CHAPTER

Ramp
(enerators
and Integrators

INTRODUCTION

A simple ramp generator circuit can be constructed using a capacitor
charged via a resistance, in conjunction with a discharge transistor. To
improve the ramp output linearity, a transistor constant current circuit can
be employed. When the discharge is replaced by a unijunction transistor,
the circvit becomes a relaxation oscillator. The booftstrap ramp generator,
which produces a closely linear ramp, can be constructed using a transistor
or an IC operational amplifier. An IC operational amplifier can also be
employed in a Miller integrafor. )

7-1 CR RAMP GENERATOR

The simplest ramp generator circuit is a capacitor charged via a series
resistance. A transistor must be connected in parallel with the capacitor to
provide a discharge path, as shown in the circuit of Figure 7-1(a). Capaci-
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FIGURE 7-1. CR ramp generator circuit and voltage waveforms.
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tor C, is charged from V. via R,. Ql is biased on via R so the capacitor

is normally in a discharged state. When a negative-going input pulse is
coupled by C, to Q, base, the transistor switches off. Then, C, begins to
charge; this provides an approximate ramp output until the input pulse
ends [see Figure 7-1(b)]. At this point, Q, switches on again, and rapidly
discharges the capacitor. ) .

The output from a simple CR circuit is exponential rather than linear,
For voltages very much less than the supply voltage, however, the output is
approximately linear. When the transistor is on, the capacitor is discharged
10 Vegpgay- Hence, Veg,, is the starting level of the output ramp. Qutput
amplitude control can be provided by making the charging resistance (R,)
adjustable. :

Capacitor C,, which couples the input pulse to the transistor base,
should be selected as small as possible, both for minimum cost and

smallest possible physical size. The minimum suitable size can be de- .

termined by allowing the base voltage of Q, to rise during the input pulse
time, as shown in Figure 7-1(b). The base voltage starts approximately at
0.7 V when Q, is on. Then, Vy, is pulled negative by the input pulse, but
starts to rise again as C, is charged through R . To ensure that Q, is still
off at the end of the pulse time, ¥y, should not rise above —0.5 V. This
approach to coupling capacitor selection is outlined in Sec. 5-2.

EXAMPLE 7-1

Design a simple CR ramp generator to give an output that peaks at 5 V.
The supply voltage is 15 V, and the load to be connected at the output is
100 k. The ramp is to be triggered by a negative-going pulse with an
amplitude of 3 V, PW=1 ms, and the time interval between pulses is 0.1
ms. Take the transistor A gy, as 50.

solution
This circuit is shown in Figure 7-1(a). The maximum output current is
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Select the minimum capacitor charging current I)>>1; ... At peak output
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voltage, let

I,=100_><IL(mu)
=100X%50 LA=5mA
_ Vee— VP

Rl—— —Il—
_15V-5V

==3mA —2kQ  (use2.2 k@ standard value)

The voltages for capacitor C, are
Initial voltage = E,~0
Final voltage=e, =5V
Charging voltage=E=V_.=15V
e.=E—(E—E,)e"/°® [Equation (22)]
t -
E-E,
E—e
1ms

15v—-0
22Ky 5y

Riln

[4

~] puF

T‘he discharge time for C, is 0.1 ms, which is one-tenth of the charging
time. For @, to discharge C, in the specified time,
Ic=10X(C, charging current)
=10I,=50 mA
Ic
hFE(min)

50 mA
=50 =1mA

Vec—Vae
Iy
I5vV-07V
1 mA
143 kQ (use 12 k2 standard value)

Iy=

Ry=

fl
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For @, to remain biased off at the end of the input pulse, let V=
-05V.

AV=V,—Vg—Vy [See Figure 7-1(b) ]
=3V-07V-0.5V=18V

The charging current for C, is equal to the current through Ry when Q, is
off:

Vee=Vi _15V—(-3V)

I~—% 12 k0

From Equation (2-7):

_ It _ 15mAX1ms
Y72 18V

=0.83 uF (use 1 pF standard value)

G

7-2 CONSTANT CURRENT RAMP GENERATORS

7-2.1 Bipolar Transistor Constant Current Circuits

The major disadvantage of the single CR ramp generator is its nonlinear-
ity. To produce a linear ramp, the capacitor charging current must be held
constant. This can be achieved by replacing the charging resistance with a
constant current circuit. '

A basic transistor constant current circuit is shown in Figure 7-2(a).
The potential divider (R, and R,) provides a fixed voltage V] at the bt}se
of pnp transistor @,. The voltage across the emitter resistor R, rémains
constant at (¥V;— V). Thus, the emitter current is also constant: I ,5.=(Vl
— Vg)/R,. Since I.=~I_, the collector current remains constant. Figure
7-2(b) shows an arrangement that allows the level of constant current to be
adjusted. R, provides adjustment of V. Since V;=(Vp— V), V; also is
adjustable by Ry, and I can be set to any desired level over a range
dependent upon R,.

Figure 7-3(a) shows a ramp generator that employs the constant
current circuit. Note that because I of Q, is a constant charging current
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FIGURE 7-2. Transistor fixed and adjustable constant current cirevits.

for C; the capacitor voltage Vo grows linearly. The simpler capacitor-
charging equation, Equation (2-7), may now be used for C, calculations.
The circuit of Figure 7-3(a) functions like the simple CR ramp generator,
with R, replaced by the constant current circuit.

The output voltage from the constant current ramp generator remains
linear only if a sufficient voltage is maintained across Q, for it to operate
in the active region of its characteristics. If Q, reaches saturation, the
output stops at a constant level. Therefore, Vcea should not fall below
about 3 V. Because of this and the constant voltage ¥; across resistor R,,
the maximum ramp output voltage obtainable from the circuit of Figure
7-3 is approximately V,=V .~ V;~3 V.

In the circuit of Figure 7-3(b) the input pulse is directly connected to
the base of transistor Q. When the input is at ground level, 0, is off and
capacitor C, charges via Q,. When a positive input is applied, Q, is
switched on and C, is rapidly discharged. @, remains on during the positive
input pulse; thus C; is beld in a discharged condition, and the ramp
generator output voltage remains at the Vee@y of Q4.

