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— INTRODUCTION——

In order to understand computers, you must know some elec-
tronics; so the first part of this volume, Configurations, is a sum-
mary of some of the most frequently met.circuits in electronics. This
section assumes that you have already met transistors — if this is not
the case, then we suggest turning first to Electronic Digest Volume 4
No 1 — Introduction to Circuit Design.

The Interlude deals with a few topics that don’t fit into either of
the other two sections, yet that will still be of use to you.

The final section is the description of computer systems itself.
While we cannot hope to teach you all there is to know about the
workings of computers in such a slim volume, we hope that what is
presented here will equip you to understand the more advanced |
books and articles that you will come across.
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CONFIGURATIONS 1

Not our answer to James Burke but a series aimed at the
designer. lan Sinclair will be looking at some of the basic
workaday circuits that often get eclipsed by the more glamorous
ICs, showing you how and why they work and how and why to
use them. We kick off with common-emitter transistor bias.

with fundamental circuit design data for a number

of the most commonly used circuit blocks. A very
large amount of circuit work concerns these standard ar-
rangements, so that you will be able to build up a com-
plete designer’s handbook of circuits and their design
data. We're starting with the most fundamental of all —
biasing and calculating gain and bandwidth of the single-
stage common-emitter amplifier, using a silicon transistor
with a resistive load.

C onfigurations is a series which aims to provide you

o 5 -0

RS I S5

{2) TO FIND A VALUE FOR Ry, GIVEN A DESIRED
VALUE OF V¢,

R = TLh Ry by (Vee —0.6)
P e

Fig. 1 Simple
single-resistor bias
circuit. The value
of resistance

Vee Ve
Ry AND Ry, IN KILOHMS

(b} TO FIND WHAT VALUE OF VC WILL BE CAUSED
BY A GIVEN BIAS RESISTOR: depends critically
_Vee Ry - Ribre fVeg —06) on the value of

g ——
b hi. for the
fe
Ry AND R, IN KILOHMS transistor

The simplest bias circuit, of course, is that of Fig. 1,
using a single bias resistor connected between the base
and the supply positive. We're not going to spend much
time on this one, because it’s not a very good bias method
from any point of view. The reason is that the resistor
value has to be spot on for this method of work, and you
have to know the current gain (h,.) value for that particular
transistor (not just the average for the type) to a fair degree
of accuracy. If you need to use that method and have a
box of 1% tolerance resistors handy, then the design data
is illustrated in Fog. 1. One of the few things that can be
said for the circuit is that a high input resistance is at-
tainable, but more on that subject later.

A Favourable Bias

A much more practical bias method is illustrated in
Fig. 2. This makes use of DC shunt feedback between the
collector and the base of the transistor, and is less likely to
be upset by the changes that occur in the characteristics of
the transistor as it heats up. You still have to know the h;
value for the transistor, but the collector voltage won’t be
so far out if you just use an average value for the type and
it happens that the one you’re using is at one end of the
range of values. The formula, like the previous one,
assumes that the base-to-emitter voltage when the
transistor is conducting will be 0V6 and since this is the

4

o § Tﬂ
By I
iy

. ey

{a) TO FIND A VALUE FOR Rb‘ GIVEN A DESIRED VALUE OF VC'
a - Lt dve - 0861

Vee-Ve
RL AND Rb IN KILOHMS

Fig. 2
Shunt-feedback

EXAMPLE: IF Ry = 2€2, hyg = 100, Vg =9V, Vi = 3V, THEN bias. The value of

22x100x24 collector voltage
iy o is less dependent
on the h; value.
Note the units,
with all resistances
in kilohms.

1) TO FIND A VALUE FOR V. GIVEN Ry,
Ry,Veg * 0.6R | he
ve= Ry, + Ry
b Le

quantity that changes most as a silicon transistor heats up,
it’s worth while taking a look at how this bias method is
affected.

Figure 3 shows two calculations of collector voltage,
both assuming a supply voltage (V..) of + 9V, load resistor
of 2k2, h. value of 100, and bias resistor R, of 88k.
However, one uses 0V6 as the V., figure and the other uses

ASSUME IN BOTH CASES THAT Ry = 88k, hgg = 100, Vg =9V, Ry = 2k2.

- _88x9+06x22x100 _
WHEN Vp, = OVE, Vo = =—a oo =3V

88x9+05x22x100 . jyo3

WHEN Vi, =0V, Ve = =833 2.7 x 100

DIFFERENCE IN Ve =70 mv

Fig. 3 Effect of temperature. The V. (assumed 0V6 for a
silicon transistor) decreases as the temperature rises. The
calculations show that the collector voltage value is hardly
affected.

0V5. The difference in the collector voltage is negligible,
which points to this method of bias as being a very useful
one when you are worried about the effect of temperature
changes on the performance of the transistor.

The circuit uses feedback, of course, and unless
something is done to remove the feedback of AC, the gain
of the stage and its input resistance will be reduced. The

—0

Fig. 4 Removing AC
feedback by splitting
the bias resistor
into two sections

o and decoupling.
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FEATURE: Configurations

reduction in gain isn’t serious for most circuits, but the
input resistance problem can be more sericus — it's
detailed later in this article. Both can be tackled if AC is
removed from the feedback path by splitting the bias
resistor into two parts and decoupling it, as shown in
Fig. 4.

An Arrangement With Potential

The most-extensively used of all bias methods is our
old friend in Fig. 5, which uses a potential divider to
provide a constant voltage (we hope) at the base of the
transistor, and DC feedback (series feedback this time)
through the emitter resistor to stabilise the bias. The
notable thing about the formula is that h, doesn’t appear
anywhere in it, so that the bias should not be affected by
the value of h,. This means that the circuit is very tolerant
of wide ranges of h,, values, providing the base current of
the transistor is not so large that it disturbs the base bias
voltage set by the potential divider. As a rule of thumb, if
the current flowing through R1 and R2 (equal to V_/(R1 +
R2)) is something like 100 times the base current of the
transistor, then the circuit will work exactly as per design,
and any transistor whose base current is within limits can
be used with the same bias components. If the base

A
(a) TO FIND RQFOR A DESIRED Vc:
Vee-R2
R (———Rfi nz) ~06
Ry = Awm
¥od= Ve
Vee
Vc { (b) TO FIND VC FOR A GIVEN R'.
Voo R2
cc
R
L-( )—o.s
a R1+R2
Ve"Vecc~
RI
o~ -

Fig. 5 The potential-divider bias method. This is particularly
useful for mass-praduced circuits, because bias does not de-
pend on h, values.

current of the transistor is far from negligible then
complication arise, and it’s easier just to use lower values
of RT and R2 — but for the effect on input resistance, see
later. For voltage amplifier stages where the collector
current is only about 1 mA, values like 6k8 and 1k50n a9
V supply will suit the circuit very nicely.

One disadvantage of the circuit is that there’s an
emitter DC voltage so that the available voltage swing at
the collector is correspondingly reduced. The other point,
which is important where space is limited, is that
decoupling of the emitter resistor is essential. Without
decoupling the gain is low; it’s given by R/R, and will be
around two to six times for the kind of values you are likely
to end up with in a practical circuit. The decoupling
capacitor operates at low voltage, so thata 3 V or 6 V type
is normally adequate, but its value has to be large to avoid
a noticeable loss of gain at low frequencies. It certainly
isn’t enough to have the reactance of the capacitor equal
to the resistance value of R, at the lowest frequency for
which the amplifier is intended to be used, because if you
make this assumption for each coupling and decoupling
time constant, you’ll end up with practically no gain at that
frequency. Aim for a capacitor reactance of about one fifth
of the emitter resistance value at the lowest frequency you
intend to use and the results will be more acceptable.
With C in microfarads and R, in kilohms, this means a
value given by the equation C = 5000 / 2#f.R,

and for a 390 ohm emitter resistor, this indicates a
capacitor value of around 50uF for a 40 Hz breakpoint.
Even at 3 V working, this is going to be a component that
will be larger than the resistors or the transistor.

The input resistance of an amplifying stage is, as the
name suggests, the ratio of input voltage to input current

ELECTRONICS DIGEST, SPRING 1984

IF h;g = INPUT RESISTANCE IN KILOHMS, I = STEADY COLLECTOR
CURRENT IN MILLIAMPS, AND hg, = VALUE OF CURRENT GAIN, THEN

o e
40

EXAMPLE: IF hyg = 400 AND I - 1mA, THEN hig = 200 - 10k

Fig. 6 Transistor input resistance, h;.. Note this is for the
transistor only, and assumes zero-signal conditions.

for an AC signal at a frequency in the middle of the
bandwidth. The input resistance of a transistor is not
constant, but if we take the value which it has at the setting
of the bias current, with no signal, then this is a reasonable
average to take for small signal inputs — small meaning
millivolts. The value is calculated as shown in Fig. 6, and it
depends on the h, value and the bias current. In general,
using transistors with high h,. values operated at low
collector currents will give the highest input resistance
values for the transistor, but you can usually assume
values in the region of 1k0 to 10k.

These are just input resistance figures for the transistor
itself, however, and the total input resistance will be
affected by the bias components. When we use the
potential divider bias circuit, for example, both R1 and R2
(in Fig. 5) are connected between the base and a line
which is at 0 V (AC). How so, you ask? Well, as far as AC
voltage is concerned, the supply positive line is as much of
an earth as the genuine earth line, since they are
connected to each other by a whopping great electrolytic
in the power supply circuit. Hence all of these bias
resistors are in parallel across the base-to-earth path,
considerably lowering the input resistance (Fig. 7). If you
think that the shunt feedback circuit of Fig. 2 is better then
think again, because the collector end of the bias resistor is
connected to a voltage which is in antiphase to (and of
much greater amplitude than) the base voltage, so it
behaves as if its value were R,/G connected to earth. G is
the voltage gain of the stage, so that if R, = 88k and G =
50, then the bias resistor is effectively 1k76 in parallel with
the input resistance of the transistor itself.

5 R 3 v
)
— [y Tsor
| ¢ RESISTANCE hie
85 WS | Ssko
|2
Gige 90" T
Fig. 7 The effect
of bias components
o— —

and h;, on total

/Ry =1/5+1/1.5 +1/6.8 (ALL RESISTANCES IN KILOHMS), SO . o
input resistance.

Ry = 0.986k = 986R WHERE Ry IS TOTAL INPUT RESISTANCE

Gainful Employment

The output resistance of a single transistor amplifier
consists of the output resistance of the transistor itself,
usually around 30k, in parallel with the load resistor. Since
load resistor values are usually of the order of 1k0 to 10k,
this in practice means that we can use the load resistor
value as the value for output resistance when we are
dealing with resistor-capacitor coupled stages.

The crunch comes when we want to find what the
gain of an amplifying stage will be. For a silicon transistor
which has enough h,, to class it as being in the land of the
living, the maximum voltage gain is given by 40 x Vi,
where V, is the voltage across the load resistor when no
signal is applied — the bias voltage in other words across
R.. For example, if you are using a transistor with 4V5
across the load resistor, then the maximum gain is 40 x
4.5, which is 180 times, and that’s the value which can be
measured if you use a low impedance signal generator, a .

5



FEATURE: Configurations

very small signal amplitude, and a high-impedance
oscilloscope to measure the output.

Practical circuits, however, use higher-resistance
devices as signal sources and low resistance devices as
signal loads, so that the gain when we take into account
the potential-dividing effect of all these loss-makers is a lot
less. For example, if we imagine our transistor stage to be
fed with a signal from another stage with an output
resistance of 2k2 and feeding into a stage with input
resistance of 1k0 (and with these same values itself) then
its gain (Fig. 8) will be a miserable 17.5 times. It's not the
gain of the transistor which has fallen, notice; it's the
attenuation caused by the potential dividers which is
dissipating the signal. The moral is that input and output
resistances are important when you are aiming for
maximum gain, and that everything you can do to raise

2 OUTPUT RESISTANCE

| |
o AAAA : L ‘ —
& outeur %2 |
RESISTANCE | i
OFSoURCE | \’ Y A
| |IRESISTANCE
| | | OF NEXT
Vin | | STAGEXS ko  Vgur
L _ _J
TOTAL RESISTANCE TRANSISTOR
OF TRANSISTOR AND
BIAS COMPONENTS
o~ L )

1F TRANSISTOR GAIN IS 180, THEN SIGNAL INTO TRANSISTOR = V| x 1kO
3k3

v
AND SIGNAL OUT = 180 x %"—o

ViNx1 1
SO THAT V, =180x ANE -, —

out g 3.
=17.5V|y

Fig. 8 The effect of input and output resistances in forming
potential divider circuits with the internal resistances of
source and load.

Fig. 9 The time

LOW-FREQUENCY GAIN IS 348 DOWN ON MIDBAND GAIN WHEN constants which

220 -y (C IN MICROFARADS, R IN KILOHMS) affect bandwidth

ORf- _1000 for a single stage.
(f IN HERTZ)

ETHi Not the different

HIGH-FREQUENCY GAIN IS 368 DOWN ON MIDBAND GAIN WHEN

(Cg IN PICOFARADS, Ry IN KILOHMS,
f IN MEGAHERTZ)

units for the
two equations.

f=

1000
ZrR .Cg

input resistance and reduce output resistance can be
useful.

The bandwidth of an amplifier stage is defined as the
range of frequencies over which the gain does not drop 3
dB below its mid-band value. For a simple amplifier stage,
the limits of bandwidth are set by the time constants of the
coupling and emitter-decoupling capacitors at the low
frequencies, and by the effects of stray capacitance at the
high frequencies — Fig. 9 shows the details. Most modern
transistors have good high-frequency gain and since stray
capacitance can be made small with modern circuit
layouts, frequencies into the many megahertz range can
be expected. This is much more than is necessary (or
desirable) in many cases, and it’s a wise precaution to trim
the bandwidth for the purpose you need. This can be
done by introducing a time constant into the feedback

network of a simple filter.
—
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CONFIGURATIONS 2

Our topic this time is twins and triplets. Don’t worry, you
haven’t picked up a copy of ‘Mother and Baby’ by mistake —
it’s just lan Sinclair explaining transistor amplifier feedback

loops.

forward transistor amplifier is the calculation of

gain. As we saw last time, the gain of the
transistor itself is easily calculated, but if we are to allow
for the effect of input and output resistance, we have to
know a lot about the particular transistor we are using. The
task becomes even more difficult when the amplifier
operates at high frequencies, so that we have to deal with
input and output impedances rather than with pure
resistances.

