C0O2005: Electronics |

Diode Circuits

2E & ¢
LA SR S U< N A I
dcchang@ce.ncu.edu.tw

LR TR S Electronics |, Neamen 3th Ed.



Rectifier Circuits
O A diode rectifier forms the first stage of a dc power supply. Rectification is the process of
converting an alternating (ac) voltage into one that is limited to one polarity.
O Rectification: half-wave rectification and full-wave rectification
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Half-Wave Rectification
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Half-wave rectifier circuit: (a) sinusoidal input voltage, (b) output voltage, and
{c) diode voltage
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Q-point Analysis of Half-Wave Rectification

O Load line Concept for Q-point o4
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Operation of half-wave rectifier circuit: {a) sinusoidal input voltage and (b) diode
piecewise linear characteristics and circuit load line at various times
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{a) Half-wave rectifier used as a battery charger; (b) input voltage and diode
current waveforms
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EXAMPLE 2.1

Objective: Determine the currents and voltages in a half-wave rectifier circuit.

Consider the circuit shown in Figure 2.6. Assume Vg = 12V, R = 100 €2, and
V, = 0.6 V. Also assume vs(f) = 24 sin wt. Determine the peak diode current, max-
imum reverse-bias diode voltage, and the fraction of the cycle over which the diode
is conducting.

Solution: Peak diode current;:
Vs —Vp =V, 24 — 12 - 0.6
R N 0.10

=114 mA

ip(peak) =

Maximum reverse-bias diode voltage:
vp(max) = Vg + Vp =244+ 12=36V
Diode conduction cycle:
v; = 24sinwt) = 12.6

or
12.6
.1 o
1 =S —_ 31.7
wh sin ( Y ) =
By symmetry,
wty = 180 — 31.7 = 148.3°

Then

. 148.3 — 31.7
Percent time = 260 x 100% = 32.4%
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Full-Wave Center- Tapped Transformer Rectification

O The full-wave rectifier inverts the negative portions of the sine wave so that a unipolar
output signal is generated during both halves of the input sinusoid.
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Full-wave rectifier: {a) circuit with center-tapped transformer, {(b) voltage transfer
characteristics, and {c) input and output waveforms
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Full-Wave Bridge Rectifier
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A full-wave bridge rectifier: (a) circuit showing the current direction for a positive
input cycle, {b) current direction for a negative input cycle, and {c) input and output voltage
waveforms
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Full-Wave Bridge Rectifier
O Full-wave bridge rectifier circuit to produce negative output voltages
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Example 2.1 Objective: Compare voltages and the transformer turns ratio in two
full-wave rectifier circuits.

Consider the rectifier circuits shown in Figures 2.6(a) and 2.7(a). Assume the input
voltage is from a 120V (rms), 60 Hz ac source. The desired peak output voltage vy is
9V, and the diode cut-in voltage is assumed to be V,, = 0.7 V.

Solution: For the center-tapped transformer circuit shown in Figure 2.6(a), a peak
voltage of vo(max) = 9V means that the peak value of vg is

vs(max) = vp(max)+ V, =9+0.7=9.7V ; —4 -
* * Dl
: : : : v RE v
For a sinusoidal signal, this produces an rms value of , E - N é ~
9.7 Ve =
Vs ms = —= = 0.86V - S )
V2 m
The turns ratio of the primary to each secondary winding must then be
Ny 120
=175
N, 6.86

For the center-tapped rectifier, the peak inverse voltage (PIV) of a diode is
PIV = vg(max) = 2vg(max) — V, =2(9.7) - 0.7=18.7V

LR T Electronics I, Neamen 3th Ed. 9



For the bridge circuit shown in Figure 2.7(a), a peak voltage of vo(max) =9V
means that the peak value of vg is

vg(max) = vo(max) + 2V, =9 +2(0.7) = 104V

For the bridge circuit shown in Figure 2.7(a), a peak voltage of vp(max) =9V
means that the peak value of vg is

vg(max) = vp(max) + 2V, =9 +2(0.7) = 10.4V N N,

For a sinusoidal signal, this produces an rms value of + + ++

104
Y =—=735V
S,rms \/E v Vg

The turns ratio should then be

N, 120 - -
M2 v 163
N, 735

For the bridge rectifier, the peak inverse voltage of a diode is
PIV = yg(max) = vg(max) — V, =104 -0.7=9.7V