EXAMPLE 7-2

Using a constant current circuit, modify the ramp generator designed in
Example 7-1 to produce a linear ramp output.
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. solution
ot Vo ]
T V' I F: R, Iﬁ — , Refer to the circuit of Figure 7-3(a).
‘) i .
L pni Y
Rg :E ' :E Ry —1— .I VO(mnx)=5 v
J_. 9, ‘ Vst Vepa=Vec—5 V=10V
Let
2R,
T Ver2=3 V, minimum
4 4 l Output then
V=10V~-3V=7V
rn— 0 L oOutput ? ‘
Input (&
w G To maintain a constant level of I £ (and I;), the voltage across R, should
be several times larger than the base emitter voltage V.. This ensures that
changes in ¥, do not significantly affect 1.
M : It . C, AV
(a) Constant current ramp generator with capacitor-coupled input C = A_V, L I= T
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W(ﬂl) l ¥1 must be a stable bias voltage unaffected by I,,. Make I 1=I;=5 mA.
Input . .
L | i b
- i d'Tt ledfn ut ; =m—
(b) Constant current ramp generator with direc -coup p» | SmA
FIGURE 7-3.  Constant current ramp generators. =1.34kQ (use 1.2 kQ standard value)
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Then I, becomes

61V
Il—m =558 mA
Va=Vee— V=15V —6.7V=83V
reta_ 83V

2, T 558 mA
=1.49 kQ (use 1.5 kQ standard value)

EXAMPLE 7-3

Redesign the circuit of Example 7-2 to make the ramp amplitude adjusta-
blefrom3Vto5V.

solution

The circuit modification is shown in Figure 7-2(b). The charging current,
with AV=3YV, is

I= C, AV
t
=1"'FX3V=3mA
1 ms
For AV=5Y,
I=lp.F><5V=5mA
1 ms

For I=3 mA, I;~3 mA and

V;=IyXR,=3 mAX12kQ
=36V

Vo=V =V, +Vpp=36 V+0.7V
=43V

(At this point, the moving contact on the potentiometer is at the upper
end.)
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For R;=1.2kQ,
,={§T‘;23.6mA
For I=5 mA,
V;=5mAX1.2kQ
=6V
and .
V=67V

(At this point the potentiometer moving contact is at the lower end.)

Ve=V,+V,
V,=67V-36V=3.1V
and
_Va_ 31V
I, 36mA

=0.86 kQ (use a 1 k2 standard potentiometer value)

Then V, becomes

V,=I,R,=3.6mAX1kQ2=3.6V

and

Va=Vec—V—V,
=15V—-43V-36V
=71V
L)

I,

_ 11V
" 36mA

R,

=197kQ (use 2.2 k{2 standard value)
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7-2.2 FET Constant CnrrentiCircuits

A field effect transistor with a single source resistance can function as a
constant current circuit. A p-channel FET is shown in Figure 7-4(a) with a
resistor connected between the source terminal and V.. With the gate
terminal also connected to V., the gate-source voltage is the voltage drop
across Ry, which is I¢ R or I, R 5. Referring to the FET transconductance
characteristics in Figure 7-4(b), the desired drain/source current (Ig) can
be selected and the corresponding gate-source voltage (Vrs) determined as
illustrated. Then,

Ry=2ES -1

This approach is satisfactory only when the transconductance char-
acteristic for the particular FET has been plotted. For any given FET type,
there are two possible extreme characteristics as shown in Figure 7-4(c).
These occur because of the spread in values of drain-source saturation
current [Ipgsamayy a0d Ipgoenn), and pinch-off voltage [Vpyyy, and Ve iny )
In this case it is necessary to draw a bias line for each possible value of
source resistance. This is done simply by using Equation (7-1) to determine
two convenient corresponding values of I, and Vg

When V=0,

In=Vgps/Rs=0

Plot point 4 on Figure 7-4(c) at V;3=0 and I,=0.
When V=6V and R =33 kQ,

Ip=6V/33kQ2=18mA

Plot point B on Figure 7-4(c) at V;3=6 V and I, =1.8 mA.

Draw the bias line through points 4 and B. The maximum and minimum
source current levels that can flow are now shown at the intersections of
the bias lines and the characteristics. When it is desired to set I to a
precise level Rg must be made adjustable.

One important caution that must be observed when using a FET
constant current circuit is that the drain-source voltage ¥, must not be
allowed to fall below the maximum value of pinch-off voltage Ve, Just
as a bipolar transistor cannot be expected to function linearly if its
collector-base voltage approaches the saturation level, so too a FET will
not function correctly in a linear circuit if its drain-source voltage falls
below the pinch-off level.
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FIGURE 7-4.  FET constant current circuit and transconductance characteristics.
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A constant current diode (or ﬁeld effect diode) is essentially a FET and a
resistor connected as illustrated in Figure 7-4(a), and contained in a single

package. These devices can be purchased with various constant current
levels.

7-3 UJT RELAXATION OSCILLATORS

7-3.1 The Unijunction Transistor

The basic construction of a unijunction transistor (UJT) and its equivalent
Circuit are shown in Figure 7-5. The device can be thought of as a bar of
lightly doped n-type silicon with a small piece of heavily doped P-type
joined to one side [see Figure 7-5(a)]. The p-type is named the emitter,
while the two end terminals of the bar are designated bases 1 and 2 (B,
and B,), as shown. In the equivalent circuit of Figure 7-5(b), the silicon
bar is represented as two resistors, rs; and ry, while the pn junction formed
by the emitter and the bar is represented by a diode, '

B,

B

(a) Basic construction

(b) Equivalent circuit

FIGURE 7-5. Basic construction and equivalent circuit of unijunction transistor.
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The ratio, ry,/ (rp1+rg,) is termed the intrinsic standoff ratio of the
UJT, and is designated . Thus the voltage across ry, is given by

I'p1
V,e=yp, Bl
t BB
rg1+ry,

or

Vi=Vaun (7-2)

The pn junction becomes forward-biased at a peak voltage, V=V,
=V} + Vi When this peak is reached, the flow of charge carriers through
rgy causes its resistance to fall. Thus, a capacitor connected across E and
B, is rapidly discharged. The flow of current into the emitter terminal
continues until ¥ falls to the emitter saturation voltage Vipy ey, at which
time the device switches off.