Negative feedback is the main method that we use to
get around this problem. To start with, imagine an
amplifier whose voltage gain is G — this is sometimes
called the ‘open loop gain’, the gain with no feedback
loop connected (Fig. 1). The amplifier has an input con-
nection and a feedback connection, and 1/n of the output
signal is fed back to the input. Since the output signal is
Vour, the amount fed back is Vour/n, and so the actual
signal available to amplify is V\y — Vgui/n, the input
voltage minus the feedback signal. This is the signal which
appears at the inputs of the amplifier to be amplified, so
that with gain G, the output from this must be Voyr =
G(V,y — Vour/n).

One of the major problems about the straight-

Vout

1nOF Vour
" FED BACK

TOTAL INPUT =V -~ (¥/n).VoyT
QUTPUT = G x INPUT

SO vyt = GiViy — Vout/n}
THUS Vouri1 + G/n) = GV iy
AND Vo 1/V|N = G/l + Gin)
€G> 1, THEN VoV N~ 0

Fig. 1 Principle of negative feedback.

An Open And Closed Case

When we collect terms in this equation and rearrange
it to get Vour/Vin (which is the gain with the feedback con-
nected), we get this figure as G/(1 + G/n). This is the gain-
with-feedback or closed-loop gain, and this is the equation
that should be used in calculations if G is small or n is
large. If the ratio G/n is large compared with 1, however,

ELECTRONICS DIGEST, SPRING 1984

we can ignore the 1 and rewrite the equation as G/(G/n),
which is simply n.

This important result shows that if the open-loop gain
is large enough the gain when feedback is used is indepen-
dent of anything except the potential divider that produces
the 1/n of the signal which is fed back. This is the result
that is often quoted in textbooks, but with a slightly dif-
ferent proof. One important point is that feedback is useful
only if there is gain — if an amplifier has zero gain under
certain circumstances, no amount of feedback can pro-
duce gain.

Looking On The Negative Side

Given that negative feedback can be useful, let’s look
at some circuits that make use of it. Since gain is impor-
tant, there’s not too much point in spending time looking
at single-transistor stages, though both of the circuits in
Fig. 2 are important and are widely used. The equations
are approximations which apply to silicon transistors; no
bias components have been shown.

Negaiive feedback really comes into its own when
two or more transistor stages are used, and if the feedback
path is a DC one then both gain and bias will be controlled
by the feedback. This is seldom completely convenient, so
that the basic circuits have to be modified to allow for
separating bias and signal feedback paths. One of the
most-widely-used of these circuits is the feedback pair cir-
cuit of Fig. 3. In this circuit, the transistors are direct-
coupled, and the negative feedback path is from the emit-
ter of Q2 to the base of Q1. Because of the bypass
capacitor C2, there is no signal voltage across R6, and the
signal voltage that is fed back is the voltage across R5 only.
This value, along with the value of feedback resistor R7,
can be chosen to produce the amount of gain that is

out

~—0O OUT
L VOLTAGE GAIN ~ Rp/R |y
Ry IS INPUT RESISTANCE
SHUNT FEEDBACK

VOLTAGE GAIN = 1
Ry — HIGH

SERIES FEEDBACK

Fig. 2 Feedback over a single stage gives rise to these well-
known circuits.

~



DESIGN EXAMPLE: R2 = 10k, R4 = k7, Vi = +12V, Vg ~ 2V, Vg = 7V.
MAKING lgq = Iy = TmA, Vgp = 1Va.
CHOOSE R3 = 220R SO THAT V,y = 1mA x 0,22 = 0V22 AND Vi, ~ OVE2,
VOLTAGE ACROSS R7 = 1.4 -- 0,82 = 0V58.
ASSUME hy, = 100, THEN 1/100mA FLOWS THROUGH R7 TO BASE OF Q1.
VALUE OF R7 MUST BE 0.58/(1/100) = 58k; A 56k SHOULD 0O N
15+ RG HAS TO PROVIDE 1v4 AT 1mA = T, PR

E RS = 390R, RG = 1k0, THEN GAIN = 56/R1 x 4.7/0.33 = 675/R1
{RY MEASURED IN KILOHMS). WE CAN NOW SELECT THE GAIN WE NEED
BY SPECIFYING A VALUE OF R1 — WHICH WILL INCLUDE THE OUTPUT
RESISTANCE OF THE PREVIOUS STAGE.

Fig. 3 A two-transistor negative feedback circuit using
emitter-to-base feedback.

desired; providing of course, that the value is small com-
pared to the open-loop gain which will be the product of
the open-loop gain figure for each transistor multiplied by
the loss for the potential divider effects of input and output
resistances.

Getting Good Value(s)

Design of the circuit should start with the load and
bias components. The values of the two load resistors R2
and R4 are fixed first; these should be fixed at values
which will permit the transistor to operate at suitable cur-
rents. Values in the range 1kO to 12k are usually suitable,
though R2 can be in the range 15k to 47k if Q1 is operated
at low current to reduce noise signals. If you prefer it, write
down the desired collector voltages (Q2 must have a
higher collector voltage than Q1) and choose current
values, then use Ohm’s law to calculate the load resistors.

Once the load resistor values, the currents and the
voltage levels have been fixed, the bias components can
be calculated. The voltage at the emitter of Q2 will be 0V6
less than the base voltage of Q2, and the voltage at the
base of Q1 will be 0V6 higher than the emitter voltage of
Q1. Subtracting these gives the voltage across R7, and we
then have to pick a value which will allow the correct
amount of base current to flow. Once this has been done,
we can split the total resistance of R5 and R6 (which has to
be calculated to produce the correct bias voltage) so as to
allow for enough gain for Q2(R4/R6). We can then choose
the total figure of gain by selecting R1, which is the sum of
a resistor and the output resistance of the circuit that is
providing the signal.

Though this circuit works well, it is never easy to get
the bias spot on by calculation unless you know what base
current Q2 requires, and the total gain is rather dependent
on the source resistance value. The bias problem can be
eased by a modification of the circuit shown in Fig. 4,
where R7 has a fairly low value, around 4k7, so that the
base voltage at Q1 is practically equal to the voltage across
R6. This allows the h, value of the transistors to be
neglected, but the penalty to be paid is that the gain is
lower unless R1 is also small.

8

ovs

Fig. 4

A modified
feedback

ovs circuit which
is easier

to design —
sample
voltages are
shown.

] =t Rz% ov3 RE
O

G = (R4/R8) x {R7/R1)

WITH VOLTAGES AS SHOWN, A3 = 300R (USE 330R}
R6 = 300R {USE 910R}
RS = 500R (USE 470R)

THUS G = {4.7/0.91) x {4.7/R1) = 24/R1

A

——O oV

Further Feedback

Figure 5 is another direct-coupled two-transistor cir-
cuit which uses negative feedback, but this time from the
collector of Q2 to the emitter of Q1. As shown the circuit
is impractical (because there are no bias components) and
a very useful compromise is to combine this circuit for AC

o0 *Vee
R4
y——0 0uT
Q2
F Fig. 5 An
T = alternative two-
o ) ov transistor circuit,

using collector-to-

G ~ R6/R3 .
emitter feedback.

Ryn = R1{1 + R3.G1.G2/R6) WHERE G1, G2 ARE THE GAINS OF Q1, Q2

feedback with the previous circuit for DC feedback (Fig.
6). The gain of this example is approximately
(R7 + R3)/R3, and the bias is set by the DC network R3,
R6, R5. The design procedure is to decide on operating
currents and voltage levels as before, calculate load
resistor values, and then assuming that V, will be OV6 less
than Vc,, find a value for R5. Make R6 a size that will suit
its use as an input load (around 4k7) and calculate a value
for R3 which will make the emitter voltage of Q1 0V6 less
than the emitter voltage of Q2. You can then pick a value
for R7 which will give you the gain you want, but
remember that R1 (the source resistance of the signal sup-
ply stage) will form a potential divider with R6, so that the
overall gain will be lower than the calculated gain from the
stage.
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—O Ve

0 OUT

Fig. 6 Combining feedback systems, using one for DC
and the other for AC.

After Twins, Triplets!

On the basis that negative feedback works best when
there is plenty of gain, three-transistoramplifiers should per-
form better than twins. There’s a catch, though, concern-
ed with time constants. Each time constant in a signal path
will cause phase shift at one of the extremes of frequency,
high or low. Coupling capacitors will cause phase shift at
low frequencies, as will emitter decoupling capacitors,
and stray capacitances will cause phase shifts at high fre-
quencies — usually beyond the audio limits. This phase
shift in each time constant will cause a total phase shift
over the whole amplifier circuit that can be quite large —
and when it approaches 180° your negative feedback is in
danger of turning into the opposite type — positive feed-
back. This converts your amplifier into an oscillator if the
gain in the amplifying part is greater than the losses in the
time constants at the frequency where the 180° phase shift
occurs, Calculations on this are far from simple unless you
use a computer (and if you’re waiting for the Sinclair QL,
then it's quicker to work it out on an abacus anyway). Two
useful points are (a) to use direct coupling as far as possi-
ble, and (b) if you must use time constants, don’t use a set
of identical time constants.

A Compromising Situation

A circuit which can be a useful compromise is shown
in Fig. 7. It uses direct coupling, made possible by having a
PNP transistor as the intermediate stage, and the negative
feedback is used to stabilise the bias as well as the gain.
Looking at bias first, the base voltage of Q1 is set by R1 and
R2, and the feedback of bias is achieved by passing all the
DC current from Q2 through the emitter resistor of Q1.
This would cause the AC gain to be very low, but by using
R8, which is coupled to the emitter of Q3 through C2, the
amount of AC signal at the emitter of Q3 can be reduced,
allowing the amount of AC signal fed back to be con-
trolled. The gain of the stage is given by (R7/R8) x (R9/R4).

Design starts as usual with biasing. Assuming, as is
reasonable, that the first transistor will be run at a lower
current than the others to reduce noise, we can choose
current levels of 100 uA for Q1 and 1 mA each for the
other two. We can then choose voltage levels. making the

voltage of the collector of Q1 reasonably high, the collec-
tor voltage of Q2 reasonably low, and the co lector voltage
of Q3 about midway between V¢ and the collector
voltage of Q2. These figures and our selected currents
allow us to calculate values for load resistors and for R5.

With this done, we can start to look at R9 and R4. We
have to allocate the total voltage at the emitter of Q3 bet-

Fig. 7

A three-
transistor
circuit,
making use
of a PNP
transistor
to change
DC voltage
levels and
contribute
gain.

O—

EXAMPLE: Vog =9V, V3 =7V, Vg = 3V, Vg = 7V,

MAKE Iy = 0.3mA, ey = lc3 % ImA

THEN R3 = 5k0, RS = 1k4, R6 = 30, R = 5k0 (USE NEAREST PREFERRED VALUES)
RS CARRIES 1mA, SO R + R4 HAS A 2V4 DROP.

ALLOW V4 AT THE EMITTER OF Q1 AND 2V ACROSS R9, SO THAT R9 = 2k0.

0v4 ACROSS_R4.FOR 1.1mA MEANS R4 = 363R.

Vpy =1V SO THAT R1 = BkO, RZ = k0,

RY/R4 = 6 SO FOR A GAIN OF 100, R7/R8 = 100/5 ~ 16.

THUS R = 6k0/16 ~ 300R.

ween these resistors, and a ratio of something like 5:1 is
reasonable here — the voltage across R9 being about five
times as much as the voltage across R4. I've used 6 in the
example. Since R9 carries the allocated current of Q3, its
value can be calculated right away, and the value of R4,
which carries the current of Q1 as well as that of Q3 can
be calculated.

The only remaining factor is R8, whose value then
decides the total gain. Calculate the gain contribution of
R9/R4, and divide this into the total gain required. This lat-
ter figure will then be the ratio R7/R8, and since you have
already decided on a value for R7, a value of R8 can be
calculated, followed by R1 and R2. C1 and C2 should have
values which allow the gain to be maintained at the lowest
frequencies at which the amplifier will be used, and the
time constants R5-C1 and R8-C2 should be quite different.

Which Do You Prefer?

Finally, an important point. The resistor values which
are obtained by calculation are seldom preferred values,
so obviously you have to substitute the nearest preferred
values. This is not a major worry, because feedback
amplifiers are self-correcting, but there will be one resistor
in each circuit whose value sets the gain and which will
have to be adjusted — R8 is such a value in Fig 7. The
other point which is often raised is — why bother about
running Q1 at low current to reduce noise? Since this is a
feedback amplifier, the feedback will do a pretty good job
of noise reduction anyhow. The answer is that you use
negative feedback to stabilise gain and operating condi-
tions. It doesn’t make a lousy amplifier into a good one; all
it can do is to make a sound design easy to analyse and
reliable to mass-produce, so you aim to start with a good
amplifier and add negative feedback to it.



CONFIGURATIONS 3

So far we’ve looked at the common-or-garden common-emitter
configuration, but this time we examine the not-so-common
common-collector and common-base circuits. It’s un-commonly

good!

he usual configuration for a transistor amplifier is
Tthe common-emitter one that we have used in each

circuit so far. A number of useful and interesting
circuits, however, are based on the use of common-
collector and common-base configurations, and even
more interesting variations can be assembled using two or
more transistors in these circuits.

The classic single-transistor common-collector (or
emitter follower) circuit is shown in Fig. 1. As shown, this
uses two resistors to set the DC base voltage, but these and
the input coupling capacitor C1 can usually be dispensed
with by using direct coupling (Fig. 2) to the collector of the
previous stage when the common collector stage follows
another amplifying stage. The design of the circuit is sim-
ple; just decide what current, |, that you want to flow in
the transistor, and then the value of the emitter resistor R3
(in Fig. 1) is (V, — 0.6)/1. The voltage gain is less than 1 (in
other words, there is a loss of signal amplitude in the cir-
cuit) but the input impedance (resistance, if you're using
low frequencies only) is very high and the output im-
pedance is very low, which is ideal for a lot of purposes.
It’s particularly useful, for example, when placed between
two common-emitter amplifier stages, because the emitter
follower acts as a high resistance load for one amplifier
stage and as a very low-resistance supply for the second
stage. In this way, it’s possible to get more gain from two
transistors by adding a stage which causes a loss!