Comment: These calculations demonstrate the advantages of the bridge rectifier over
the center-tapped transformer circuit. First, only half as many turns are required for the
secondary winding in the bridge rectifier. This is true because only half of the secondary
winding of the center-tapped transformer is utilized at any one time. Second, for the
bridge circuit, the peak inverse voltage that any diode must sustain without breakdown
is only half that of the center-tapped transformer circuit.
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Filter Circuit for Diode Rectifier

{4 t Yo
Yy |
vol t o= R
® <—> VYo
| -
\ T Time
1 2
(a) (b)
VA
[ |
| | . O sin @t
| V? i Vg O 5N
| |
[ |
Ve —HRC
Vo e | |
/'-——-\_f\ L. | | v, ete~t/RC
- [ |
- ; | | -
| T Time & an wt
2 2
(c) (d)
Vs Yo
| T T 37 Time
2 2
(e)

Simple filter circuit: {a) half-wave rectifier with an RC filter, {b) positive input
voltage and initial portion of output voltage, {c) output voltage resulting from capacitor
discharge, (d) expanded view of input and output voltages assuming capacitor discharge

begins at wf = =/2, and (e) steady-state input and output voltages
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Analysis of Filter Circuit for Diode Rectifier
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Output voltage of a full-wave rectifier with an RC filter
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Example 2.2 Objective: Determine the capacitance required to yield a particular

ripple voltage.

Consider a full-wave rectifier circuit with a 60 Hz input signal and a peak output
voltage of V), = 10 V. Assume the output load resistance is R = 10k and the ripple
voltage 1s to be limited to V, = 0.2 V.

Solution: From Equation (2.9), we can write

Vg 10

C=5Ry T 2(60)(10 x 103)(0.2)

= 41.7uF

Comment: If the ripple voltage is to be limited to a smaller value, a larger filter
capacitor must be used.
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Current in the Filter Circuit for Diode Rectifier
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Detectors
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Voltage Doubler Circuit

O There are also voltage tripler and voltage quadrupler circuits. These circuits provides a
means by which multiple dc voltage can be generated from a single ac source and power
transformer.

¥r Ve

A voltage doubler circuit
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Equivalent circuit of the voltage doubler circuit: {a) negative input cycle and
{b) positive input cycle
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Zener Diode Circuits

O Zener Voltage Reference Circuit
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A Zener diode voltage regulator circuit

|, maximum :V,s maximumand |, mini mum’)

Vo (max) -V,
R } Iz(max) + IL(min) > [\/PS(min) _Vz] '[Iz(max) + IL(min)]
|, minimum:V,¢ minimumand |, maximum = [Ves(max) -V, ][I, (min) + 1 (max)]
— VPS(mi n) _Vz
R= |, (min) + |, (max) _

Choosel, (min) = 0.1l (max), we have
| L (max)[VPs(maX) _Vz] — | L (mi n)[VPs(mi n) _Vz]
Vs (min) — 0.9V, — 0.1V, (max)

|, (max) =
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Design Example 2.4 Objective: Design a voltage regulator using the circuit in

Figure 2.15.

The voltage regulator is to power a car radio at V; =9V from an automobile
battery whose voltage may vary between 11 and 13.6 V. The current in the radio will

vary between 0 (off) to 100 mA (full volume).

The equivalent circuit is shown in Figure 2.16.