Two more important parameters for the UJT are Ppeak point current I,
and the valley point current I,. The peak point current is the minimum
emitter current that must flow for the UJT to switch on or fire. This
current occurs when ¥y is at the firing voltage, that is, at peak point V.
The valley point current is the emitter current that flows when Vg is at the
emitter saturation voltage, VEBt(eaty-

7-3.2 UJT Relaxation Oscillator

A unijunction transistor can be used in conjunction with a capacitor and a
charging circuit, to construct an oscillator with an approximate ramp-type
output. Figure 7-6(a) shows the simplest form of such a circuit, which is
called a UJT relaxation oscillator. The UJT remains off until its emitter
voltage ¥y, approaches the firing voltage Vp for the particular device. At
this point, the UJT switches on and a large emitter current J ¢ flows. This
causes capacitor C, to discharge rapidly. When the capacitor voltage falls
to the emitter saturation level, the UJT switches off, allowing C, to begin
to charge again.

The frequency of a relaxation oscillator can be made variable by
switched selection of capacitors and/or by adjustment of the charging
resistance [see Figure 7-6(b)]. The resistance R 2, in series with UJT
terminal B,, allows synchronizing input pulses to be applied. When an
input pulse pulls B, negative, V,, is increased to the level at which the
UJT fires. Once the UJT fires it will not switch off again until the capacitor
is discharged.
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FIGURE 7-6. Basic UJT relaxation oscillatar and variable frequency circuit.

In the design of a UJT relaxation oscillator, the charging resistance R,
must be selected between certain upper and lower limits. Resistance R,
must not be so large that the emitter current is less than the peak point
current when V., is at the firing voltage; otherwise, the device may not
switch on. If R, is very small, then when Vep is at the emitter saturation
level, a current greater than the valley point current might flow into the
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emitter terminal. In this case, the UJT may not switch off. Thus, for
correct UJT operation, R, must be selected between two limits that allow
the emitter current to be a minimum of J p and a maximum of I,.

The UJT oscillator circuits shown in Figures 7-6(a) and (b) will
produce exponential output waveforms because the capacitors are charged
by resistances. Constant current circuits could be used here to generate
linear ramp output waveforms.

EXAMPLE 7-4

The circuit of Figure 7-6(a) is to use a 2N3980 UJT. . The supply voltage
Vapis 20V, and output frequency is to be 5 kHz. Design a suitable circuit,
and calculate the output amplitude.

solution

Cépacitor C, charges from VeBigay to the fiﬁng voltage, Vo=V, +4V,,.
The data sheet for the 2N3980 (Appendix 1-12) gives the following
specifications: -

Vesian=3V maximum,  [,=2pA,  I,~1mA
and ,
7=0.68 0 0.82
20.75 average.

Ve=0.7+(0.75%20 V)
=157V

Therefore, for the capacitor,
E=Supply voltage= V,,=20 V
E,=Initial charge=V, Bisaty=3 V
e.=Final charge=V,=15.7V
Now, to select R,:

Ve~ Vp
R!(mlx)= _BT
_20V-157V

2,
TEA 15 MQ
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; " Vap— Vsslksal)
Rl(min)= T"
_20V-3V

TmA ~17kQ

So R, must be in the range 17 kg to 2.15 M. If R, is very large, C; must

be a very small capacitor. Let R, bave ‘a value of 22 kQ; then from
Equation (2-2)

t
E—E
R,ln(E ")

_ec

C,=

1 1
= =
Output frequency 5 kHz

=200 ps
then

200 ps
20V-3v
22k In (m)
[use 6800 pF standard capacitor
(see Appendix 2-2) ]
Output amplitude = ¥, ¥, Bigsan)
=157V-3Vv
=127V

Ci=

= 6600 pF

7-4 FOUR-LAYER DIODE RELAXATION
OSCILLATOR

A very simple relaxation oscillator can be constructed using a four-layer
diode or Shockley diode.

The theory of operation of the four-layer diode is illustrated in Figure
7-1. The device consists of four semiconductor layers Py Ny, py, and n,,
with a connecting terminal to p, identified as the anode and that to n, as

—0 2

D1
Q,ji"‘
D2 '
Gate ny
Go Go——4 n ()3
D2
na
<]
C
(a) . (b) (c)
Construction Construction Two transistor
modified to equivalent circuit
show equivalent
circuit
Ip
Reverse '
breakdown (V)
IH\_ .
' R A e =
‘ e
Ve Vs
Ip

(d) Forward and reverse
characteristics

FIGURE 7-7. Fc;ur—luyer diode: construction, equivalent circuit, and chamdeﬁsﬁcs.
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the cathode [Figure 7-7(a)]. To help understand the operation of the device,
Figure 7-7(b) shows layers n, and p, split into sections ny, ny, p, and pj.
Since these sections are connected together, there is no real change.
However, p,, n,, and p, can now be thought of as a prp transistor, and ny,
p3 and n, can be considered an npn transistor. This gives the two-transistor
equivalent circuit in Figure 7-7(c). Now return to Figure 7-7(a) and note
that when the anode is biased positively with respect to the cathode
(forward . bias), junctions j, and j, are forward-biased while Jjunction j, is
reverse-biased. Thus, at small forward bias voltages only a very low
leakage current flows. When the forward bias is increased to the break-
down voltage of junction j,, a large forward current flows.