= < —O+VE
Ry = hge x R3
R
S N R1.R2
iN o— AP A —] Rout=~Rs* Ri+R2Z
c1 h
ouT e
G= htl x R3
4+heR3
o O —VE

Fig. 1 The straightforward emitter-follower (common-
collector) circuit and bias network.

O O +VE
e () OUT
O— O ~VE

Fig. 2 Using an emitter-follower with direct-coupling.
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Low Gain Is No Loss

Though the voltage gain of the emitter-follower is less
than 1, and can be a lot less than 1 if the emitter resistor
has a low value, the stage has a current gain which is
about the same as the current gain measured for the tran-
sistor operating in common-emitter mode. This makes the
emitter-follower a useful driver stage where extra current
is needed, but some care is required when the circuit is
used with pulses or high-frequency signals. There are in-
evitably stray capacitances across the emitter resistor, and
these will be charged by the current flowing through the
transistor when the base voltage goes positive. When the
base voltage drops, however, the emitter voltage cannot
change at a rate faster than that permitted by the time cons-
tant of the emitter load resistor and the stray capacitance, so
that the trailing edge of a pulse has a slow fall time. This prin-
ciple can be deliberately used in a demodulator for AM
signals, by connecting a capacitor across the emitter resistor
so that the time constant is long compared with the carrier
wavetime but short compared with the wavetime of the
modulation.

O~ -0 +VE

ov——_)
—oour [\

o
P TIME CONSTANT R,C¢

|
Cs :#: Re
1
o 4 —() —VE

Fig. 3 The effect of stray capacitances on a positive pulse.
The emitter-follower cuts off at the negative edge, leaving
the stray capacitance to discharge through R..

Doubling Up

If pulses and high-frequency signals have to be used, a
double emitter-follower is a better bet. The basic circuit is
illustrated in Fig. 4a — it consists of an NPN emitter
follower in series with a PNP one. The bias network uses
two resistors R1 and R2, both of high value, and the diodes
D1 and D2. The values of R1 and R2 have to be equal and
large (100k to 2M2) to set the current through the tran-
sistors to a suitable value, usually 1 mA to 10 mA. Two
parallel coupling capacitors are shown, but an alternative
arrangement is a series coupling capacitor arrangement as
shown in Fig. 4b. We'll look at this particular configuration
in more detail in a later part when we consider power out-
put stages, because it’s the basis of most output circuits in‘
transistor amplifiers.
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R1
D1
IN ouT
D2
R2
e, 5 O —VE
(a)
o, ¢ ——QO +VE
R1
ino—|
D1
ouT
D2
R2
O b QO -VE

(b}

Fig. 4 a and b Two different arrangements of a double emitter-
follower, using PNP and NPN transistors.

Meantime, take a look at the arrangement of Fig. 5,
which is a type of double-emitter-follower. This circuit is
often referred to as a Darlington Pair, a name 1 prefer to
reserve for the version of the circuit which uses a load
resistor in the collector circuit of both transistors. Bias is ar-
ranged in the same way as for a single emitter-follower,
but the DC voltage drop between the input and the output
is around 1V2, since there are two base-emitter junctions
in series. The input resistance is very high, about
Re X hter X hyeyp, in parallel with the bias components, and
the output resistance is very.low, about R/(he X heez). The
current gain is her X hiez, which is also very large. For ex-
ample, if we use transistors with he = 100 fdr both stages,
then the compound current gain is 10,000, the input
resistance with R.=10k is 1MO, and the output
resistance when the source resistance is 10k will be
1 ohm! For a lot of applications, Q2 can be a power tran-
sistor with a low value of h¢, and the circuit can be used to
simulate the action of a power transistor with a high he
value. The Darlington circuit of Fig. 6 might be expected
to have a very high voltage gain, but does not — there is
only one amplifying transistor, and the signal feedback
from the collector of Q1 back to its base will reduce the
overall gain quite noticeably if the circuit is driven (as it
usually is) from a high value of source resistance.

o ? 9 -0 +VE

Rg 1S SOURCE RESISTANCE Ul

fo .

-0 —VE
Fig. 5 A compound emitter-follower.
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O~ ~O +VE

+

I

Fig. 6 A Darlington amplifier circuit.

VA

O

Transistor Load? That’s Cascode

The cascode circuit was one that was familiar to TV
service engineers back in the days of valves (remember
them?), but its transistor equivalent has never been so
widely known, which is rather a pity. A cascode circuit
consists of a common-emitter amplifier stage directly
coupled to a common-base amplifier stage (Fig. 7). The in-
put resistance is fairly low but the output resistance is very
high, which makes the circuit particularly suitable for use
with tuned-circuit loads or any other type of load which
has a very high impedance. The gain is of about the same
value as for a single transistor, but the impedance-
transforming action (the reverse of the action of the emit-
ter follower) can be very useful.

L+ -0 12V

~O OUT

ZWILL GENERALLY BE A
HIGH IMPEDANCE RATHER
THAN A RESISTOR

IN O BIAS POINT X TO ABOUT 1V
BIAS POINT Y TO ABOUT 6V

l+

m-l—
o ¢ O oV

Fig. 7 The cascode circuit, which uses a common-emitter
stage driving a common-base stage.

Lon%TaiIed Pairs Live On!

Of all the two-transistor amplifier circuits, though, the
most commonly used is the long-tailed pair, simply
because it features so much in linear ICs. The long-tailed
pair, a circuit adapted from the days of valves, is a differen-
tial amplifier; basically this is an amplifier with two inputs,
whose output voltage is proportional to the difference bet-
ween the signal voltages at the two inputs.

The basic circuit is shown in Fig. 8. The emitters of the
transistors are connected, and the bases are biased to
about the same DC voltage. The bias is correct when both
transistors contribute the same amount of current to the
common emitter resistor, and this may need some adjust-
ment unless the transistors are well matched. For ideal ac-
tion, the value of R4 has to be high, so that large values of
R5 and R6 are also needed. A true differential signal at the
bases will cause one base voltage to increase as the other
decreases, so causing one collector voltage to decrease as
the other increases. This creates a large difference signal
between the collectors, and ideally the total current
through R4 does not change. For a common-mode signal,

11



meaning a signal which is applied in the same phase to
both bases, the collector signals will also be in phase so
that the differential signal is, ideally, zero. The voltage
gain, operated as a differential amplifier, is about the same
as the ideal gain of a single transistor.

ng RS R6

O +VE

O
ouT

RV1
IN ADJUST
BIAS

R3

R2 R4%

Fig. 8 The long-tailed pair (or balanced amplifier) circuit.
This version is the balanced in, balanced out type.

~—Q —VE

The long-tailed pair is often used as a way of conver-
ting a single-ended input into a differential input for such
purposes as driving push-pull circuits. The changes to the
circuit to suit this purpose are shown in Fig. 9, illustrating
in this case how a zener diode can be used to establish a
‘half-supply’ voltage level, as an alternative to using
balanced power supplies. The voltage gain of the circuit
when used in this mode is about the same as that of the
differential mode.

o —O +VE
m% A3 RS
-0
out
| S e
IN O 3 a1 Q2
+
3 = 1 ==Cc1
RV1 R4% R6
4
# ZD1
O O -VE

BIAS: THE BASE VOLTAGES ARE SET BY THE VALUE OF THE ZENER DIODE.
R4 SHOULD BE HIGH (22k OR MORE), AND THIS VALUE WILL SET THE
TRANSISTOR CURRENTS I AND I 5 SO THAT R4{ig, + lg2) = Vp — 0.6

CHOOSE THE VALUES OF R3 AND RS TO GIVE COLLECTOR VOLTAGE LEVELS
MIDWAY BETWEEN THE SUPPLY VOLTAGE AND THE EMITTER VOLTAGE.

Fig. 9 A long-tailed pair used to convert unbalanced signals
into balanced.

Transistor Tails

The restriction that affects this type of circuit is the
value of the common emitter resistor. Since the value
should be high to achieve true differential amplifier action,
the currents in both transistors are forced to be small, and
this is not always desirable unless the amplifier is used in
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O +VE

i

Fig. 10 Using a transistor as the ‘tail’ of the circuit.

—Q)

an early stage. The way out of the problem is to use
another transistor as the emitter load, as indicated in Fig.
10. The currents can then be set to suit whatever values
are needed, because this is simply a matter of biasing. The
“tail’ transistor will, however, act as a high resistance for
AC signals, because this resistance is the output resistance
of the common-emitter transistor. This is nearer to the type
of differential circuitry that is used in linear ICs, and further
refinements of the circuit are possible, though the effort is
not really worthwhile if a linear IC can be used instead.

——) +VE

o —_
out
BIAS ARRANGEMENTS
ASINFIG. 8
o O -VE

Fig. 11 Obtaining an unbalanced output at one collector.

The long-tail pair circuit turns up in all sorts of applica-
tions, and one of them is the conversion of differential
signals to single-ended output as illustrated in Fig. 11. The
gain in this type of circuit is only half as much as can be ex-
pected in the differential mode. Another frequently used
circuit is the metering circuit of Fig. 12 in which the dif-
ferential signals at the output of the long-tailed pair are ap-
plied to a bridge rectifier and used to drive a meter. No
part of the meter circuit is earthed, and zero setting is car-
ried out by adjusting the biasing of the differential
amplifier. This is a very useful basis for an AC milliammeter

) | g

Fig. 12 Driving a bridge rectifier circuit.
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CONFIGURATIONS 4

Most readers will be familiar with the three types of
multivibrator in the form of ICs (for example, the 555 and
4013). Here we show how it’s done with just a couple of

transistors.

he multivibrator is a circuit of remarkable antiquity

I — it is attributed to Abrahams and Bloch at around

1918. Over the years, as various valve and subse-

quently transistor versions were devised, a variety of

names were attached to them. However, the names

astable, monostable and bistable are particularly useful as
descriptions of the various multivibrator circuits.

The astable is a circuit which oscnllates continually (no
stable state — hence the name), producing steep-sided
waveforms whose frequency can be adjustecfby changing
RC time constants. The monostable has only one stable
state, and an input pulse will disturb this state for a time
that depends on the time constant of the circuit, following
which it returns to the stable waiting state. This circuit is
widely used as a pulse generator, because ideally the dura-
tion of the pulse (the pulse-width) is independent of the
repetition rate of the pulse, which is determined by the
rate at which the monostable is triggered. The bistable cir-
cuit (two stable states) is the basis of digital circuitry, but is
seldom used in discrete form nowadays because of the
low cost of digital ICs. A source of confusion over names,
incidentally, has been the use of ‘flip-flop’ by digital circuit
designers, whereas the name was traditionally used to
mean a monostable.

Astable Antics

Two varieties of astable exist, the parallel and the
serial, of which the parallel is much the better known. The
basic circuit is shown in Fig. 1, but unless your needs are

o -0 +V¢oe

R4 |
3k3 '4—‘»1 0.7C2.R3
LA T

|
}4——‘ 0.7C1.R2

IFC1.R2=C2.R3=CR
TIME OF WAVE = 1.4CR

1
FREQUENCY = TaCR

Fig. 1 The simple multivibrator astable, with period formula.

very simple, the waveform from this circuit is not really
good enough without reshaping. A much better circuit is
shown in Fig. 2; this uses a diode to isolate the collector
from which the output is taken. When Q2 cuts off, its col-
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o *Vee
RS R4
A3 33
D1
Q2
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Fig. 2 Using an isolating diode to sharpen the leading edge.

lector voltage can rise sharply, leaving D1 reverse biased.
In the simple circuit, a sharp rise of voltage at the collector
of Q2 is made impossible by the capacitor C2 which has to
be charged through the collector load resistor (R4 in Fig.
1). By using the diode, the collector voltage can rise sharp-
ly, and the charging of C2 is done at a slower rate by the
additional resistor R5. This ensures a much sharper shape
of waveform at the output.

Another problem of the simple circuit is that, contrary
to theory, its frequency changes as the supply is changed.
This is because silicon planar transistors will conduct
readily in the reverse direction when the base voltage is
negative with respect to the emitter (for an NPN tran-
sistor). This is a form of zener breakdown, but it can be
prevented by connecting silicon diodes with a higher
reverse breakdown voltage in series with the base leads, as
shown in Fig. 3, so greatly improving the frequency stabili-
ty of the astable.

Fig. 3 Using base-isolating diodes to prevent base-emitter
breakdown.

Formula For Success

The astable frequency is given by the formula shown
in Fig. 1 — it depends on the two sets of time constants.
These should not be greatly different — don’t be tempted



to try to produce pulses with very large or very small
values of mark-to-space ratio by using an astable with very
different values of the two time constants. The waveform
will probably be disappointing, and the circuit may not
start oscillating reliably.

The frequency stability of an astable is generally poor
compared with that of the LC type of oscillator, and this
feature makes the astable particularly useful inasmuch as it
can be easily synchronised to external pulses. Unless the
‘natural’ frequency of the astable is reasonably close to the
incoming frequency, however, synchronisation cannot be
relied on, and slowly-changing waves such as sinewaves
are not useful for synchronisation because the triggering
point is liable to vary (or jittery from one wave to the next.
The astable can be synchronised by pulses at one base,
and this can be done by pulsing a cut-off base into con-
duction or by pulsing a conducting base to cut-off.

Whichever method is used, the trigger pulse should be
isolated from the astable by diodes to prevent the astable
interfering with the action of the trigger circuit (Fig. 4). If
the ‘pulse-off’ method is used, a catching diode must be
included to prevent the transistor base-emitter junction
from being reverse-biased which would cause zener ac-
tion on each negative pulse.

\\
PULSE (ON)
%
(a)
\\‘
PULSE (OFF)
Fig. 4 Diodes are used in
the synchronising circuits, 2
too! {b)

Breakfast Serial?

The other type of astable, much less well known, is the
serial astable, which is a particularly good way of produc-
ing very short pulses which can pack a lot of energy. A cir-
cuit is shown in Fig. 5, and since the circuit is not so
familiar as that of the parallel astable, a run through its ac-
tion might be of interest. Note that only one time constant,
R1.C1, is used, and that the transistors are complemen-
tary; one PNP, one NPN.

We can start by supposing R2 = R3 and V. = 10V,
with C1 discharged so that the emitter of Q1 is at a low
voltage. Q1 will be cut off, and will stay that way until its
base voltage is more negative than its emitter voltage, or to
put it another way, until its emitter voltage rises to more
than its base voltage. With the base voltage fixed at +5 V
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by R2 and R3, the capacitor will have to charge to around
5V6 before much will happen.