Solution: The maximum Zener diode current can be determined from Equation

(2.23) as

(100)[13.6 — 9] — 0

1= (0.9)0) — 0.1)(136) -~ 0mA

I;(max) =

The maximum power dissipated in the Zener diode is then

Pz(max) = Iz(max) - V, = (300)(9) = 2.7W

= +
Vps = JA

11-13.6V =

Figure 2.16 Circuit for Design Example 2.4

The value of the current-limiting resistor R;, from Equation (2.21(b)), is

1369

Ri=—2—=153Q

The maximum power dissipated in this resistor is

(Vps(max) — Vz)*  (13.6 - 9)°

R, T 153 T A

Ppi(max) =

Comment: From this design, we see that the minimum power ratings of the Zener
diode and input resistor are 2.7W and 1.4W, respectively. The minimum Zener
diode current occurs for Vpg(min) and I; (max). We find I,(min) = 30.7mA, which is
approximately 10 percent of I,(max) as specified by the design equations.

Design Pointer: (1) The variable input in this example was due to a variable battery
voltage. However, referring back to Example 2.3, the variable input could also be a
function of using a standard transformer with a given turns ratio as opposed to a
custom design with a particular turns ratio and/or having a 120V (rms) input voltage

that is not exactly constant.

(2) The 9V output is a result of using a 9V Zener diode. However, a Zener diode
with exactly a 9 V breakdown voltage may also not be available. We will again see later
how more sophisticated designs can solve this problem.

LR T Electronics I, Neamen 3th Ed. 18



Zener Resistance and Percentage Regulation
O Because of the Zener resistance, the output voltage will not remain constant.
O Source regulation: a measure of the change in output voltage with a change in source
voltage.

AV 100%

Sourceregulation (%) =

Ves
O Load regulation: a measure of the change in output voltage with a change in load current.

. Vv —V
L oad regulation (%) = —=eled _Liullead » 100%

VL ful load
R;
iy ¥ +
+ II T ILl
Vas = le v, gﬁL vy
_ Fz ¢
- o

A Zener diode voltage regulator circuit with a nonzero Zener resistance
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EXAMPLE 2.6

Objective: Determine the source regulation and load regulation of a voltage regula

tor circuit.

Consider the circuit described in Example 2.5 and assume a Zener resistance ¢

r. =2 8.

Solution; Consider the effect of a change in input voltage for a no-load conditio

(R; = o0). Forvps = 13.6V, we find

13.6 -9 _
hen ] |, =0~100mA
i
— —
Forvps = 11V, we find I Iy
_ e 4
I AT Vs = = izl Vz=9V  [Radio
z—m— . 11-13.6 V T _
Then
Ve min = 9+ (2)(0.1156) = 9.231V -
We obtain
) 9.532 — 9.231
Source regulation = Lo« 100% = =
g Avps o T x 100% = 11.6%
Now consider the effect of a change in load current for vpg = 13.6 V. For I; = 0, we
find
_BO=9 G es0a
715342
and
20

VL noload — 9+ (2)(02659) =9532V



For a load current of /; = 100 mA, we find

13694 1;(2)]

- 15.3 - 010
which yields

I; =0.1775A
Then

UL fullload = 9 + (2)(0.1775) = 9.355V

We now obtain

Vi noload — VL full load
x 100%

Load regulation =
V. full load

_9.532 -9.355
9355
Comment: The ripple voltage on the input of 2.6 V is reduced by approximately a

factor of 10. The change in output load results in a small percentage change in the
output voltage.

x 100% = 1.89%

RN S TR A Electronics |, Neamen 3th Ed.
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Clipper Circuits
O Clipper circuits are used to eliminate portions of a signal that are above or/and below a
specified level.
O Transfer characteristics of a limiter circuits

Yo &

v, Slope =4,

I ¥

General voltage transfer characteristics of a limiter circuit
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(@) (b)

Single-diode clipper: {a) circuit and {b) output response
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Parallel-Based Clipper
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Additional diode clipper circuits and their corresponding output responses
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Parallel-Based Clipper
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Figure 2.21 A parallel-based diode clipper circuit and its output response
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Example 2.6 Objective: Find the output of the parallel-based clipper in Figure
2.22(a).
For simplicity, assume that , = 0 and r, = 0 for both diodes.

