output waveforms.
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* 4.5.3 The bridge rectifier
- Vg positive: D1 and D2 conduct, D3 and D4 cutoff
- Vg negative : D1 and D2 cut off, D3 and D4 conduct
— Advantages: Don’t require a center-tap transformer

— Disadvantages: 1) four diodes 2) double voltage drop on
output

o
.+.
ac
line
voltage

(b)

Figure 4.25 The bridge rectifier: (a) circuit; (b) input and output waveforms.

Electronics Dr. XY University of Houston, Clear Lake



* Experimental 5.1

Do the computer simulation and set up the following circuits.

Set up the following circuit with diode (1N4148).

D
>

©]

Ug ¢ R

Vin(t) =V, sin(wt) volts, V, =5V, f =60Hz. R = 1KQ.

0]

Measure and graph v, (t). Briefly explain and comment your results.

Experimental results:

Vin (t)

vomax

Vomin

V, =5V,f = 60Hz

1KQ

Electronics
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* Experimental 5.2

Do the computer simulation of the following circuits.
Set up the following circuit with the transformer and diode (1N4148).

P

&

Vit)

Repeat the procedure 1.

=

P

Measure and graph v, (t). Briefly explain and comment your results.

Vin (t)

R

UO max

Vomin

V, =40V, f = 60Hz

10kS)

Electronics
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* Experimental 5.3

Do the computer simulation of the following circuits.
Set up the following circuit with the transformer and diode (1N4148).

A A

.. <
= s
Vit) <+) s 1

= A A

Vin (t) RL Vomax Vomin

V, =40V, f = 60Hz 10kQ

Vin(t) =V, sin(wt) volts.
Measyre and graph v, (t) ,Briefly explain and.comment your results.




4.6 Limiting and clamping
circuits

* 4.6.1 Limiter/clipping circuit: L?‘ v <

— Clippers: the positive and/or negative peaks are clipped off

* Used in FM transmitters where noise peaks are limited to a
particular value so that excessive peaks are removed from them.

» Used to put off the voltage beyond the preset value without
disturbing the remaining part of the input waveform.

U¢
A
o e

|
|
K|
}
|
1

L [ \ : “ / - > |
K ) >
i 0 _IA_ ” 7/ Y '

|

i/ __

Y

1L- Figure 4.31 Applying a sine wave to a limiter
Figure 4.30 General transfer characteristic can result in clipping off its two peaks.
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. Fig. 4.33 (a)
- v; < 0.5V, diode 1s cut off, v, = v,

- v; = 0.5V, diode conducts, v, will be saturated at one
diode drop (0.7V)

+ Fig. 4.33 (b)
- v; > —0.5V, diode 1s cut off, v, = v,

- v; < —0.5V, diode conducts, v, will be saturated at one
diode drop (-0.7V)

Yy Uy ‘
R R
1

+ - 0.7 B + 1
Y Yo = v, v, =
. ! v ~ = H-07

1

(a)

(b)

Figure 4.33 A variety of basic limiting circuits. (using the constant-voltage-drop (V) diode model)
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* Fig. 4.33 (¢): double limiting
- —0.5V < v;< 0.5V, both diodes are cut off, v, = v,
- v; > 0.5V, DI conducts, v, will be limits to +0.7V
- v; < —0.5V, D2 conducts, v, will be limits to -0.7V

e Fig. 4.33 (d): threshold level control
- v; < 5.5V, diode 1s cut off, v, = v,
- v; = 5.5V, diode conducts, v, will be saturated at

5+0.7=5.7V
Yo A Yo A
R 59 | —
5 IS

+0.7 ¥ ? |
. % P
(. v, +5

5V am= 1
_: l 7: ]

(c) (d)
Figure 4.33 A variety of basic limiting circuits. (using the constant-voltage-drop (V) diode model)
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 Exercise 4.26

Assume the diodes to be 1deal (no 0.7V drop). Describe

the transfer characteristic of the circuit.