Meantime, because Q1 cut off, no current is reaching
the base of Q2, and this transistor also is cut off. The circuit
remains with neither transistor conducting until the charg-
ing capacitor reaches the voltage at which Q1 turns on.
This also turns on Q2, because the collector current of Q1
goes to the base of Q2. This in turn drastically lowers the
base voltage of Q1, and the emitter voltage will follow it,
rapidly discharging C1. Once the emitter voltage of Q1
drops, however, the circuit recovers, and we’re back
where we started.

Unlike the parallel circuit, in which one transistor con-
ducts while the other is cut off, the serial multivibrator
spends most of its life with both transistors cut off, and on-
ly brief intervals with both turned on. The cut-off time is
the time needed to charge C1 through R1 to about 0V6
above the voltage supplied by R2 and R3 — the formula for
the time is shown in Fig. 5. The time for which both tran-
sistors are on is less easy to estimate because it depends on
the effective resistance of the transistors at saturation; it is
normally very short compared to the charging time.

0 Ve (F10V)

R
R2
33k [+%} 33k

R3
ci 33k

10n
Q2
L ¢ ¢ -0 oV

Fig. 5 The serial astable circuit, using complementary
transistors.

Monostables

The classic monostable uses a parallel circuit with one
DC coupling, as shown in Fig. 6. With no trigger-pulse in-
put, Q2 is held on because of current flowing through R2,
The collector voltage of Q2 is very low, and this ensures
that Q1 is held off. This is the stable state of the circuit, and
it wil remain in this condition, with C1 charged, until a
positive-going  trigger pulse arrives, with enough
amplitude to make Q1 conduct. This pulse causes current
to flow in Q1, so that the collector voltage drops, and the
drop in voltage at the base of Q2 cuts Q2 off. This condi-
tion lasts until C1 charges through R2 sufficiently to turn
the base of Q2 on again, when the circuit switches back.
The diode in the base lead of Q2 prevents base-emitter
breakdown from affecting the timing.

As in all parallel circuits, there is always one transistor
conducting and the other cut off. The serial version of the
monostable (Fig. 7) uses complementary transistors, and
will pass no current in its waiting state. When a trigger
pulse arrives, Q2 switches on, and the voltage at its collec-
tor drops. This switches on Q1, via the capacitor C1, caus-
ing the base circuit of Q2 to be heavily forward biased. C1
now charges through R2 until the voltage at the base of Q1
rises to its cut-off value of around V.—0V6. Both transistors
then cut off.
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The pulse width of the output depends on the time
constant of C1.R2, and will vary as the supply voltage
varies. Diodes can be used to prevent base-emitter
breakdown in the usual way.

~0+Vce
R2 A3
33k 3«3

'—'OOUT-I—L
mcmz—»i |<-

TRIGGER

0 ov
Fig. 6 The parallel monostable circuit.
- O *Vee
R1
100R D2 R2 R3
10k 33
VE
: i O ouTPUT
D1 Cc1
03] 10n
TRIGGER =
D3
R4 a2
33
o © ov

Fig. 7 — A serial monostable — a useful circuit which is seldom
seen.

Bistables, Two By Two

Figure 8 shows the classic bistable circuit using two
NPN transistors. The circuit is stable with either Q1 on and
Q2 off, or in the alternate condition of Q1 off and Q2 on.
Switching is done by using the A or B inputs. With Q1 on,
a negative pulse at A will switch the circuit over, and a
negative pulse at B will switch it back. This action cor-
responds to that of the simple set-reset latch.

Counting action may be obtained if steering diodes
are added to the basic circuit, as illustrated in Fig. 9. Sup-
pose Q1 is conducting: its base voltage will be around

O *Vee
A4
3k3

R3
47k

O ov

10k

Fig. 8 The simple R-S type of bistable.
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0V6, and its collector voltage about 0V1, so that D1 is
almost conducting. D2 is cut off because its anode voltage
will be about zero and its cathode voltage almost at supply
voltage. C1 will carry virtually zero charge, while C2 will
be charged to around supply voltage, V.. When a
negative trigger pulse of amplitude around 1V is applied
D1 conducts, allowing Q1 to be cut off by the trigger
pulse; however, D2 is held off by the charge on C2. The
bistable then changes over so that Q2 is fully conducting
and Q1 cut off. In this condition, it is D2 which is biased
almost on and D1 completely off. When the next trigger
pulse arrives, then, Q2 will be cut off by it, and the circuit
will switch back to its original state. Hence, if the circuit is
triggered regularly, either output will be a square wave
with half the frequency of the trigger pulses.

The waveforms at the collectors of a bistable can be

much closer to square than those from simple astables, so
that one way of creating well shaped square waves is to

—O +Vee
R4
3k3

p———0 Q OUTPUT

Q OUTPUT Qe

TRIGGER
PULSE % e

O oV

Fig. 9 A bistable with steering diodes to give the scale-of-two
action.

ASTABLE BISTABLE

OuTPUTS INPUTS

OuTPUT

[REEGES

Fig. 10 Following an astable with a bistable to sharpen the
waveform.

drive a bistable from an astable (Fig. 10). In this circuit, the
output from the bistable has the same frequency as the
astable. Nowadays, the ready availability of bistab?les inin-
tegrated form discourages us from using the discrete varie-
ty — we'll look at IC types later in this series.
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Transistors as amplifiers, transistors as multivibrators — now we
consider transistors as sawtooth generators. If you want to know

the timebase, ask lan Sinclair.

he timebase is a circuit which generates a
T sawtooth  waveform, one whose voltage

changes linearly with time: a graph of voltage
plotted against time will be as shown in Fig. 1 (though it
may be either positive-going or negative-going). The best-
known application is in oscillosope timebases, but the
circuit can also find use in digital-analogue converters and
in timing circuits.

The most simple timing circuit is, of course, a
capacitor charging through a resistor (Fig. 2). The time
constant CR determines the total charging time which,
though theoretically infinite, is in practice about four or
five times the length of the time constant. The graph shape
of voltage plotted against time is, however, exponential

SWEEP

VOLTAGE \

/

TIME

FLYBACK

=l

Fig. 1 The waveform of a perfect timebase — this should be
a straight line.

Vout
O VN —— e e — e
t
R
ViN
—0
CT JVOUT
O- g O T T T T T
0 CR 2CR 3CR 4CR  S5CR
TIME
switcH on

Fig. 2 Capacitor charging. When a capacitor is charged
through a resistor the waveform is an exponential rather
than a straight line.
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rather than linear because the charging current drops as
the capacitor charges. All timebases of the capacitor-
charging type therefore need some method of keeping the
charging current constant as the voltage across the
capacitor rises.

Transistor Control

In the days of valves, many elaborate circuits were
devised to overcome the problem of constant current
control, but it took the development of the transistor to
come up with a really simple system with good perform-

O +Vee
R2
10
R1
47u§ Q2
) R3
10k
SWITCHING
INPUT
HIGH = OFF O o a3
LOW = ON
OuTPUT
C) mde RV1
10n a7 Ra
T =
e ; O 0V

Fig. 3 Using a transistor in place of a resistor for capacitor
charging. Since the current through the transistor remains
constant, the sweep waveform is straight rather than
exponential.

SAWTOOTH
ouT

BISTABLE |—»— T!MEBASE

TRIGGER O=»— ASTABLE SWEEP

COMPARATOR

(

Fig. 4 Block diagram of an oscilloscope timebase.

ance. A transistor whose base-emitter junction passes a
constant current will also pass a (larger) constant current
between its collector and its emitter, and this current can
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be maintained up to the level where the collector voltage
is less than half a volt different from the emitter voltage.

Figure 3 shows a simple timebase circuit using this
principle. Q1 is a switching transistor which is normally
conducting, keeping the voltage across the capacitor low.
Q2 is a PNP transistor whose base current is set by the
resistor chain R2, R3, RV1, and which can be varied by
altering the value of RV1. Since the base current is
constant, the collector current will also be constant. Q3 is
simply an emitter-follower to avoid non-linear effects
which would be caused by a resistive load connected
across the charging capacitor (since a resistance takes
more current as the voltage across it is increased). For best
results, Q3 should be a transistor with a high h. value, and
a double emitter-follower is often preferable to ensure the
highest possible input resistance.

The action is as follows. When Q1 is cut off by a
negative pulse at its base, capacitor C1 can be charged by
current flowing through Q2. This current will not change
until the collector voltage of Q2 has reached a value close
to the positive supply voltage, so that the wave form is
linear up to this region. If Q1 remains cut off, the wave-
form will then flatten off, but if Q1 is switched on again
before this point is reached, then a good sawtooth shape is
preserved.

Timing The Timebase

The action depends to a large extent on switching the
transistor Q1 at the correct times, and all timebases consist
basically of two sections — a square wave generator which
handles the switching and a sawtooth generator which
provides the desired waveform. An oscilloscope timebase
would use a level-detecting circuit at the output to ensure
that the switching transistor Q1 was switched off before
the voltage level at the output reached the non-linear
region — a block diagram with waveforms is shown in Fig.
4. In this arrangement, the repetition rate of the timebase
is determined by an astable which provides a trigger pulse.
The trigger pulse sets the bistable, which in turn cuts off
the switching transistor of the timebase generator and so
starts the charging of the capacitor. When the charging has
reached some preset voitage level, the level detector
(comparator) circuit switches the bistable back, so
discharging the capacitor ready for another sweep. For
many oscilloscope purposes, the astable is set to run freely
at a low speed, and is synchronised to whatever waveform
is to be displayed — this is the auto timebase system found
on most modern oscilloscopes. The sweep speed is then
determined by the time constant of the charging capacitor.

The use of a transistor as a constant current device for
a timebase is good enough for many purposes, but two
other methods of creating linear sweep waveforms from
the basic capacitor charging circuit have been well estab-
lished for many decades in oscilloscope circuitry. One of
these is the bootstrap circuit. Bootstrapping is positive
feedback applied over a circuit in which the gain is less
.than unity, so that it does not cause oscillation.

By His Bootstraps

The principle of the bootstrap is shown in Fig. 5. A
capacitor is charged through two series resistors, and a
unity-gain amplifier is connected so that the voltage across
the capacitor can be applied, in phase but with its DC
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level shifted, to the point where the resistors join. When
the capacitor starts to charge, the increase of voltage
across the capacitor causes a matching increase of voltage
across R2, so that the voltage across R2 has not changed in
this time. Since the voltage across R2 is constant, the
current through R2 is also constant, which is the condition
for a linear sweep.

+VE
© SUPPLY

I

SWITCH\ c1

Fig. 5 The principle of the bootstrap timebase circuit.
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& UNITY GAIN AMPLIFIER
2 PLUS DC OFFSET
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"f_zm

SWITCHING OuUTPUT

INPUT O ¢
HIGH = OFF

LOW = ON

-0 0V

Fig. 6 A practical form of the bootstrap circuit, using an
emitter-follower as the unity-gain amplifier.

The bootstrap depends on being able to keep the
voltage at the junction of the resistors at a constant
amount greater than the voltage across the capacitor. The
whole idea seemed so absurd when it was first proposed
that the (US) inventor remarked that it seemed ‘’rather like
lifting yourself by your own bootstraps’”’. As so often
happens, the name stuck.

A practical form of the timebase is shown in Fig. 6. Q1
is, as before, the switching transistor which starts and stops
the sweep. The charging resistor chain consists of R2, R3
and RV1, of which R3 is a limiting resistor whose value is
set so that excessive current does not flow through Q1
when the variable is set at its minimum value. D1 is used
to prevent C1 from discharging below about 0V7, so
ensuring that Q2 will not switch off, causing non-linearity.
If Q2 is allowed to switch off, then the timebase output
will have a decided ‘kink’ at the voltage at which Q2
switches on. ’
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Q2 is an emitter-follower, whose emitter is connected
through a zener diode ZD1 to the junction of R2 and R3.
The zener diode, along with the base-emitter voltage drop
of Q2 determines the voltage across R3 and RV1, so that
the charging rate can be calculated. For example, suppose
the voltage is 6 V, the values of RV1 and R3 add to 56k and
C1 is 22nF. The charging current | is 6/56 mA, which is
0.107 mA, and the rate of change of voltage across C1 is
I/C1. Using units of milliamps and nanofarads, the rate of
rise of voltage will be in volts/microsecond, and the
example gives 0.00486, equivalent to 4.86 volts per milli-
second. If you know the sensitivity figure for the cathode
ray tube for which the timebase is to be used (in terms of
centimetres of deflection per volt), then you can calculate
what amount of amplification will be needed to obtain full
screen coverage, and what time constants will be needed
for the various scan speeds.

There are limitations on the voltage gain of the emitter
follower and the frequency range over which the zener
diode remains effective, but with suitable choice of
components, good timebase circuits can be designed
around this core configuration. Commercial circuits of this
type often look remarkably complicated, but once the
bootstrap section is separated from the other parts of the
complete timebase (the triggering and the comparator
sections), the essential simplicity of the circuit can be seen.

The Miller Alternative

The other basic capacitor charging circuit is the Miller
integrator. These two circuits, the bootstrap and the
Miller, were curiously polarised for many years, with the
bootstrap used on US equipment and the Miller on UK
equipment almost exclusively. This is no longer
completely true, but though you will see bootstrap time-
bases appearing on equipment designed in this country,
you will even now seldom see a Miller timebase used on
the other side of the pond.

The Miller timebase is named after (yes, got it!) Miller,
who discovered the result of negative feedback across the
anode-grid capacitance of triode valves. The name
became attached to the timebase (which was not designed
by Miller) because the Miller timebase makes deliberate
use of such feedback to achieve linearity. The basic circuit
is shown in Fig. 7, and the most startling thing about it is its
simplicity, because the switching transistor is also the
current regulator! If we imagine the transistor starting cut-
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Fig. 7 The basic Miller timebase circuit.
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off, then a square wave applied to the input will raise the
base voltage until the transistor starts to conduct. When
conduction starts, however, the collector voltage will
drop, and the negative feedback through C1 will prevent
the base voltage from rising to the level of the input
voltage. Once this has happened, the base voltage can rise
only as fast as the capacitor C1 can be discharged, and the
discharge is at a steady rate because of the negative
feedback.