Going back to Figure 7-7(c), it is seen that when a substantial current
flows into the emitter of transistor @), an equally large collector current
flows from the collector of Q, into the base of Q,. Similarly, @, has
substantial emitter and collector currents, and the collector current of o,
provides base current for Q,. The result is that both transistors are
switched on into saturation, and the total anode-to-cathode voltage ¥, is
around 0.9 V.,

The device forward characteristics shown in Figure 7-7(d) can now be
understood. When + ¥ is small only a low level leakage current flows:
When the breakdown or switching voltage V, is reached, Ja breaks down, the
two transistors switch on into saturation, and the device voltage rapidly
falls to a low level V. Any further increase in forward current now causes
only a slight increase in V. The device reverse characteristics are similar
to those of a reverse-biased diode, except that two Jjunctions j, and j, must
break down before the four-layer diode goes into reverse breakdown.

The circuit of a four-layer diode relaxation oscillator is shown in
Figure 7-8. Note the device circuit symbol. Capacitor C, is charged via
resistor R, until the diode switching voltage is reached. Then D, rapidly
switches to the low level on voltage ¥, discharging C, in the process. D,
continues conducting until its current falls below the minimum level that
can maintain conduction. This level is known as the holding current T ' [see
Figure 7-7(d)]. Once D, ceases to conduct, current flows into the capacitor
again (via R,), charging it up to V.. The cycle is repetitive, generating an
output waveform as illustrated.

In designing a relaxation oscillator using a four-layer diode the consid-
erations are similar to those that apply for the UJT. Resistor R, must not
be so large that the current flowing through it is less than the diode
switching current Ig. Neither can it be so small that its current is greater
than the diode holding current I,,. Thus R, is selected between these
limitations, and C, is determined exactly as in the case of the UJT
relaxation oscillator.
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+E o AMA
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L

Relaxation oscillator using four-layer diode.

Capacitor
voltage

FIGURE 7-8. Relaxation oscillator using four-layer diode.

7-5 PROGRAMMABLE UJT RELAXATION
OSCILLATORS :

The programmable unijunction transistor (PUT) is a four-layer device used
in a particular way to simulate a UJT. The interbase resistances r,, and Taa
and the intrinsic standoff ratio 5 may be programmed to any desired
values by selecting two resistors. This means that the device firing voltage
Vp can also be programmed.

Consider Figures 7-9(a) and (b). The gate of the pnpn device is
connected to the junction of resistors R, and R,. The gate voltage is
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+

Iy Anode 2R,
b > / Gate
T A !
Vik 3 < . Ry
W AN KL
) Cathode -
+
Vn
(b) Four layer construction
of programmable UJT
~—0+ ¥ B
<
R3 2 SR,
A
IG
G ] l[l
lf <
Cy = V¢ SR
K 1 I
(c) PUT relaxation 1—
oscillator
FIGURE 7-9.  Programmable UJT, four-layer construction, and PUT relaxation

oscillator circuit.
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Ve=VasR\/(R +R;). The device will trigger on when the input voltage
V. x makes the anode (layer P,) positive with respect to the gate (layer N, -
[This forward-biases the base-emitter junction of Q, in Figure 7-7(c).]
When this occurs, the anode-to-cathode voltage rapidly drops to a low
level, and the device conducts heavily from anode to cathode. This
situation continues until the current becomes too low to sustain conduc-
tion. With the anode used as an emitter terminal, and with R, and R,
substituted for ry, and rg,, the circuit action simulates a UJT. Figure
7-9(c) shows the PUT employed in a relaxation oscillator.

A data sheet for 2N6027 and 2N6028 PUT devices is included in
Appendix 1-13. For the 2N6027, the value of I, is given as 1.25 A typical,
and I, as 18 p A typical. The offset voltage, which is equivalent to

VEBl(sat)’
is typically 0.7 V.

EXAMPLE 7-5

Design a relaxation oscillator using a 2N6027 PUT. The supply voltage is
15V, and the output is to be 5 V peak at 1 kHz.
solution

The circuit is as shown in Figure 7-9(c).

Vp=Vg+(pn, junction voltage drop)
5V=V;+07V
Ve=5V-07V=43V

To provide a stable gate bias voltage the current through the potentia
divider (R; and R,) must be much larger than the gate current ar
switch-on:

\ 11,
Since I;~5 pA (typical), let
L =100xI,
=100X5 pA=0.5 mA
rote_ 43V
' 05mA

=8.6kQ (use 8.2 kQ standard)
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Now, I, becomes

43V
I,= T =524 A
Vra= Vep— Ve
=15V—-43V=107V

rooVra_ 107V
2L, 524pA

=204kQ  (use 18 kD standard)
Now V, becomes
_ 15Vx8.2k0
¢ 18kQ+82kN

=469V  (i.e. instead of 4.3 V)
and

Ve=Vs+07V
=4.69V+07V=539V

The valley voltage V}, is 0.7 V.
For the capacitor C,;

E =Supply voltage= Vep=15V
Eo=Initial charge=V,,=0.7 v
e.=Final charge=¥,=5.39 Vv

For selection of R,:

- 15V—-539Vy
125 A
Ve~V
3(min) T

=7.7MQ

_15V-07V _
Thus, R, must be in the fange from 790 kQ to 7.7 MSQ. Let R,=1 MQ.

1 1
(= =
Output frequency 1kHz

=1 ms

»
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and from Equation (2-2)

t

TR B
Ryn (522

1 ms

I5V-07V )
15V-539Vv

=0.0025 pF (standard value)

B lMSZln(

7-6 TRANSISTOR BOOTSTRAP RAMP
GENERATOR

The circuit of a transistor bootstrap ramp generator is shown in Figure
7-10(a). The ramp is generated across capacitor C,, which is charged via
resistance R,. The discharge transistor Q, holds the capacitor voltage ¥V,
down to Vegy until a negative input pulse is applied. Transistor @, is an
emitter follower that provides a low-output impedance. The emitter resistor
R is connected to a negative supply level, rather than to ground. This is to
ensure that @, remains conducting when its base voltage V. is close to
ground. Capacitor C,, known as the boofstrapping capacitor, has a much
larger capacitance than C,. The function of C;, as will be shown, is to
maintain a constant voltage across R, and thus maintain the charging
current constant.