When =5V < v;< 5V, D; and D, cut off. v, = v,

When v; = 5V, D, conducts, Dy cut off
V=5

KVL: v, —5—1x20=0 =>I ="

Vr
v0=v,—l><10=?+2.5v

When v; < =5V, D; conducts, D, cut off
vi+5
20

KVL: v, +5—-1X20=0 =>] =
1%
v0=v,—1x10=7’—2.5V

Figure E4.26
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e 4.6.2 Clamping circuit

— Used to shift/alter either positive or negative peak of an input signal to

a desired level, also called as level shifter or DC restorer. These clamping
circuits can be positive or negative depends on the diode configuration.
» Negative part: diode conducts, capacitor is charged.
Ideal model: v; — v, =0.v, = v; = =6V
» Positive part: diode cut off
Ideal model: v, = v; —v, =4+ 6 = 10V
* The lowest peak clamped to OV -> clamped circuit

1
! 10V Four channel oscilloscope-X5C1
+4 'V r— ] : :
0 > Figure 4.34 The clamped
—6V :
capacitor or dc restorer with a
@ square-wave input and no load.
a
+ Ve -
Yo A
< >
+10 v T1 [¢ Time Channel_aA Channel_B Channel _C Channel_D Reverse
Z./I T2 250,865 ms 5.000Y 9,300V
+ #| 743.945ms 5000V -693.9%2mV Save
T2-T1 493.080 ms -10.000 v -10.000V GND
0 = Timebase Channel_A a Trigger
! Scale: 500 ms/Div Scale: 5 V/Div Edge: + Ext
- X pos.(Div): |0 ¥pos.(Div): |0 £ @ E Level: |U I W |
C
L3 B AC|| O - Single | Mormal || Auto Ext




* The clamped capacitor with a load resistance R

- to to tq: discharge with time constant CR

- t1: v; decreases by V, and v, follows; diode conducts and charge the
capacitor

- t,: vy rises by V,, and v, follows

— The charge lost by the capacitor during the interval £, to t; 1s recovered
during the interval t4 to t,

V
our channel oscillosCcope-
g Four channel oscilloscope-X5C1 x
+ Ve - : : : : : : : : :
E ' i = : = E ' E

p— R
(a) | | Y ‘
Iy 1 153
< >
(c) T1 [ [+ Time Channel_a Channel_B Channel_C Channel_D Reverse
T2 25.952 ms 5.000 v 9. 744N g
* | 773.547 ms 5,000V 530,154 mY ave
. : : : T2-T1 752,595 -10.000 ¥ -10.274V GND
Figure 4.35 The clamped capacitor with a load resistance R. " _
Timebaze Channel_B o Trigger
Scale: 500 ms/Div Scale: 5 V/Div Edge: t Ext
¥ pos. (Div): 0 Y pos.(Div): 0 £ @ E Level: _
. =
EleCtronICS AJB > |A4B > AC|| O - Single | Mormal || Auto Ext




* 4.6.3 The voltage doubler

— Positive v;: D1 conducts, D2 cutoff

Ideal model, v; — v-q = 0, thus ve1 = Vi|lmax = Vp
— Negative v;: D2 conducts, D1 cutoff
Ideal model, vy, + Vp — v, = 0,

thus v, = ey = Vilmax — Vp = —2Vp

A

+ \Vc1 - AN T T T T T AN T T T T T AN
" //L

t

v =V, sin ot Cj) ; oy =2V \/ \/ \ 7'
N [\ ‘e /_/_‘/"”

_C—
(b)

Figure 4.36 Voltage doubler: (a) circuit; (b) waveforms of the input voltage, the voltage across D1, and the output

voltage v, = —21},.
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* Experiment 6.1
Set up the following circuit with diode (1N4148).

Vin(t) G-t) —L_Sv L 7v

Vin(t) =V, sin(wt) volts.

Measure and graph v, (t). Briefly explain and comment your results.

vin(t) Rl RL Vomax Vomin

V, =10V, f = 60Hz 1000 10kQ
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* Experiment 6.2
Set up the following circuit with diode (1N4148).

c1 D1

I >

C2
AD2

1

]
o)
|
=

Vin(t) =V, sin(wt) volts.

Measure and graph v, (t). Briefly explain and comment your results.

Vin (t) Cl CZ Vomax

(4

amin

V,=10V,f = 60Hz 0.1uF 0.1uF
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HW3-4

 Problems

— PP.236, 4.37 — Modeling the diode forward characteristic — the exponential
model

— PP.238, 4.56 — Modeling the diode forward characteristic — the small-signal
model

— PP.239, 4.70 — Rectifier circuits

— PP.239, 4.96 — Limiting and Clamping Circuits
e Submission requirement:

— Add the cover page!!!

— Print the HW3-4.pdf out and answer all the questions (download on the
blackboard)

« HW3-4 Due: TBA (Late assignments: 40% deduction)
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