The time constant for the Miller integrator is given by
the value of R1 and C1 rather than R2 and C1 as you might
expect, and the conventional use of the circuit as shown
here produces a timebase waveform which is negative-
going, with a small ‘step’, as shown in Fig. 8, just at the
point where the transistor switches on.

The circuit will operate in the opposite direction,
when the ‘free’ end of R1 is at ground potential. In this
case, the voltage at the transistor’s collector rises just
quickly enough to keep sufficient current flowing into its
base (and also R1) to keep it on. In both cases, the simplest
way to achieve the fly-back is to connect a diode, D1, in
parallel with R1. For operation in the opposite direction
from that first described, the direction of the diode must
be reversed.

Mor? elaborate versions of the Miller use two stages of
amplification with the output in phase, and a low-
impedance stage driving the capacitor. Very good results
can be obtained, and with a wide-band op-amp used in
place of a transistor, excellent timebase linearity is
possible.

STEP

/ \F LYBACK
SWEEP

Fig. 8 The waveform from the simple Miller circuit.

Before we leave the subject, timebases can also make
use of the growth of current through an inductor. The
effect that is used here is the inductive equivalent of
capacitor charging, and it is useful because if the inductor
is also a deflection coil for a cathode-ray tube, then the
timebase and deflection system can be combined.
Linearity is much less easy to achieve, however, and one
method is the use of a saturable reactor in series with the
inductor which carries out the timebase action. The
inductance of a saturable reactor will vary with the
amount of voltage across it in order to keep the current
constant. Using this and other components, it is possible
to balance out the worst of the non-linearity of the
charging process. For truly linear timebases, however, the
capacitor charging circuits which we have described in
this article are considerably superior to inductive time-
bases. No-one watching TV seems to care too much if the
characters are very slightly fatter on the right hand side of
the screen than on the left, but we need to know the truth
from our oscilloscopes!
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And so to op-amps, the most venerable members of the linear
IC family. lan Sinclair traces their ancestors, descendents and

lifestyle.

the mists of history, perhaps it’s just as well to look at

the origins. Operational amplifiers were designed for
analogue computers, which are machines used for solving
mathematical equations. They do so, not by using binary
arithmetic as digital computers do, but by connecting up a
network of components which represents either a
mathematical relation or an equation. In the case of a
mathematical relation (eg, y=x-) the circuit will have an
input, x, and an output, y, that will vary according to the
relationset up and according to the value of x. Equations
can be either ordinary (eg, x*+4x+3=0) or differential
(eg, d’y/dx* +x =0); the circuit will be connected in a loop,
and in the case of the ordinary equation it will give an
output that represents the solution (or one of the solutions)
to the equation. The solution to a differential equation is
itself a mathematical relation (in the case of the example
given above, y=Asinx + Bcosx), so the circuit will have an
input and an output (the coefficients of the equation, A
and B, will be determined by the initial values of the circuit
voltages, but that takes us a bit beyond the present scope
of this article).

Before the reason for the name becomes shrouded in

An essential part of representing a mathematical
operation in electrical terms is an amplifier with very high
gain whose frequency response can be modified by using
negative feedback. Typical operations that can be
simulated by amplifiers of this sort include the
mathematically important ones of differentiation and
integration (Fig. 1), and the amplifiers which were
designed for these purposes very reasonably became
known as operational amplifiers.

S
¥
o DIFFEREN G ou
w1 gy TIATIN
CIRCUIT =0
) — B e e———

iN out
O—— 1 INTEGRATING |— &
CIRCUIT

Fig. 1 The operations of differentiation and integration
performed on a square wave.

The Perfect Specimen
The specification for a perfect operational amplifier
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was that it should have infinitely high gain, infinitely high
input resistance, zero output resistance, and as much
bandwidth as was needed — it was particularly important
to have the gain maintained right down to DC. Analogue
computers are still produced, though they don’t ‘have the
importance they once had, and the operational amplifiers
which were once made using valves, and then transistors,
are now made as ICs. The requirements are still pretty
much the same, because our definition of an operational
amplifier nowadays is as a high gain DC-coupled amplifier
whose behaviour can easily be controlled by using
negative feedback. Since the behaviour (gain, bandwidth,
shape of gain-bandwidth curve) is so easily modified by
the use of negative feedback, the operational amplifier is
the nearest thing we have to an all-purpose amplifier, and
that's why operational amplifiers were among the first
linear 1Cs that were produced.

+VE SUPPLY

OUT-OF -PHASE
INPUT
{INVERTING INPUT}

1
OuUTPUT
MAXIMUM RATINGS

POSITIVE SUPPLY = +18V
NEGATIVE SUPPLY = —18V o/s
DIFFERENTIAL INPUT = $30V
COMMON-MADE INPUT = £15V
LOAD CURRENT = 10mA
OPERATING TEMP. = 70°C
STORAGE TEMP. = 140°C
DISSIPATION = 400mW

IN-PHASE INPUT
{NON-INVERTING}

—VE SUPPLY

TYPICAL CHARACTERISTICS

INPUT RESISTANCE = 1MO
OUTPUT RESISTANCE = 150R
OPEN LOOP GAIN = 10,000+

Fig. 2 Part of the specification for the 741 op-amp.

To start with, consider the typical specification of one
of the best-known op-amps, the 741. This is illustrated in
Fig. 2, to show how close we can get to the ideal
specification. One point of importance is the bandwidth. If
you use a 741 at its full gain, you must expect the
bandwidth to be very severely limited — less than 100 Hz
at maximum gain. Some care has to be taken if 741s are
used in audio circuits, because in some feedback circuits
that include filtering the chip may be working at a very
high gain at the ends of the bandwidth, even though its
midband gain is low.

Offset Problems

Getting down to configurations, the main point about
op-amp circuits is how to bias them. Very few applications
call for the 741 to be operated as a differential DC
amplifier at full gain, but for these applications a balanced
power supply is needed. Additionally, some form of input
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offset balancing will be needed. This is necessary because
there are bound to be some very small mis-matches
between the resistors and transistors that make up the two
input circuits (see later). The gain of the op-amp is so high
that any imbalance will be amplified up, so that with both
inputs tied to zero, the output of the op-amp will not be
zero by quite a margin.

Manufacturers usually specify typical and maximum
input offset voltage and input offset current. These are the
differences between the input voltages and the input
currents (with both inputs very close to zero volts) needed
to obtain an output voltage of zero. With the 741 and
many other op-amps there are offset trim connections that
allow you to trim out the voltage offset. A circuit for the
741 is shown in Fig. 3. However, the input currents will
still be slightly different, and there may be the odd circuit

Fig. 3 Using the offset adjustment to balance out the internal
currents.

for which this will need to be taken into account.

The offset adjustment will have to be repeated at
intervals, because the settings drift. The effect of
temperature and time conspire to make the output voltage
change (drift) away from zero, so that an op-amp at full
gain is a rather unstable device which needs frequent
checking. Fortunately, we seldom need to make use of the
full gain of the op-amp, and most of the circuit
configurations make use of feedback bias circuits.

Figure 4 shows one of the most common bias
methods. The circuit uses a balanced power supply, and
bias is obtained by connecting a resistor between the
output and the out-of-phase or inverting input (marked as
—). The in-phase or non-inverting input (+) is connected
to earth, so that the output voltage will be almost zero, just
enough to apply the correct offset voltage (which is usually
less than a millivolt) to the inverting input. The gain of this
circuit depends on the resistance of the signal source. If
we represent this as a resistor in series with the input, R1,
then the gain is simply —R2/R1 (the — sign indicates that
the signal is inverted).

This circuit is DC-coupled throughout, but if we do
not need DC gain, then a single-ended supply version can
be constructed, as indicated in Fig. 5. Capacitor coupling
must then be used to avoid shorting out the bias voltage,
choosing capacitors with low leakage, and the supply
voltage must be adequate — the quoted minimum voltage
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across the chip is 3V,

When this configuration is used, the inverting input
voltage remains practically constant when a signal is
applied. When a balanced power supply is used, in fact,
the inverting input is virtually at earth voltage, and this
‘virtual earth’ effect means that signals applied to the input
terminal (one end of R1) are flowing through R1 to a point

+12v
O

R1
IN O—" VW —d

R3 IS USED TO EQUALISE RESISTANCE O OUT

AT THE INPUTS — ITS VALUE SHOULD
EQUAL THAT OF R1

R3

O
—=12v

Fig. 4 The feedback bias system in a circuit which uses the
out-of-phase, or inverting input for signals.

which is as good as earthed as far as signals are concerned.
This makes the input resistance of the circuit equal to the
value of R1, and it limits the application of the circuit to
some extent, because if the input resistance is to be
reasonably high, then the feedback resistor R2 will have to
be of an unreasonably high value to achieve a modest
gain. If the feedback resistor has too high a value (in the
megohm region), then the bias currents at the input of the
chip, typically 200 nA, will cause voltage drops which we
can’t ignore without making our calculations go
considerably astray. The input resistance of the op-amp
itself is large, but the use of negative feedback to the same

- O +24V

R3 R2 +VE
47k

2k2

c2
741 2 }—o our TOPIN3
2
+/ a 12y

R2
R4 GAIN = —— ALTERNATIVE BIAS

a7 530

INPUT RESISTANCE = R1

[oS O 0V
Vereid

Fig. 5 A single-ended power supply version of the Fig. 4
circuit.
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input as the signal makes the input resistance low because
of the ‘virtual-earth’ effect.

+12v
O

R2 +R1

GAIN = R

INPUT RESISTANCE = R3

O ouT

O 0V

y pt

-12v

Fig. 6 Using signal input to the in-phase, or non-inverting
input of the 741.

Improved Impedances

Another configuration of the op-amp is illustrated in
Fig. 6. This time the input is taken to the non-inverting
input, and the inverting input is used only for the
feedback. In this balanced version of the circuit, the input
resistance can be higher, because the resistance R3 does
not control the gain of the amplifier, and the source
resistance is of no interest unless it is unusually high. The
gain is given by (R2+R1)/R1.

it's quite straightforward to combine the biasing
arrangements of Fig. 5 with the non-inverting circuit of Fig.
6. However, a word of caution: all those resistors and all
those capacitors combine to form low-pass filters, and at
frequencies around their cut-offs, these will all produce
considerable phase-shifts, and this may lead to what
you’ve designed as an amplifer actually turning out to be
an oscillator!

Slewing About

The 741 type of operational amplifier has a lot a
merits, but it is a design which is now showing its age.
Much more recent designs have, in particular, wider
bandwidths, and are impressively better in one respect —
slew rate. The slew rate of an operational amplifier is the
maximum rate-of-change of output voltage expressed in
volts per microsecond, and it affects large signals (which
change by a greater voltage) more than small signals. The
point is that if the maximum rate of change of voltage is
1V/us, then a 10V change would need 10us, and a 10V
signal is limited to one tenth of the bandwidth of a 1V
signal. The effect in practical terms is that the useful
bandwidth of the amplifier for sine waves depends on the
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amplitude of the waves, and the shape of output for a
square wave input also depends on the amplitude of the
wave.

Slew rate limiting is caused by stray capacitances
within the chip. When voltages change, these stray
capacitances have to be charged or discharged, and the
amount of current which flows in the input stages is very
small, not enough to allow these capacitances to be
charged or discharged quickly. All amplifiers suffer from
this to some extent, but slew rate is much less of a problem
for discrete component circuits whose circuits are not DC-
coupled and which can therefore use large currents and
small values of load resistors. The typical slew rate of the
741 is 0.5 V/uS, and this is rather poor in comparison with
more modern designs such as the Motorola MC1741S,
which has a slew rate of 15 V/uS.

The other feature of the 741 which causes problems is
that the peak amplitude of signal output must not be
allowed to approach the supply voltage limits, because the
internal biasing is no longer effective if this is done. This
restriction can be quite irksome if the op-amp is to be used
with low voltage single-ended supplies, and an alternative
for such applications is the current difference amplifier
(CDA), of which the best known example is the National
Semiconductor LM3900N. This chip is an operational
current amplifier whose internal circuitry, though
remarkably similar to that of the 741, allows operation at
output voltage levels very close to either ofthe supply
voltages.

o— O +12V
R3
R2
o-—(I:‘ R1
IN |——-—/\Nv\ -
c2
LM3909 }—o out
+
o—

/Jﬁ -0 0V

Fig. 7 A typical LM3900 circuit.

The design principles for CDAs are very different from
those used in the 741. The output voltage depends on the
difference between the currents at the two inputs, and the
circuits that use these chips are distinguished by large
resistor values. In the circuit of Fig. 7, for example, if we
aim for an output voltage which is half of the supply
voltage, then, remembering that the current through R3
must be the same as the current through R2, the value of
R3 must be half of the value of R2. Since the input currents
are very low, these resistor values have to be high, and
values of several megohms are common. The voltage gain
in the circuit shown is R3/R1, as for the 741 type of
amplifier, but the voltage swing at the output can reach
very close to the supply voltage limits. Current difference
amplifiers are used mainly in circuits which operate at the
lower ranges of frequency because of the effects of stray
capacitances on the very large value bias resistors.
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This time we turn out attention to some of the many circuits
that can be used to make waves: could this be a sine of the

times?

hen you first start to take an interest in circuit
W configurations, one of the,first things that strikes

you is the huge variety of sine wave oscillators,
many of them known by names that go right back into the
mists of time. When you look at these circuits more close-
ly, however, what strikes you is not how different they are
but how similar — and that’s our starting point for this
month.

An oscillator consists of an amplifier with a positive
feedback loop and some circuit which has a time constant
or is resonant to some frequency. Using this definition, we
can include multivibrators among our oscillators, and
rightly so, but since we dealt with multivibrators in
Configurations Part 4, we'll confine ourselves to sine wave
oscillators in this part.

The Shrinking Sine

At times, the amplifier portion seems almost
superfluous, because a resonant circuit, which is the most
familiar way of forcing an oscillator to operate at some
fixed frequency and give a sine wave, is a circuit which
will, by itself, oscillate quite happily! The circuit of Fig. 1
will, for example, produce an oscillation when the base of
the transistor is briefly pulsed positive. The peak emitter
voltage of the transistor during this pulse charges the
capacitor, and when the transistor cuts off again, the
capacitor discharges through the inductor, setting up an
oscillating current which in turn causes a sine wave
voltage to appear across the circuit.