To understand the operation of the bootstrap ramp generator, first
consider the dc voltage iévels before an input signal is applied. Transistor
©Q, is on, and its voltage is Vg, which is typically 0.2 V. Thus V=02
V. This level is indicated as point A on the graph of voltage ¥, in Figure
7-10(b). The emitter of Q, is now at (V;— Vaxe2), Which is also the output
voltage V;, (point B on the V,, graph). At this time, the voltage at the
cathode of diode D, is Vy=V, c—Vp,, where Vp, is the diode forward
voltage drop. The voltage, V..— ¥}, is shown at point C on the graph of
Vi [Figure 7-10(b)]. The voltage across capacitor C, is the difference
between Vy and V. '

When Q, is switched off by an input pulse, C, starts to charge via R,.
Voltage ¥, now increases, and the emitter voltage ¥, of Q, (the emitter
follower) also increases. Thus, as ¥, grows ¥, also grows, remaining only
Vg below V, [see Figure 7-10(b)]. As ¥, increases, the lower terminal of
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C; is pulled up. Because C, is a large capacitor it retains its charge, and as
Vo increases the voltage at the upper terminal of C; also increases, Thus,
V increases as V,, increases, and ¥ remains Vs volts above ¥,,. In fact,
Vk goes above the level of V., and D, is reverse-biased. The constant
voltage across C, maintains the voltage ¥, constant across R,. Therefore,
the charging current through R, is held constant, and the capacitor charges
linearly, giving a linear output ramp.

During the ramp time D, is reverse-biased as already explained, and
the charging current through R, is provided by capacitor Cj. If G, is very
large and 1, is small, then C, will discharge by only a very small amount,
When the input pulse is removed and C, is discharged rapidly by Q,, V,
drops to its initial level. Also, Vx drops, allowing D, to become forward-
biased. At this time a current pulse through D, replaces the small charge
lost from C,. The circuit is then ready to generate another output ramp.

In addition to producing a very linear output ramp, another advantage
of the bootstrap generator is that the amplitude of the ramp can approach
the level of the supply voltage. Note that the output ramp amplitude may
be made adjustable over a fixed time period by making R, adjustable.

- The broken line on the graph of output voltage [Figure 7-10(b)) shows
that the output, instead of being petfectly linear, may be slightly nonlinear.
If the difference between the actual output and the ideal output is 1% of
the output peak voltage, then the ramp can be said to have 1% nonlinearity.
Some nonlinearity results from the slight discharge of C; that occurs
during the ramp time. Another source of nonlinearity is the base current
Ip;. As the capacitor voltage grows, I,, increases. Since I 2 is part of I,,
the capacitor charging current decreases slightly as I, increases. Thus, the
charging current does not remain perfectly constant, and the ramp is not
perfectly linear. The design of a bootstrap ramp generator begins with a
specification of ramp linearity. This dictates the charging current and the
capacitance of C,. The percentage of nonlinearity usually is allocated in
equal parts to Ay, and AV,.

EXAMPLE 7-6

Design a transistor bootstrap ramp generator to provide an output
amplitude of 8 V over a time period of 1 ms. The ramp is to be triggered
by a negative-going pulse with an amplitude of 3 V, a pulse width of 1 ms,
and a time interval between pulses of 1 ms. The load resistor to be supplied
has a value of 1 k2 and the ramp is to be linear within 2%, The supply
voltage is to be +15 V. Take A FE(ainy = 100.
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solution =1pF  (standard capacitor value)

The circuit is shown in Figure 7-10(a). : Vrr=Vec— V1= Vepgeay

) ' =15V-0.7V-02V
Ry=R,=1k9 .
ETR =141V ;
When V0=()’ . ! . R =ﬁ= 141V
v o, 8§ mA
Ig~—XE =1.76kQ  (use 1.8 k© standard value)
R
15V ~15mA For 1% nonlinearity due to C; discharge,
1kQ
k AVe3=1% of initial V_, level
When Vo=V, | VesstVee=15V
Vee+ Ve ) ‘ _15v
IE_T . AVca—W—O.ISV
_I5V+8vV =23mA : and C, discharge current is equal to I,=8 mA.
1kQ . . .
IE2 ' - I]F ___8mA><lms
Iszzrm . ' ' G AV, 0.15V
=53 uF use 56 pF standard capacitance value)
At V,=0, ] (
15 mA Rp and C, are caiculated in the same way as for Example 7-1.
Iy~ <55~ =0.15mA
At Vo=V,
_ 23mA Note that the recharge path for G, is via D, and R & in the circuit of
Ipa= 100 =023 mA Figure 7-10(a). Using Equation (2-2) and the component values from
Example 7-6, it is found that the time required to recharge C, b AVgj of
Aly;=0.23 mA—0.15 mA =80 y ple 75, q ge C; by AVe,
82 0-15 mA =80 pA 0.15 V is approximately 0.6 ms. This means that the time interval between
Allow 1% nonlinearity due to A Ipy, (that is, AL, represents a loss of ramp outpu%s. (and between input pulses) should !)e not less than 0.6 ms.
charging current to C,): Where Q, is replaced by a complementary emitter follower or voltage.
Jollower (see Sec. 7-7), the recharge time for G, is usually small enough to
I, =100xAI,, _ be ignored.
=100x80p A
=8mA | 7-7 IC BOOTSTRAP RAMP GENERATOR
Com It I;X(Ramp time)
l— ———— .
od Ve - An IC operational’ amplifier (see Sec. 5-4) connected as a voltage follower
_ 8mAX1ms forms part of the bootstrap ramp generator in Figure 7-11. When an
- 8V . operational amplifier is used as a voltage follower, the inverting input
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FIGURE 7-11. Bootstrap ramp generator using an IC operational amplifier.

terminal is connected directly to the output. The input signal is applied at
the noninverting input.