Solution: For 1 = 0, we see that v; = 0 and both D, and D, are reverse biased. For
0 <v; <2V, D, and D, remain off; therefore, vo = v;. For v; > 2V, D, turns on and

vy —2 (V) A
I = R, = 10kQ 6 —J
10+ 10 » S
—AAN—t 4 \
+
: = a"f Vo \\
Ill 2 1 2
10k A~D, / \\ j
vy=0sin W @) D, B Vg \\\ / '?
+ =V,=4V 2 \
VL:ZV? ¥ A \
B B - N
S
T of

)] b)
Also,

Figure for Example 2.6

VO:i1R2+2—_—%(V[—2)+2:%V[+1

If vy =6V, then vp =4V.

For —4 < v; < 0V, both D, and D, are off and vo = v,. For v; < -4V, D, turns
on and the output is constant at v, = —4 V. The input and output waveforms are
plotted in Figure 2.22(b).

Comment: If we assume that V, # 0, the output will be very similar to the results
calculated here. The only difference will be the points at which the diodes turn on.

RN S TR A Electronics |, Neamen 3th Ed.
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Series-Based Clipper
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Figure 2.23 Series-based diode clipper circuits and their corresponding output responses

RN ST I Electronics I, Neamen 3th Ed. 26



Clampers

O Clamping shifts the entire signal voltage by a dc level. The distinguishing feature of a
clamper is that it adjusts the dc level without needing to know the exact waveform.

V() = -V +Vv, =—(V, —V,) +V, Shot

Vrk
+
(L) v ov Vi
B 0 -
i t
= 4
(@ (b)
Lfa¥ | Vo A
o1 :
| - 4
0 T ;’
) 2V -
(c) (d)

Action of a diode clamper circuit: {a) a typical diode clamper circuit, {b) the
sinusoidal input signal, {c) the capacitor voltage, and {d) the output voltage
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Clampers

O Clamping Circuit Including an Independent Voltage Source

Vo() =V +Vv, =—(Vy =V —V,) +V, Shot
=V +V, +V,, (Shot -1)

"4 ¥ vA Vr

. Iy . Va Ll 11 ; X ; xi Vp : | | | |

I b : | | | ]
h

;VB - i ] |___| L
_ T = _ v,

4 2
(@) (b) (c)

Action of a diode clamper circuit with a voltage source: (a) the circuit,
{b) steady-state sinusoidal input and output signals, and {(c) steady-state sguare-wave input

and output signals
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Example 2.7 Objective: Find the steady-state output of the diode-clamper circuit
shown in Figure 2.27(a).

The input v; is assumed to be a sinusoidal signal whose dc level has been shifted
with respect to a receiver ground by a value Vp during transmission. Assume V,=0
and r; = 0 for the diode.

—
T~ O

Solution: Figure 2.27(b) shows the sinusoidal input signal. If the capacitor is initially
uncharged, then the output voltage is vp = V3 at t = 0 (diode reverse-biased). For 0 < ¢
< t,, the effective RC time constant is infinite, the voltage across the capacitor does not
change, and vp = v; + V.

At t = t,, the diode becomes forward biased; the output cannot go negative, so the
voltage across the capacitor changes (the r,C time constant is zero).

At t= (%)T , the input signal begins increasing and the diode becomes reverse
biased, so the voltage across the capacitor now remains constant at Vg — Vp with the =
polarity shown. The output voltage is now given by

o Vo

o

VOZ(VS_VB)+VI+VB=(VS_VB)+ Vssina)t+ VB ZFS__ —
or N

VS 123::-:
vo = Vs(l +sino(t — (3)T)) /

(b)

Figure 2.27 (a) Circuit for Example 2.7; (b) input and output waveforms
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Analysis of Single Diode Circuits

Vo k

n
vy {4 Yo
—-
D
§R
= 7 -
Vr
(@) (b)
Figure 2.30 Diode and resistor in series: {(a) circuit and (b) voltage transfer characteristics
Vo
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| |
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Figure 2.31 Diode with input voltage source: (a) circuit and (b) voltage transfer
characteristics
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Analysis of Two-Diode Circuit

v Diode States:
) (1) D, off, D, off
R, (2) D, off, D, on
Dy I ) (3) D1 on, D2 on
vy o— e 0 Vo
g — (4) D, on, D, off
RE
IIRE Vo k
vo
V- [ {
A two-diode circuit b (D I
o I
I
vg (D i
I
| I -
V- v Vi