This wave decays, however, as Fig. 2 shows, because
the coil has resistance and any resistance in a circuit will

+VE

M

SINE WAVE
SIGNAL

Fig. 1 (Left)A ringing circuit, using a resonant circuit in the
emitter of a transistor which is normally cut off, but which
can be pulsed briefly into conduction.

Fig. 2 (Right) The form of the ‘ringing’ wave — this is a sine
wave which decays to zero amplitude. If the circuit
resistance is very low, the decay may take a ‘long’ time,
meaning that many cycles of wave will be executed before
the amplitude becomes zero.
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Fig. 3 (Left) A simple two-winding oscillator. This is easy to
construct, but not so easy to adjust for a pure sine wave.

Fig. 4 (Right) The Hartley oscillator in one of its many forms.
The positive feedback loop is from the collector circuit to the
emitter.

dissipate energy (as heat) when a current flows through it.
That's why an amplifier is needed — just to replace the
energy that is lost in the resistance of the coil! Sine wave
oscillators that make use of LC resonant circuits do not
need a high-gain amplifier, and too much gain will, in
fact, distort the waveform, changing it from a pure sine
into something more like a square wave. Any
oscillator that makes use of the LC resonant circuit must
therefore include some means of controlling the gain of
the amplifier, because a really well-shaped sine wave will
be obtained only when the amplifier gain is just enough to
sustain oscillation, and no more. There’s another reason; a
circuit which includes positive feedback is never very
stable, so that the oscillator must include some method of
limiting — preventing the amplitude of the oscillation from
growing until the tips of the wave start to square off. That’s
one thing which can be done most easily when the gain of
the amplifier is low, because the gain will drop as the
transistor approaches the cut-off or the bottomed
conditions, and if the gain is low to start with, this drop
should be enough to giimit the amplitude of oscillation
with only a small amount of distortion of the waveform.

Winding You Up

With these words on general principles out of the
way, then, we can take a look at some oscillator
configurations. Let’s start with the simplest one — the two-
winding transformer type as shown in Fig. 3. The three
building-blocks of amplifier, feedback loop and resonant
circuit are obvious, but it's by no means the easiest type to
obtain a pure sine wave from. The reason is that the bias of
the transistor has to be set by the value of R1, and the gain
must be set by the design of L2 — a few turns spaced some
distance from L1. There’s no quick and easy way of
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Fig. 5 (Left) Another form of the Hartley oscillator, with
feedback from the emitter to the base.

Fig. 6 (Right) A third form of the Hartley circuit, using the
coil tapping to invert the signal.

calculating the number of turns and spacing of L2, so that
design invariably ends up with cut-and-try methods. The
usual technique is to start with too many turns, get the
circuit oscillating (which may mean reversing the
connections to L2 if you got them the wrong way round),
then removing turns for as long as the circuit will continue
to oscillate, and finally, restoring a turn or a half-turn. This
has to be done to ensure that the circuit will start each
time it is switched on.

Much better waveshapes can be obtained with less
effort by using the traditional Hartley and Colpitts
oscillators that are so beloved of radio hams. One versiorr
of the Hartley oscillator is shown in Fig. 4 — this uses
feedback from a tapping on the coil to the emitter
terminal. This oscillator can give well-shaped sine waves,

O +VE
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%] ROTOR1-EARTHY
AL
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W] | (UNEaRTHED)
- 1|
I~  RoToR2
(INSULATED FROM.
[ ROTOR 1}
]

Fig. 7 (Left) The basic Colpitts oscillator.

Fig. 8 (Right) A variable tuning Colpitts can make use of a
variable two-gang capacitor of specialised construction.

and seldom needs adjustment. The rule of thumb is to use
a coil tapped at about 10% to 20% of its total turns from
the ‘cold’ end (the end connected to the supply), a
resistance of around 330R for R, and design the bias
components R1 and R2 so that the oscillation is a sine
wave and is self-starting. The decoupling of the base is
essential if the oscillator is to be used as shown;
alternatively the base can be driven from a low-impedance
source which will cause the output from the res?nant
circuit to be amplitude modulated.

Figure 5 shows another version of the circuit, in which
the tapped coil is in the emitter circuit, feeding back to the
base this time, and so leaving the collector free to deliver
the waveform. The output wave at the collector is not a
pure sine wave, however, so that this output is useful
mainly when the output is to be squared to generate
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harmonics, or if a resonant circuit is to be included in the
collector circuit. A wave of better sine shape can be taken
from the emitter. Figure 6 shows another variant of the
Hartley circuit which uses the tapped coil in the collector
circuit — in this example, the tapping is connected to the
supply voltage so that the remainder of the coil phase-
inverts the signal to feed the base.

The Colpitts oscillator uses a very similar circuit to the
Hartley, but with a single coil winding, untapped. The
tapping is arranged by using two capacitors connected
across the coil, as shown in Fig. 7, which shows the tuned-
collector version of the circuit. The combination of the
capacitors in series is the tuning capacitance for the
inductor, and the ratio of the values should be arranged so
that C, is around 5C, {or more) to give the required signal
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NO PHASE SHIFT AT
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=Ra"Rb
Ra'&Rb

Fig. 9 (Left) The phase-shift oscillator in its simplest form.

Fig. 10 (Right) The Wien bridge circuit, originally devised for
measurement purposes.
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division ratio. The .Colpitts configuration has the
advantage that only a two-terminal coil is needed, but the
capacitor dividing chain is a nuisance, particularly if
frequency has to be varied by using variable capacitors —
one solution is the type of twin ganged capacitor shown in
Fig. 8.

Since it's possible to make RF oscillators from every
conceivable arrangement of amplifier, resonant circuit
and positive feedback loop, there are dozens of RF sine
wave oscillator circuits, some of them (like the Hartley and
the Colpitts designs) stretching back to. the 20s and 30s.
What keeps the most popular ones alive is that they give
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Fig. 11 A Wien bridge circuit circuit, using a thermistor to
stabilise amplitude. ‘

23



FEATURE: Configuration S

Fig. 12 Frequency variation on a Wien oscillator using
ganged potentiometers.

good sine waves, with small frequency drift. There are
many other designs which have simply dropped out of use
because they could not fulfil the ever-increasingly
stringent requirements for frequency stability, so please
don’t write in with what you think is an original RF
oscillator circuit — it's a thousand to one that someone
will have patented it in nineteen oatcake and it will have
dropped out of use for good reason!

Descending Into Difficulty

At the lower end of the frequency scale, sine wave
oscillators which use resonant circuits start to run into
component problems. The inductors need iron cores,
causing non-linearity, and have very low Q figures (ratio of
reactance to resistance), which also permits poorly-shaped

O +VE

O oV

Fig. 13 The twin-T network used in an oscillator circuit.

waveforms. Capacitors tend to be more leaky because of
their large capacitance values, and the sheer size of the
resonance circuit can be very unwieldy. This leads to the
use of RC oscillators for low frequency applications, and to
the design of much more complicated oscillator circuits.
The problem is that there are no truly resonant RC circuits
that are in any way comparable with LC circuits. There are
many RC circuits which have minimum or maximum
attenuation or phase shift at a ‘resonant’ frequency, but
their selectivity, in terms of the change of frequency is very
poor compared to the LC circuit. For this reason, RC
oscillators will never give a pure sine wave unless the gain
of the amplifier stage is very closely controlled — hence
the circuit complications.

The ‘classic’ RC oscillator circuit is the phase-shift
oscillator of Fig. 9. The three RC time constants should be
approximately equal, and each should cause a 60° phase
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shift at the desired oscillating frequency. The set of three
then causes a 180° phase shift overall, which is the
requirement for oscillation if the gain is sufficient overall. A
fair amount of gain will be needed in this circuit because
of the attenuation of the three RC circuits, and transistors
with low h¢ values may not oscillate in this circuit at all.
Gain is adjusted by using RV1, which varies the small
amount of negative feedback, and this should be set for
the best sine wave shape, which will be when the circuit is
just oscillating. This may not be the setting for obtaining
reliable starting when the circuit is switched on, however.

For purposes where a high-quality sine wave is
needed, and particularly if variation of frequency is
wanted, more elaborate circuits are used, of which the
Wien Bridge and the Twin-T are typical. The Wien bridge
circuit itself is shown in Fig. 10 — its peculiar property is
that is has zero phase shift at its ‘resonant’ frequency as
shown in the formula. This configuration can be used in a
positive feedback loop to ensure that the feedback is in the
correct phase only at the correct frequency, but close
control of the gain will be needed if the waveform is to
remain of good sine shape.

Getting A Bead On It

The conventional way of achieving this on modern RC
oscillators is by the use of a sSubminiature thermistor with
negative temperature coefficient. A bead thermistor is
used, which will be heated by a signal current of a
milliamp or less, and this component is included in a
negative feedback loop which controls the gain of the
complete amplifier section. When the signal current
flowing through the thermistor is high, the thermistor
resistance decreases and the increased feedback causes
the gain of the amplifier to be reduced. The opposite
process occurs if the signal current is too small. The
thermistor therefore takes over the task of controlling the
gain of the amplifier, allowing us to concentrate our efforts
on designing the rest of the circuit.

A typical Wien bridge oscillator circuit is illustrated in
Fig. 11. A direct-coupled two-transistor circuit is used, and
the gain is controlled by the loop which feeds signal from
the collector of Q2 to the emitter of Q1. This loop consists
of a fixed resistor R6 and the combination of capacitor and

* thermistor in parallel with it; the values must be chosen so

that the overall gain is fairly low. The Wien bridge network
of R,/C1/R,/C2 is connected between the collector of Q2
and the base of Q1 (thje positive feedback loop).

Variable frequency operation can be carried out by
varying either the resistors of the Wien network or the
capacitors, but it is not enough to alter just one
component value. Most amateur circuits (see Fig. 12) use
small value fixed resistors, plus a ganged potentiometer in
series, to make up R, and R,: R1 and R2 have high values,
so their effect is negligible. Commercial Wien bridge
circuits tend to use a FET for Q1, and to carry out
frequency variation by using a ganged capacitor for C1
and C2. This gives a larger sweep of frequency, so that
fewer ranges are needed, but requires very large resistor
values, since the variable capacitors are only 500pF in
value. Resistors of many megohms are needed if low
frequencies are to be generated, hence the need for the
FET at the front end. Commercial Wien bridge circuits can
cope with a frequency range of 10 Hz to over 1 MHz in
three or four switched ranges.

Finally, Fig. 13 shows a typical circuit using a twin-T
network but omitting the complications of the thermistor
amplitude control. The twin-T has, for some reason, never
been so widely used in this country as in the USA — it
seems to be the old Bootstrap v Miller timebase attitude all
over again!
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The editor expressly forbids his neighbours from reading this
Configurations, because it’s all about audio power output stages.
lan Sinclair shows the way to deafness . . . oh for the quiet life.

of voltage amplifier stages are never quite so confi-

dent with power output stages. The reasons are not
difficult to find, because few textbooks go into much detail
about transistor power output stages, and one or two offer
rather misleading advice.
The essential problem of power output is to get power
delivered into a load, and a theorem which is often quoted
in this respect is the maximum power theorem — Fig. 1.
This states that if the power source has fixed values of in-
ternal resistance and supply voltage, then the maximum
transfer of power will occur when the load has the same
value of resistance. The maximum power in the load will
then be 50% of the total power, with the other 50% being
dissipated across the internal resistance. The use of this
theorem governed the design of valve output stages for
decades.

a lot of people who feel quite happy with the design

i
s

Fig. 1 Maximum-power theorem. This states that the
maximum possible power is transferred to the load when R,
= Rs. This does not imply that the load gets the maximum
share of power.

Things have changed, however, and we can easily obtain
transistors with very low internal resistance values and use
them in circuits whose internal resistance can be as lttle as
a fraction of an ohm. The maximum power theorem isn’t
useful here, because we don’t actually want maximum
power, only as much as we can handle, and preferably
most of it across the loudspeaker terminals. In any case,
we don’t want to have to use loudspeakers with im-
pedances of only a fraction of an ohm. Wher we use a
loudspeaker whose impedance is several times that of the
amplifier, we can be sure that most of the power
dissipated is across the loudspeaker rather than across the
output transistors, and that’s just what we want, whether
it's the maximum possible power or not.

The very low output resistance of transistor power
amplifiers also explains why it is that the power output of a
transistor amplifier increases when you use a loudspeaker
of lower impedance — your average pre-war textbook
can’t explain that one! If we were to attempt to use a load
that matched the resistance of the amplifier output stage,
it's pretty certain we would burn out the transistors.

Some Like It Hot

Speaking of which brings us to the second point about
power output stages. With low internal resistance, there is
no problem about delivering power, but the performance
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of a power amplifier in this respect is limited by the rate at
which the transistors in the output stage can dissipate the
heat which is inevitably caused when current flows
through them. As long as the rate of heat generation
(which is volts x amps) equals the rate of heat dissipation,
the temperature will remain steady, but raising the dissipa-
tion also means raising the temperature, and this is the
limiting factor for transistors, because if the collector junc-
tion, which is where the heat is generated, gets too hot, it
will melt, and that’s the end of the transistor. Many output
transistors which could dissipate 150 W if the heat could
be removed efficiently will dissipate only a miserable 20 W
under realistic working conditions.

The design of a transistor power amplifier, therefore,
starts with a consideration of heatsinks. The traditional
method is to use a quantity called thermal resistance,
which is defined as the temperature rise per degree (cen-
tigrade) of dissipated power. When a heatsink has a ther-
mal resistance of 4°C/W, then it will be 4°C hotter than
the air around it when it is dissipating 1 W, 40°C hotter
than the air when it is dissipating 10 W, and so on — the
temperature rise equals thermal resistance times power
dissipated. For a transistor bolted on to a heatsink, there
are several thermal resistances in series (Fig. 2) — the ther-
mal resistance of the collector junction to the mounting
surface of the transistor, the thermal resistance of the
mounting surface to the heatsink (which will be increased
if you use a mica washer for insulation), and the thermal
resistance of the heatsink itself to the air. Like electrical
resistances, these can be added (that’s why we use them!),
and when the result is multiplied by the intended power
dissipation, the result will tell you how much hotter than
the air your transistor junction will be. Remember that the
air actually around the area of the heatsink may not be all
that cool — a conservative figure to use is 40°C — and
then add on the rise in temperature that you have
calculated. If the result is well short of the maximum

JUNCTION TO MOUNTING FACE...0 4

MOUNTING FACE OF TRANSISTOR TO
= MOUNTING FACE OF HEATSINK. .45

HEATSINK TO AIR..83

TOTAL THERMAL RESISTANCE =64 +6, +603

Fig. 2 Thermal resistances. For a single transistor on a
heatsink, the thermal resistances are in series, and can be
added. For other configurations, these quantities can he
treated exactly like electrical resistances.
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allowable figure for the transistor, well and good; if not,
then you need to improve your heatsinking, or use a dif-
ferent transistor, or both.