The operation of the voltage follower can best be understood if it is

is also at ground level at this time. Note that the output from an operational
anmplifier is the amplified voltage difference between the two input terminals.
Now, suppose an Anput of 1 V js applied at the noninverting terminal.
Since the amplifier has a very large gain, the output tends to move
positively towards the saturation level. However, as the output increases
positively, the voltage at the inverting terminal also increases positively,
When the inverting terminal voltage equals the noninverting terminal
voltage (i.e., 1 V), there is no longer any voltage difference between the
two input terminals. Consequently, there is no longer an input signal, and
the output voltage ceases to increase. Thus, the output voltage follows the
input very closely. ,

Actually, there is a small voltage difference between the input termi-
nals of a voltage follower. This difference is equal to the output voltage

divided by the amplifier gain. For a 741 with an output of 10 V, the input
difference would be typically: .

10V
200,000
This means that the output voltage is only 50 sV behind the input voltage.

This is a big improvement on the transistor emitter follower, where V, is
typically 0.7 V behind V.

=50 pv
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It is seen that the voltage follower is an amplifier with a gain of 1, and
that the output closely follows the input. The voltage follower also has the
high input impedance and low output impedance characteristic of the IC
operational amplifier.

The circuit of the IC operational amplifier bootstrap generator is
almost exactly like that of the transistor bootstrap circuit. The voltage
follower takes the place of the emitter follower. Note that although a + V
supply is still required, the load resistance R L Dow can be grounded. Also
note that the output ramp starts at Veggay instead of at Ver@ay— Vg The
low input current to the operational amplifier has an almost negligible
effect on the charging current to C, in the IC bootstrap circuit of Figure
7-11. In fact, the reverse leakage current of D, (when it is reverse-biased) is
much more significant than the input bias current of the amplifier. Using a
IN914 diode (Appendix 1), 1 » is typically 3 pA. For the 741, the maximum
input bias current is 500 nA. (Note that for the transistor bootstrap circnit,
Iy of D, is very much smaller than J p of transistor Q,.) The leakage
current of D, can be the starting point for the IC bootstrap circuit design.
This results in a lower charging current to C, and in smaller values of C,,
C,, and C,. :

If D, leakage current is extremely small, the above approach may
result in a very small charging current and Consequently in a very small
capacitance value for C,. The typical input capacitance for an oscilloscope
is 30 pF. So C; should not be made small enough that the circuit
performance is affected when an oscilloscope is connected to any part of
it. As a minimum, C, should be selected approximately 1000 times greater
than the typical 30 pF C,, of an oscilloscope. This will also ensure that C,
is not affected by the stray capacitance of wiring, etc.

EXAMPLE 7-7,

Design a bootstrap ramp generator using a 741 operational amplifier. The
specifications for the circuit are the same as those for the circuit of
Example 7-6, with the exception that the time interval between input pulses
is 0.1 ms. :

solution

The circuit is shown in Figure 7-11.
R,=1kQ

Ip=3pA (when D, is reverse-biased)
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Allow 1% nonlinearity due to I,:
1,=100x1,
=100x3 pA=300pA
1t I, x(Ramp time)
1N v,

_300pAX1ms
8V

=0.0375 uF (use 0.039 pF standard value)
Ver=Vee— Vo1 =¥,

CE(sat)
=15V-0.7V—~02V
=141V

RV _ 140V
'L T 300uA

=47kQ  (standard value)
For 1% nonlinearity due to C; discharge:
AVe3=1% of initial V.,
Ves=Vee=15V
15v

100
C, discharge current =71 1=300 A

_ Ilt 300 pAX1 ms '
Cy= v = 015V =2nF  (standard value)

AV, = =0.15V

QOmpme this to C;=56 uF for the transistor circuit of Example 7-6. The
discharge time of C, is equal to one-tenth of the charge time. Therefore,
the discharge current of C, is ten times greater than the charge current.

Minimum 7. of Q, = 101,
=10X300 pA=3 mA

o)

i
~ 8
™=
>

[»]
0

I
o
b

B
_15V-07V
30 pA

=477kQ  (use 470 kD standard value)

* control of the ramp amplitude.
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During the input pulse, AV.,=1.8 V (see Example 7-1) and the charging
current of C, can be expressed by

I= Vee—V; _ I5V—(-3V)
Ry 470kQ
=38 pA
Thus,

C=£__38yA><lms
2 AV 18V

=0.02 uF (standard -value)

7-8 FREE-RUNNING RAMP GENERATOR

A bootstrap ramp generator may be made free-running by employing a
Schmitt circuit to detect the output peak level and generate a capacitor
discharge pulse. In the circuit shown in Figure 7-12(a) pnp transistor 0,
discharges C, when the Schmitt circuit output is negative. Diode D,
protects the base-emitter junction of 0, against excessive reverse bias when
the Schmitt output is positive.

Consider the circuit waveforms shown in Figure 7-12(b). During the
time that the Schmitt circuit output is positive, Q, remains off and C,
charges; this provides a positive-going ramp output. When the ramp
amplitude arrives at the UTP of the Schmitt circuit, the Schmitt output
becomes negative. This causes I, to flow, biasing Q, on and discharging
C,. As the voltage of capacitor C; falls, the ramp output also falls rapidly,
and this continues until the Schmitt LTP is reached. The presence of D,
makes the Schmitt circuit have an LTP close to ground (see Sec. 6-7.2).
Therefore, when the ramp output falls to ground level, the Schmitt output
goes positive again, switching O, off and allowing ramp generation to
commence again. i

The free-running ramp generator can be synchronized with another
waveform by means of negative pulses coupled via capacitor C,. The
presence of the negative pulse lowers the UTP of the Schmitt circuit, so
that the Schmitt output becomes negative, causing the ramp to go to zero
when the synchronizing pulse is applied. :

Potentiometer R [Figure 7-12(c)] allows the charging current to C, to
be adjusted, thus controlling the ramp length and the output frequency. In
Figure 7-12(d) R¢ affords adjustment of the Schmitt UTP. This provides
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FIGURE 7-12. Free-running ramp generator circuit, circuit waveforms, and controls.
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‘EXAMPLE 7-8

Design a free-running ramp generator with an output frequency of 1 kHz
and an output amplitude in the range 0 V to 8 V. Use 741 operational
amplifiers and a supply voltage of =15V,

solution

Schmitt circuit. For an output of 0V to 8 V, the Schmitt circuit must have
an LTPof 0 Vand a UTPof 8 V. Design the Schmitt circuit as explained
in Section 6-7.