Voltage transfer characteristics for the two-diode circuit in Figure 2.32
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Analysis of Two-Diode Circuit (1)
O D1: off, D2: on

LetV' >V~ +V .
V-i-
If D, isoff, then D, isalwayson.
iRl R, 4 _
v, J’ D,on:V" >V +Vy,
v L V' -V, -V~
neTe e _I o o gy = - Vo =V =i R
-— R+R
Ry . D, off v, <V'+V,
l!m V':V_"'iRz'Rz’iRz:iDz:iRl
V- VO
A iRl' Rl
V'+Vy :VI
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Analysis of Two-Diode Circuit (2)
O D1:on, D2:on

D,on:v, >V+V ,

, _ v, =V, =V~
V=V, =V g, =

:'Rll R,

Ry D,on:V* >Vv+V, =v,,
v?' V?’
+| - 1.}: - | _ . _V+_V|
VIG || ;l ' C'v() VO_Vl’IRl_—
= 1 < R
D1 ip
R, 2 y
llﬂz (0]
+
y- v /
|
V+Vy - - - !
| |
| I »
] + -
V+Vy V V,
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O D1:on, D2: off

Analysis of Two-Diode Circuit (3)

D,on:v, >V +V~,

RN ST I

' . Vl _Vy _V_
V=V, =V g, = =~
D, off :V" <Vv'+V =v,,
C Vo V, =V+,iR1=O
A VO
VAR —
:
|
|
|
|
I »
V7' V,
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Example 2.8 Objective: Determine the output voltage and diode currents for the
circuit shown in Figure 2.32, for two values of input voltage.
Assume the circuit parameters are R; = 5k, R, = 10k, V, =0.7V, VY =45V,

and V'~ = —=5V. Determine vy, ip;, and ip, for v, =0 and vy =4V, v
Solution: For v; = 0, assume initially that D, is off. The currents are then o l
Vt—V, -V 5-0.7—(=5) éﬁl
IRl = 1lp2 = Ig2 R, + R, 5+ 10 m by, D
i o {4 k7 Vo

The output voltage is o o

vo=V—imR =5—(0.62)(5) =19V Ry |
and v’ is lm

V=vo—V,=19-07=12V .

A two-diode circuit
From these results, we see that diode D, is indeed cut off, i,; = 0, and our analysis is
valid.

For v; = 4V, we see from Figure 2.33 that v, = v;; therefore, vo = v; = 4 V. In this
region, both D; and D, are on, and

V+ — Vo . 5—-4
R, 5
Note that v = vy — ¥, =4 — 0.7 = 3.3 V. Thus,

LoV =V 33-(=9)
=R, — 10

iRI = iDZ = =0.2mA

= 0.83mA

The current through D, is found from iy, +ipy = ig) or

iDl = iR2 - iDZ =0.83-0.2 =0.63mA
LR T Electronics I, Neamen 3th Ed. 35



EXAMPLE 2.11

Objective: Determine the current /p; and the voltage V, in the multidiode circuit
shown in Figure 2.42. Assume V., = (.7 V for each diode.

Solution: To begin, initially assume that both diodes | and D, are in their con-

ducting state.
Summing currents at the V4 and Vg nodes, we have

5~ Vi _ Iz -~
"3 .
and
15— (Vy =~ 0.7) v
( S" o = H’; (2.41)

We note that Vg = V4 — 0.7. Combining the two equations and eliminating /p;, we
find

Vy=762V and Vg =692V
From Equation (2.40) above, we obtain

15 — 7.62 7.62
e + 5 = I = ~0.786 mA

=1Im

LR TR S Electronics |, Neamen 3th Ed.
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We assumed that D, was on, so that a negative diode current is inconsistent with that

initial assumption.
Now assume that diode D, is off and Dy is on. To find the node voltages, we can

simply use voltage dividers as

5
V, = (5—+—16)(15) =5V

and

10
Vg =V, = ) (15—-0.7) =9.53V
10+5

These voltages show that diode D, is indeed reverse biased so that Ip; = 0.