Making A Transformation

With that out of the way, we can now look at some
configurations. Most of us automatically think of the PNP-
NPN direct coupled pair when we think of output stages,
but there are still a lot of single-ended transformer-coupled
stages around, similar to the design of Fig. 3. A Class A
stage like this is designed by finding the maximum dissipa-
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mé 25:1
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1
9 R3 = VERY LOW VALUES {0.5R TO 10R)
IN 01 I— R1,R2 ARE LOW VALUE BIAS RESISTORS.
3 THEY MUST BE CAPABLE OF MAINTAINING ENOUGH
CURRENT TO BIAS THE BASE. THIS MAY BE
SEVERAL HUNDRED M{LLIAMPS!
R2 R3
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Fig. 3 A single-ended Class A stage, using transformer
coupling.

tion you can get away with, and then fixing the supply
voltage and calculating the signal current. If we take it that
the average DC level at the collector of the transistor is
equal to the supply voltage (Fig. 4), then at peak power
output, the signal voltage (instantaneous voltage, that is)

TRANSISTOR DRAWING
LESS THAN BIAS
CURRENT

EARTH———u—

TRANSISTOR DRAWING
MORE THAN BIAS
CURRENT

SUPPLY VOLTAGE V,

S

Fig. 4 The (ideal) output waveform at the collector of the
circuit of Fig. 3. The inductance of the transformer is
responsible for the portion of the wave which is above
supply voltage.

will drop to zero and rise to twice supply voltage. This
makes the peak voltage of the output signal equal to the
supply voltage, and the RMS power is equal to
peak volts x peak current
8
so that peak current, |, equals
8 x power
‘supply power
— you will have to check for yourself that the transistor
can cope with this peak current. The next step is to
calculate the transformer ratio. The peak voltage V,, across
the loudspeaker will be

/ power
v g

and the transformer ratio will have to be
supply voltage
- ;P
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Fig. 5 The basis of the single-ended push-pull Class B stage,
most succinctly known as the totem-pole output.

— this is usually a step-down ratio. The transformer should
have enough primary inductance to ensure that it will han-
dle low frequencies reasonably well, but you don’t want
to design the transformer in detail unless you are a card-
carrying masochist.

The single-ended stage is not exactly brilliant from the
point of view of distortion, and the voltage gain is usually
very low, so that negative feedback from the speaker ter-
minals to the input of the power stage is rather ineffective.
The negative feedback can be taken to an earlier stage, but
the drawback here is that the phase shifts may be ex-
cessive, particularly since a transformer is present, and
these can make your negative feedback become positive
at one end of the frequency range, causing distinctly nasty
sounds to come from the speaker. The main merit of a
single-ended transformer-coupled stage of this type is that
it can deliver a fair amount of power from a low supply
voltage, something that is not easy for the traditional
direct-coupled design.
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Fig. 6 Using two diodes in series to stabilise the bias of the
output pair.

The Traditional Transistors

With that brief introduction — meet the traditional
direct-coupled output stage as used in practically all of the
hi-fi, medium-fi and no-fi amplifiers in the world. The
design consists of a pair of complementary emitter-
followers in a Class B single-ended push-pull circuit (Fig.
5), with both transistors on one heatsink, capacitor coupl-
ing to the loudspeaker, and lots of negative feedback. It's a
design on which an incredible number of variations can be
achieved, however, and also one whose performance can
be greatly enhanced by careful choice of components,
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and well-planned construction. The driver stage for the
output pair may use diodes to adjust the DC voltage dif-
ference that is needed between the bases of the output
pair (Fig. 6) or an almost-saturated transistors (Fig. 7) or
with a common-emitter pair used in place of emitter-
followers, and driven by an op-amp (Fig. 8).

_@

10 > b—y

TO BASES OF
OUTPUT PAIR

470R

Fig. 7 An alternative method of stabilisation using a
transistor.

Like all Class B stages, linearity, especially near the
crossover point (Fig. 9) where one transistor starts to con-
duct as the other one stops, is always a problem. The gain
in this region is very low, so that negative feedback is not
the cure-all that many designers seem to expect it to be.
Since the basic output stage is a couple of emitter-
followers, it has a voltage gain that is less than unity, and
the driver stage usually has a low gain also, so that the
Egedbark loop has to be taken over a number of stages
ig. 10).

O » —Q +VE

A3

-0 ov

C3 1S ABOUT 10n AND IS FOR STABILITY PURPOSES

R3,R4 AROUND 100R-220R DEPENDING ON DRIVE

NEEDS OF OUTPUT PAIR AND CAPABILITIES OF OP-AMP.

R1,R2 EQUAL-AROUND 47k
Fig. 8 A circuit which uses an op-amp to drive an output
pair. The transistors are NOT in the normal totem-pole
configuration, because each is being used as a common-
emitter amplifier rather than as an emitter-follower. If
Darlington power output transistors are used, this can be a
very economical high-power stage.

The problem of crossover distortion has driven several
designers to use Class A stages of very similar configura-
tion. When both of the transistors of the output pair are
driven with a signal, the efficiency can be as high as 30%
(as compared with 78% for Class B), and the availability of
high-power transistors with low thermal resistances has
encouraged the use of Class A — a typical circuit is shown
in Fig. 11. The distortion figure, measured before applying
feedback, is still fairly high (10% or more at full power),
but feedback greatly improves this. More important, the
distortion level tends to be least at low power outputs,
unlike the Class B circuit in which the distortion is greatest
at low level — when it is also most noticeable — due to the
crossover problem.
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Fig. 9 Crossover distortion. (a) an ideal mutual characteristic
for a power transistor. (b) How the characteristics of two
identical transistors would combine if each were just cut-off
with no signal present. (c) The distortion of wave-shape
caused at crossover with insufficient bias. (d) Crossover
distortion can be reduced by increasing bias on each
transistor, but unless the transistors have unusually straight
characteristics, a lot of bias will be needed.
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Fig. 10 Using feedback over several stages in a Class B
output circuit.
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Fig. 11 A Class A output stage — note that both output
transistors are of the same type. For low distortion, they
should be carefully matched.
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Power corrupts, and absolute power corrupts absolutely. At
least, it can burn out the odd diode or two. We examine the
area of power supplies and some of the facts you aren’t often

told.

ower packs, you might think, are among the simpler
P of electronic circuits to design, and yet there is pro-

bably more cut-and-try used in the power supply sec-
tion of a circuit than in all the rest of the circuitry that you
construct. The reason seems to be a lack of coherent ex-
planations of the action of the reservoir capacitor — only
too often you are simply told that it “‘provides an earth
route for AC ripple”’, and no more. We have to start this
timhe, .then, by putting that sort of misconception to
rights.

/ l'\v AL
N g
§R1

~ 3t

Fig. 1 Simple half-wave rectifier circuit with no reservoir
capacitor. The waveform is unidirectional, but certainly not
what we would call DC.
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Fig. 3 This shows why the peak reverse voltage on the diode
is doubled when a reservoir capacitor is used.

Bring On The Reserves

Now when a reservoir capacitor is connected to the
circuit (Fig. 2), things change considerably. To start with,
imagine that the load resistance is very high, so that only a
small amount of current is being taken. Instead of the rec-
tifier conducting for the whole positive cycle of the AC
wave, it now conducts only for a tiny fraction of the time
of the wave, right at the peak. The reason is that the first

Consider for the sake of simplicity, a half-wave rec-
tifier circuit and a load (Fig. 1). The waveform across the
foad will consist of about half of the input waveform, the
positive half in this example because of the way we have
chosen to connect the diode — reverse the diode and you
will select the negative half of the wave. This type of out-
put is called a unidirectional wave — the peaks are in one
direction (positive) only, with no negative peaks — but it
isn’t exactly anyone’s idea of DC. A DC voltmeter con-
nected to the load of this circuit reads what DC voltmeters
always read, the average voltage, which is around Ey/;
approximately 0.32 E,, assuming that the diode is ‘perfect’
in the sense of having no forward voltage drop across it.
We can allow for the forward drop, which can’t be
neglected if the output voltage is low, by subtracting its
value from E,, the peak AC input. This is only an approx-
imation, but it is good enough for practical purposes.

LRI VA

CHARGE
Ny
CHARGE /T\—/\

DISCHARGE

- 8,
~ [k

Fig. 2 A half-wave circuit with a reservoir capacitor ddded.
The capacitor charges to the peak voltage of the input wave,
and the charged capacitor supplies the load while the diode
is reverse-biased.
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Fig. 4 The waveform of ripple, caused by the time constant
of the reservoir capacitor and load resistance.

half-cycle, when the supply is switched on, will charge the
reservoir capacitor to the peak positive value of the AC
wave, less the forward diode drop, and when the AC input
at the anode of the diode drops below this value, the
diode will cut off. From this moment until the next positive
peak of the wave comes along, all the current that is sup-
plied to the load is supplied from the reservoir capacitor,
which is why it’s called a reservoir! Far from just being a
bypass for AC, the reservoir is the main store and supplier
of DC to the load.

All the current that dribbles out from the capacitor
results in the voltage across the capacitor dropping as its
charge is drained, so that the diode has to supply this

ELECTRONICS DIGEST, SPRING 1984



FEATURE: Configurations

charge again next time it conducts. You don’t get
something for nothing — the diode passes large currents
for short time intervals instead of conducting steadily over
a half-cycle as it did when no reservoir was used. The
overall result is that the diode has to be able to pass peak
currents that are many times greater than the average cur-
rent, it spends most of its time cut off, the maximum
reverse voltage across the diode is twice the AC peak
voltage (see Fig. 3), and there is a ‘ripple’ on the output
wave which is caused by the drop in voltage as the reser-
voir capacitory discharges (Fig. 4). The waveform of this
ripple is a sawtooth, rich in harmonics, not simply a piece
of left-over sine wave as some explanations would hint at,
so that it is a potent source of hum interference in the rest
of the circuit.

The approximate amplitude (peak to peak) of the rip-
ple is given by 1t/C, where | is the average current drawn
by the load, C is the size of reservoir capacitor, and t is the
time between positive wavepeaks. Using units of
milliamps for |, microfarads for C and milliseconds for t,
we get units of volts for the amplitude of ripple. For exam-
ple, if you draw 100 mA from a 1000uF capacitor with a
half-wave rectifier for which t is about 20 mS, then the

D1

+VE
~ +*
Vams c1

Fig. 5 A summary of the conditions for common power
supply configurations.

+VE
D3

ripple amplitude is (100 x 20)/1000, or 2 V, which isn’t ex-
actly negligible. Using a full-wave rectifier, which
recharges the capacitor at 10 mS intervals, you geta 1V
ripple. |his tormula isn’t toolproof — it applies only when
you have the situation in hand, and will give silly answers
if the reservoir capacitor is much too small or if the
amplitude of the AC input is very small, but it's a good
guide to realistic values for power supplies generally.
The voltage output of the circuit with no load current
is equal to the AC peak voltage, but as the load current in-
creases, the ripple also increases and the average DC out-
put drops until it can become almost as low as the value
you would get with no reservoir, 0.32 E, for half-wave,
and twice as much as for full-wave (bridge or split-
secondary type of circuit). Figure 5 summarises the
operating conditions for different rectifier configurations.
Ripple, and the drop of output voltage when output load

POWER

TRANSISTOR

. O~ < 9 O~
a1

k0
INW Lour

701
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Fig. 6 An elementary stabiliser — the power transistor in this
example would be a medium-power type with a high value
of h,
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current is taken, can be minimised by increasing the size
of the reservoir capacitor. Obviously, it is also an advan-
tage to have a short time between recharging the reser-
voir, so that high-frequency supplies need less in the way
of reservoir capacitance — one of the many reasons for the
popularity of switch-mode power supplies these days.

A Stable Situation

Another defensive measure is stabilisation. Stabilisa-
tion does not mean that some circuit is used which will
miraculously bump up the voltage output from the reser-
voir capacitor, it simply means making the best of what
you have. Suppose you have a nominal 8 V supply, and
that at the full planned output current of 150 mA it can
have a 2 V peak-to-peak ripple. This value implies that the
voltage will drop momentarily as low as 6 V twice on each
AC cycle, assuming that full-wave rectification is used, so
that if we use only 5 V of this supply, these changes caused
by ripple will not affect the 5 V output at all. This is the ac-
tion of a stabiliser — it's a circuit which is a voltage-
dropper, but arranged so that the drop is variable, keeping
the output voltage constant while the input voltage varies.

A stabiliser has to operate so as to fulfil two re-
quirements. First it must keep its output voltage constant
as the input voltage varies, and second, it must keep the
output voltage constant as the load current varies. The two
may sound identical at first glance, but they are not — the
first calls for the output to be constant while the voltage
across the stabiliser is varying, the second calls for the
combination of the stabiliser and the rest of the power
pack to have almost zero internal resistance.

Figure 6 shows a verz) basic form of stabiliser. The
voltage at the output is set by the value of the zener diode,
and because of the voltage across the base-emitter of a
transistor, the output voltage will be around 0V6 less than
the zener diode voltage. This should ensure that the
voltage of the output is stabilised against changes at the in-
put, but the stabilisation against changes in the current

b e :
= 1

IN1 X ouTt

D1

- o . —

Fig. 7 A block diagram of the comparator type of power
supply stabiliser. This type is rarely built nowadays because
of the ready availability of IC equivalents.

‘taken by the load is not so good, because the V,, must in-
crease to some extent as the load current increases.
Nevertheless the stabilisation is better than it would be in
the absence of the circuit (spmething wrong if it were
not!), and can be improved by amplifying the signal to the
base of the regulator transistor — a variation on the circuit
is shown in Fig. 7. The output voltage is compared with the
zener voltage, and the output of the comparator is used to
control the base of the regulator transistor. Very low out-
put resistances of the order of a few milliohms can be ob-
tained using circuits of this type.