Bootstrap circuit. ‘The bootstrap output should Bofrom OV to 8 V over a
time period of 1/1 kHz. (i.e., 1 ms). Design the circuit as in Example 7-7,

‘substituting a pnp transistor for Q,.

7-9 MILLER INTEGRATOR CIRCUIT

7-9.1 Miller Effect

Consider the circuit of Figure 7-13 in which an operational amplifier is
connected as an inverting amplifier. Let the amplifier voltage gain be —A4 v
Then,

Vo= —Ay¥;

Yo =—4,V
+

FIGURE 7-13. Miller effect or amplification of capacitance by inverting amplifier.
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Note that because of the amplifier phase shift, the voltage at the
left-hand terminal of C, increases by V;, while that at the right-hand
terminal of the capacitor decreases by AV, when V, is positive. This
results in a total capacitor voltage change of '

AV, =V,+A,V,
=Vi(1+4,)
Using the equation Q=CXx AV, the charge sﬁpplied to the capacitor is
Q=C,x AV,
=C,xV(1+4,)
or
g=(1+4,)C,xV¥,

Thus it appears that the input has supplied a charge to a capacitor with a
value of (1+4,)C,, instead of C, alone. Capacitance C, is said to have
been amplified by a factor of (1+4,,). This is known as the Miller effect.

7-9.2 Miller Integrator

The Miller integrator utilizes the Miller effect to generate a linear ramp. In
the circuit of Figure 7-14(a), a square wave input supplies charging current,
alternatively positive and negative, to C,. The noninverting input terminal
is grounded by a resistance R, equal to the resistance R, at the inverting
input terminal. This is to ensure that the small bias currents cause equal
voltage drops at each input terminal. Recall that, because of the very large
gain of the operational amplifier, the voltage difference between the two
input terminals is never greater than about 50 pV. Thus, it can be said that
the inverting input terminal is always very close to ground level. The
inverting input terminal of an inverting amplifier is frequently termed a
virtual ground, or virtual earth. Thus, the input voltage appears across R,
and the input current is simply ¥,/R,, which remains constant.

If the input current I, is much greater than the input bias current of
the amplifier, then 7, will not flow into the amplifier. Instead, effectively all

of I, flows through capacitor C,. For a positive input voltage, I, flows into -

C,, charging it positively on the left-hand side and negatively on the
right-hand side [Figure 7-14(b)]. In this case the output voltage becomes
negative, because the positive terminal, that is, the left-hand terminal, of
the capacitor is held at the virtual ground level of the inverting input. A
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FIGURE 7-14.  Miller integrator circuit, C; charging action, and waveforms,

negative input voltage produces a flow of current out of C, [Figure
7-14(c)). Thus the capacitor is charged negatively on the left-hand side and
positively on the right-hand side. Now the output becomes positive, be-
cause the negative terminal of the capacitor is held at virtual ground.

Since 1) is a constant (+or—) quantity, and since effectively all of I,
flows through the capacitor, C, is charged linearly. Thus the output voltage
changes linearly, providing either a positive or negative ramp. When the
input voltage is positive, the output is a negative-going ramp. When the
input is negative, a positive-going output ramp is generated. Therefore,
when the input is a square wave, the oufput waveform is triangular. This is
illustrated in Figure 7-14(d).
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Consider the Miller circuit of Figure 7-14(a). If the input is supposed
to be zero but is, say, 20 pV away from ground level, then the output
voltage could be (4,20 pV)= (200,000 % 20 pV)=+4 V. In this case
the output is said to have drifted from its zero level. Even when the input
terminal is maintained exactly at ground level, there could be a slight
difference in the voltage at the amplifier inputs, due to small differences in
the resistances of R, and R,, for example. Thus, because of the very high
gain of the operational amplifier, its output voltage is very likely to drift
from the zero level. The output voltage drift produces a charge on
capacitor Cy; this charge gives the output an offset so that it is not
symmetrical above and below ground (see Figure 7-15).

bea v
=

FIGURE 7-15. Effect of charge on C, due to output drift,

To minimize the output voltage drift, a large resistance [R; in Figure
7-14(a)] is connected between the output and the inverting input terminals.
The effect of this resistance is to cut down the dc gain of the amplifier.
When R;/R,=10, for example, the output drift will be only 10 times the
input voltage difference. A ratio of 10:1 is typical for R,/R,.

The presence of R, has the disadvantage that it affects the perfor-
mance of the integrator at low frequencies. If the input frequency is so low
that the capacitance impedance is very much larger than R,, then the
capacitor has a negligible effect and the circuit will not function as an
integrator. Therefore, C, should be selected so that

Xc1<R,
As a lower limit, Xc1=R;/10, so

L _R
2afC; 10
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The lowest operating frequency of the integrator is

10

=3¢k,

(73

The design of a Miller integrator circuit begins with selection of the
input current I, very much larger than the amplifier bias current, Then, R,
is calculated as ¥,/1,. From C=1t/V, C, is determined using the desired
output voltage, the time period, and the input current,

EXAMPLE 7-9

Design a Miller integrator circuit to produce a triangular waveform output
with a peak-to-peak amplitude of 4 V. The input is a +10 V square wave
with a frequency of 250 Hz. Use a 741 operational amplifier with a supply
of 15 V. Calculate the lowest operating frequency for the integrator.

solution

The circuit is shown in Figure 7-14(a). The 741 data sheet in Appendix
1-11 gives the input bias current as

I5=500 nA, maximum I>r,

Let
I =1mA
V,_ 10V
Ry = TmA
=~10kQ
Let

R;=10 R, =100 kQ
R,=R,||R,~10 kQ

The ramp length is equal to one-half of the time period of the input, which
is1/(2f), or

1

= 3%250 0z =

2 ms
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The ramp amplitude is equal to the peak-to-peak’ voltage output, which is
4V.