Comment: To begin an analysis of a multidiode circuit, we must assume a conduct-
ing state, on or off, for cach diode. We then perform the analysis and verify whether
our initial assumptions are correct or incorrect. If the initial assumption is incorrect,
we need to make a new assumption and perform the analysis again. This process
must continue until the assumptions are verified as correct.

RN S TR A Electronics |, Neamen 3th Ed.

37



EXAMPLE 2.12

Objective: Determine the current in each diode and the voltages V4 and Vj in the
multidiode circuit shown in Figure 2.43. Let V,, = 0.7 V for each diode.

+5V

-0V -5V

Figure 2.43 Diode circuit for Example 2.12

Solution: Initially assume each diode is in its conducting state. Starting with D3 and
considering the voltages, we see that

VB =-07V and VA =0

Summing currents at the V4 node, we find

5—-V Vi—07 —(—10
5A=1D2+(A 5) (—10)
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Since V4 = 0, we obtain

5 9.3

— =1Ipy+ — = Ip; = —0.86 mA

5 5
which is inconsistent with the assumption that all diodes are “on” (an “on” diode
would have a positive diode current).

Now assume that D, and D5 are on and Dy is off. We see that

5—07—(—10)
In = = 1.43mA
D1 515 m
and
0—0.7)— (=5
11)3=( ; ( ):0.86mA

We find the voltages as
Vg =-07V
and
Via=5-—(143)(5) =-2.15V

From the values of V4 and Vj, the diode D, is indeed reverse biased and off, so
Ip>, = 0.
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Diode Logic Circuits

+H Y
D, Dy
V) o = vV, o ] Il R
— -—
Iny ip
' Lt VO - V@
D, D,
VE o D‘“I R if Vg o I«'ﬂ b
Dy ipn
A two-input diode OR logic A two-input diode AND logic
circuit circuit
Two-diode OR logic cirouit Two-diode AND logic circuit
response response
P (V) ¥, (V) VolV) 183, V2(V) VolV)
0 0 0 0 ) 0.7
5 0 4.3 5 ) 0.7
0 3 4.3 4 5 0.7
5 5 4.3 5 5 5
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Photodiode Circuit

O |If the photon intensity is zero, the only current through the diode is the reverse-saturation

current, which is normally very small.

O Photons striking the diode create excess electrons and holes in the depletion region. The
electric field separates these excess carriers and sweeps them out of the depletion region,
thus creating a photocurrent in the reverse-bias direction. .

S

|, =nedA TN

+ Tp;:" +

n - quantum efficiency, e:electroniccharge Ve = %ﬁ ‘iﬂ
@ : photon flux density, A: junction area +—

A photodiode
circuit

Example 2.10 Objective: Calculate the photocurrent generated in a photodiode.
For the photodiode shown in Figure 2.39 assume the quantum efficiency is 1, the

junction area is 107* cm®, and the incident photon flux is 5 x 10" em™—s7.

Solution: From Equation (2.28), the photocurrent is

Ly = ned®A = (1)(1.6 x 1077)(5 x 10')(10%) = 0.8 mA
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Light-Emitting Diode (LED) Circuits -

Seven-
segment LED display

Example 2.11 Objective: Determine the value of R required to limit the current
in the circuit in Figure 2.41 when the input is in the low state.

Assume that a diode current of 10 mA produces the desired light output, and that
the corresponding forward-bias voltage drop is 1.7 V.

Solution: If V; = 0.2V in the “low” state, then the diode current is
HY

]=S_VV—V1 | o
R D, ~ DzSZN_’ D, EZN_'
. . . IDli IDzi fmi
The resistance R 1s then determined as R §R §R
Vi
S~-V, -V, §5-~17-02 Vi
R = " = 31082
I T

¥z

Control circuit for the seven-segment LED display
Comment: Typical LED current-limiting resistor values are in the range of 300 to
350 €2.
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