C,—i— I mA X2 ms

TAV T T av o =05pF

Thus from Equation (7-3) the lowest operating frequency is

/e 10
27X0.5 pFX 100 kO

=32 Hz

The circuit in Figure 7-16 shows a Miller integrator operating as a
ramp generator. The negative-going pulse generates the positive ramp by
producing cutrent I, in the direction shown. At this time n-channel FET
(Q,) is biased off by the negative input pulse. When the input goes to
ground level, I, goes to zero and 0, is switched on. Q, discharges C, and
keeps it discharged until the input becomes negative again. If C, is to be
discharged in one-tenth of the charge time, then Q, must be able to pass a

—

FIGURE 7-16. Miller integrator circuit as ramp generatar.
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current ten times greater than the charge current I,. To ensure that Q, is
biased off when the input pulse is present, the input pulse must have a
negative amplitude greater than the FET pinchoff voltage. Because the
capacitor is completely discharged by the action of the FET, there is no
need to include resistor R 3 [Figure 7-14(a)] in this circuit.

7-10 TRIANGULAR WAVEFORM GENERATOR

A free-running triangular waveform generator can be constructed, using
the output of the Miller circuit in Figure 7-14(a) to generate its own square
wave input. Consider the circuit in Figure 7-17(a). The Miller integrator
circuit used is exactly as discussed in the last section. The output of the
Miller circuit is fed directly to a noninverting Schmitt trigger circuit. The
Schmitt is designed to have 2 positive UTP and a negative LTP (see Sec.
6-7.3), and its ouiput is applied as an input to the Miller circuit,

Operation of ‘the circuit is easily understood.by considering the wave-
forms in Figure 7-17(b). At time ¢, the integrator output has reached the
UTP ‘(a positive voltage) and the noninverting Schmitt circuit output is
positive at approximately —(Vee—1 V). The positive voltage from the
Schmitt causes current I, to flow into the Miller circuit, charging c,
positive on the left-hand side. As C, charges in this direction, the integra-
tor output is a nepative-going ramp. The integrator continues to produce a
negative-going ramp while its input is a positive voltage. At time 1,, the
integrator output arrives at the LTP (negative voltage). The Schmitt trigger
circuit output now becomes negative and reverses the direction of J ;- Thus
the integrator output becomes a positive-going ramp. This positive-going
ramp generation continues until the integrator output arrives at the UTP
of the Schmitt circuit once again. Synchronizing pulses may be applied via
G, to lower the trigger point of the Schmitt circuit, causing it to trigger
before the ramp arrives at its normal peak level.

The circuit described above generates a triangular waveform with a
constant peak-to-peak output amplitude and a constant frequency. The
modifications shown in Figures 7-17(c) and (d) allow both frequency and
amplitude adjustment. R, adjusts the UTP and LTP of the Schmitt circuit,
and thus controls the peak-to-peak output amplitudes. R affords adjust-
ment of the input current to the integrator, and therefore controls the rate
of charge of C,. This means that the ramp time period is controlled by
adjusting R,.

In the design of a triangular waveform generator, each section must be.
treated separately. ’
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FIGURE 7-17. Triangular waveform generator circuit, circuit waveforms, and
controls.
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EXAMPLE 7-10

Design a free-running triangular waveform generator to have a peak-to-
peak output of 4 V at a frequency of 250 Hz. Use 741 operational
amplifiers and a supply voltage of +15 V.,

solution

Schmitt circuit. For 4 V, p-to-p, the Schmitt circuit UTP=2 V and
LTP=—2 V. A Schmitt circuit can be designed as in Example 6-6 to give
these desired trigger points. »

Miller integrator circuit. The input to the Miller circuit is the Schmitt
output, that is, ~+14 V. :

Ramp amplitude=4 V

R . 1 1
,Ramp time period = Zf = IX350, G
=2 ms

Design the Miller circuit as in Example 7-9.

When amplitude and frequency controls are employed with the circuit
of Figure 7-17, a disadvantage is that the amplitude control affects the
frequency. The frequency control Figure 7-17(d) sets the capacitor charg-
ing current through R, and Rg at a constant level. Variation of the UTP
and LTP of the Schmitt circuit has no effect on the rate of charge.
Consequently, when the output amplitude is adjusted, for example from
*2V to +4V, the time required for the capacitor to charge from —4 V to
+4 V is twice that to charge from —2 V to +2 V. This means that the
output frequency has been halved. The problem is solved by replacing the
noninverting Schmitt with an inverting Schmitt trigger circuit and an .
inverting amplifier, as illustrated in Figure 7-18.

The amplifier has a gain of 1 when R;=Rg, and with the amplifier
input terminal connected to moving contact of R, the capacitor charging
current is always proportional to the Schmitt trigger voltage. Thus, if the
output voltage is doubled, the capacitor-charging current is doubled, and
the frequency is unaffected. In designing this circuit, the current through
R3, R, and R must be made much larger than that through R, and R,.
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L

FIGURE 7-18. Triangular waveform generator with independent frequency and
amplitude controls. :

7-11 CRT TIME BASE

The need to synchronize a ramp generator is best understood by considerihg
the time base for a cathode-ray oscilloscope. While the signal to be

Figure 7-19 illustrates the process of obtaining synchronism of the

ramp and the input signal. The signal normally is applied to g vertical

which simply converts it to a square wave, The Square wave is then
differentiated to obtain a spike waveform, and the negative spikes are
clipped off. This results in a series of positive spikes, each of which occurs
exactly at the instant that the signal is entering its positive half-cycle,

REVIEW QUESTIONS AND PROBLEMS 2
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FIGURE 7-19. Automatic time base for cathode ray tube,

These spikes are fed to the ramp generator synchronizing input termina
causing the ramp to return instantaneously to its starting level.

REVIEW QUESTIONS AND PROBLEMS

7-1  Sketch the circuit of a simple CR ramp generator. Briefly explain it
operation and its limitations, Also sketch the typical input an
output waveforms.

7-2  Design'a CR Tamp generator to give'an output of 3 V peak. Th
supply voltage is 20 V, and the load to be connected at the output j