I’'ve drawn the circuit as a block diagram because it
isn’t very often nowadays that we have to build stabilisers
with separate components. The reason, of course, is the
ready availability of IC regulators, particularly the 78
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series. These take advantage of being ICs (so that circuit
complications are not a problem for production, only for
design) to incorporate features such as current foldback,
meaning that the current will be regulated if there is any
risk of over-dissipation. This ought to prevent overload
and give these regulators a very long life — | say ought,
because in my experience these regulators quite frequent-
ly fail, and I suspect that the fold-back arrangements are
not always completely effective.

The 78 series covers most of the ‘popular’ supply
voltages, but if we should want an odd value then a
modification to the circuitry, as shown in Fig. 8, can do the
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REGULATOR
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IN < ’ b ouT
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Fig. 8 Varying the output voltage of an IC stabiliser. A
variable resistor is illustrated, but a fixed value resistor could
be used once the correct value has been established.

O

O)

needful, at the expense of a slight loss in stabilisation.
Similarly, if we want a lot more current from the output
than the normal 78 series can supply, then we can use the
IC to control an external transistor, as shown in Fig. 9. Cir-
cuits like these can cope with about 99 per cent of our
needs.

Switching The Subject

Having mentioned switch mode power supplies,
however, | feel | should explain further because, unless
you follow the development of TV circuitry, you may not
have come across details of them (though a switch mode
supply was used in the venerable Apple 2 computer, and a
switch mode supply is now used in the BBC computer
atter early users complained that the old version burned
the varnish off their tables). Basically the principle is to

R1 Q2
OR33 BD436

. )

R2
100R

IN< Y]
BFX64

. IC1 ° o)
R3 TBA435
15R
I ouT
c1 c2 *C3

10n 10n -[ 10u
o O

Fig. 9 Increasing the current-handling capability of an IC
stabiliser. The stabiliser handles the rated current, and any
amount beyond this value is handled by the auxiliary
transistor circuit, preserving voltage stability. '
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dispense with a mains transformer, and rectify the mains
voltage so as to produce a high voltage DC. By dispensing
with the resistance of a mains transformer, and by using a
reservoir capacitor of surprisingly modest capacitance (but
rated for 500 V!), this supply voltage can be quite stable. It
is then applied to a switching circuit which charges a
capacitor several thousand times per second and
discharges it just as frequently into the primary of a
transformer which, because it operates with high-
frequency signals, can be small and well-insulated. The
outputs of this transformer are rectified, and need only
small reservoir capacitances because of the high frequen-
cy that is used. There is no need for a stabiliser of the old-
fashioned wasteful type either, because the output voltage
can be sampled by a comparator, and the output of the
comparator used to alter the switching times. The idea is
that if the output voltage drops, the switch can spend
more time passing current into the primary of the
transformer; if the output voltage is too high, the switching
circuits cut off earlier. There is no waste involved — what
is not used is held in the reservoir capacitor ready for the
next switching operation.

TRANSFORMER

g TO BRIDGE RECTIFIERS

240v

AC 6 TO BRIDGE RECTIFIERS
»i

E l l

CONTROLLER

SWITCH
CIRCUIT

+

3IE]

e

EARTH

Fig. 10 An outline of a switched mode power supply. No
values are shown, because the transformer is a critical
component and the other circuitry can be obtained in IC
form.

The main advantage is that the supply tuns
astonishingly cool, with no huge heatsinks needed for the
regulator. The advantages for TVs and computers are ob-
vious — | remember one computer which left scorch
marks and which could have served as a sandwich toaster.
Another advantage is that no AC voltage adjuster is need-
ed — whatever the mains voltage happens to be will be
compensated for by the switching process, and there are
ICs which will take care of the whole operation.

One point ot caution concerns servicing. If you are
working on a switch mode power supply, remember that
it uses high voltages, and that part of the circuit is always
live to the mains when it is operating. On many TV
receivers, in accordance with the belief that a designer
worth his salt will make the inside of a TV as dangerous as
possible in order to kill off amateur mechanics, the whole
chassis is live or at least not isolated from the mains. The
growing trend to make TVs in monitor form so that they
can be connected directly to video recorders instead of by
the ridiculous method of re-modulating the signal may at
last bring us electrically into line with the rest of the world
in this respect.
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And so to solid state switches. In this Configurations lan Sinclair

looks at the basic techniques involving the thyristor and its

relatives.

s a component, the thyristor is so closely related to
Athe diode that thyristor circuits just had to follow the

treatment of power supplies last month. Technically,
the thyristor is a four-layer diode, but as far as we are con-
cerned, it's a silicon diode that is switched into conduc-
tion by a signal at a third electrode, the gate, as shown in
Fig. 1. In many respects, however, the action is very much
that of a normal silicon diode; for example, it will not con-
duct in the reverse direction (cathode positive), and it has
about 0V6 forward drop across the anode-cathode ter-
minal when it conducts. The distinguishing feature is that
the start of forward conduction only occurs when a trigger
pulse arrives at the gate and fires the thyristor. Whatever
you subsequently do to the gate, the thyristor will con-
tinue to conduct until the forward current falls below a
value known as the holding current, at which point the
thyristor will turn off. However, while the thyristor is on, it
is as fully conducting as a silicon diode would be.

+VE
ANODE

ANODE
Q

fa) ib)
P

Y .
GATE O_f

GATE O=————r"T P

N

(o}
CATHODE

-VE
CATHODE

Fig. 1 The thyristor: (a) circuit symbol, (b) arrangement of
semiconductor layers.

Triggers Fingered _

One point that is not always sufficiently understood is
that the triggering requirements can vary enormously from
one type of thyristor to another. A lot of small thyristors
will trigger for a gate current of only a fraction of a
microamp, so that interference signals will trigger the
thyristor if the gate terminal is not ‘earthed’ to the
cathode by a low-value resistor. A lot of false triggering of
burglar alarms seems to be due to thyristor circuits in
which the gate has too high a resistance to the cathode,
making the gate circuit a very efficient genal for any
radiated energy! Even when quite low resistance values
are used, thyristors can trigger in lightning storms or
because of static discharges, so that some careful design of
the gate circuit and extensive testing is needed if you are in
the alarm business. The combination of low resistance and
a suppressor ferrite bead placed at the gate terminal helps
a lot! Large thyristors need rather more in the way of gate
current, but even these can be triggered by a fraction of a
milliamp.

ThyFr)istors are most at home in circuits which use DC
or unsmoothed (but rectified) AC. The use of recpfned A_C
is particularly popular (Fig. 2) because the thyristor will
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Fig. 2 Elementary switching circuit for use with rectified AC.
When the switch is on, current will flow through the load.

switch off each time the supply voltage reaches zero, and
all that we need to concentrate our attention on is the trig-
gering which switches it on again. Where a thyristor is us-
ed in a DC circuit, there is the extra complication of reduc-
ing the voltage across the thyristor to zero in order to
switch it off (Fig. 3).

+VE +VE DC

T [
g

ﬂ 100n

i b

LOAD

TRIGGER
INPUT

Fig. 3 Turning off a thyristor which is operated from DC.
Pressing the switch wiﬁ discharge the capacitor, pulsing the
anode of the thyristor and so stopping the current. This is
enough to prevent conduction until the gate is pulsed again.

A Passing Phase

Down to configurations. The most useful basic trigger-
ing circuit is the phase-controlled thyristor fed with rec-
tified AC as illustrated in Fig. 4. The load can be placed in
the leads to the bridge rectifier, in which case the thyristor
will control the average power dissipated in the load,

BRIDGE
RECTIFIER

O— LOAD

AC

(e
FROM
GATE
PULSING
CIRCUITS
g O

Fig. 4 Basic circuit for thyristor control of an AC circuit,
using a bridge rectifier to supply the thyristor. The load, ’
however, operates from AC.
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Fig. 5 A thyristor regulator. This makes a very useful pre-
sgablllser circuit, or can be used as a stabiliser in its own
right where very precise stabilisation is not needed.

despite the fact that the load is working on AC and the
thyristor is controlling a rectified supply. An interesting op-
tion is to place a reservoir capacitor on the cathode side of
the thyristor, giving a low-cost and low-dissipation form of
voltage regulation (Fig. 5). The gate control can be obtain-
ed from a charging capacitor, as demonstrated in Fig. 6, or
from a zener diode as in Fig. 5 — remember that there is
no triggering until the gate voltage is about OV6 above the
cathode voltage.

R2

a7
RV1
(A Bl = IV s
*DZ THI D1
B .J- ]
100R (NOT ELECTROLYTIC)
T w0 (220
L A -0 0V

Fig. 6 A typical phase control circuit for AC. The thyristor
will conduct on only half of the input wave, so that a
‘power-doubler’ circuit, which switches a diode across the
thyristor in the reverse conduction direction may be needed
for a larger range of power control (shown dotted).

Simple triggering from a charging capacitor is never
entirely satisfactory, %eca use the thyristor cannot be relied
upon to fire at exactly the same stage of charging in each
cycle. To get round this, the simpler circuits make use of a
trigger diode or diac which ensures more reliable trigger-
ing. The trigger diode has the curious characteristic that it
will remain non-conducting while the voltage across it in
either direction builds up, suddenly conduct at some
voltage level which is determined by its construction, and
remain fully conducting until the voltage across it has
dropped almost to zero (Fig. 7). A diac wired between a
charging capacitor and the gate of the thyristor, with a
load of a few hundred ohms connected between the gate
and the cathode to avoid unwanted triggering will serve
nicely to make the triggering much more reliable. What
you then have to be sure of is that you have enough
voltage around to operate the diac — depending on type,
you may need up to 15 V across it before it starts to
conduct.

The very simple phase-control system operates well
enough for a lot of applications, particularly for light dim-
ming, but more care is needed where electric motors are
being controlled, mainly because of the back-EMF that
motors of the AC/DC type will generate. When any motor
of this type is spinning, it will act as a generator of DC
(even if the supply to the motor is AC), and the thyristor
must be capable of withstanding a reverse voltage which
consists of the peak reverse AC plus this additional voltage
generated by the motor.

The methods that are used for thyristor control of the
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Fig 7. The diac, and its typical characteristic.

larger motors, larger than your domestic power drill/food
mixer motor, are a lot more specialised. For these circuits,
charging capacitors are simply not precise enough as a
method of triggering the thyristor at the correct point in
the waveform: more elaborate trigger circuits, synchronis-
ed to the mains frequency, have to be used. These pulse-
generating circuits can be coupled to the thyristor circuitry
by using small pulse transformers, so that the timing cir-
cuits need not be connected to the circuits that the
thyristor controls. This is particularly important when
thyristors are used in high-voltage three-phase circuits,
because the thyristors may be operating at voltages well
above or below earth, yet the control box needs to be
earthed.

Radio interference is a continual problem for any
thyristor circuit which makes use of phase control.
Because the thyristor is being switched on when there is a
substantial voltage across it, there are large current pulses
which can be devastating for radio or TV receivers in the
neighbourhood and which can also trigger other
thyristors. It’s essential, therefore, to design really effective
pulse-transient suppression. into the gate and anode cir-
cuits, and to ensure in the practical construction that the
suppressors are placed as close as possible to the terminals
of each thyristor. In general, small series inductors and
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+5V

CONTROLLER

TYPICAL CURRENT THROUGH LOAD

M—VWW— VWV

/N
A

TRIGGER POINT

Fig. 8 Principles of zero-voltage switching circuits. The
controller (usually an IC) will switch the thyristor on at the
point when the AC wave passes through zero. This ensures
minimal RF interference, unlike the phase-control method.
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parallel capacitors will do all that is needed, but they have
to be capable of taking high peak currents, and must be
wired close enough to prevent any wiring from acting as a
radiating aerial.

The Zero Option

The other way of controlling thyristors in energy-
contro! circuits is seen much less in the small-scale circuits
that we tend to be more familiar with. This alternative is
zero-voltage switching, and it involves switching the
thyristors on at the instant when the voltage between
anode and cathode is zero. This has the advantage of
generating no more interference than a silicon diode
would, which is very much less than is generated by the
phase-control circuit: but it can be used only with loads
like water-heaters which have very long time constants. If
you switch your electric drill motor on for 100 mS in each
second, the speed will be rather erratic to say the least, but
a water or room heater switched in this way does not
cause noticeable fluctuations of temperature because the
temperature does not shoot up rapidly when the heater is
‘on, nor shoot down when the heater is off. Figure 8 shows
an outline of a typical zero-voltage control circuit — there
is an IC which can be used to govern the whole operation.

BRIDGE
RECTIFIER

Y

Q1

Q2

R2
100k

INPUT
Fig. 9 Using a triac in a circuit where the switching signals
are very small. Note that the whole circuit is live to mains.

For My Next Triac . ..

The triac is a two-way equivalent of the thyristor, with
the main circuit terminals labelled MT1 and MT2 rather
than anode and cathode, since current can flow in either
direction through the triac. Like the thyristor, the triac re-
mains non-conducting until it has been triggered by a
pulse at its gate terminal; the pulse can be of either polari-
ty, but the minimum amplitude for firing is not the same
for the two possible polarities. Again like the thyristor, the
triac ceases to conduct when the current through it
becomes too low to sustain conduction. Triacs are exten-
sively used to switch raw AC because a triac circuit

MAIN HIGH VOLTAGE
CIRCUIT

PULSE
TRANSFORMER !

TRIGGER CIRCUIT m 100R

(EARTHED) RESISTOR

Fig. 10 Isolating the mains part of the circuit from the
control part by using a pulse transformer.
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represents a considerable saving on components as com-
pared to a small thyristor circuit, even if the equivalent
triac is more expensive than two thyristors. Figure 9 shows
a typical triac circuit for AC use that can operate using a
very small triggering input, such as from a microphone or
photocell. The transformer supplies a low voltage for the
gate circuit, and the rectifier bridge is arranged so that an
unsmoothed full-wave rectified voltage is fed to the tran-
sistor amplifier circuit. When the transistor conducts, the
current flowing in the bridge rectifier will also flow
through the gate of the triac, triggering the triac on each
half-cycle. The trigger current is AC because the gate is
wired in the AC side of the transformer. Note that the
whole circuit is connected to mains — if an isolated low-
voltage circuit is needed, then the gate must be triggered
by a circuit using a pulse transformer rather than (ﬁrectly
as in this example, and the part-circuit shown in Fig. 10 is
needed.
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Fiﬁ. 11 The unijunction connected to provide a short pulse
when a switch is pressed.

Triggering thyristors or triacs via a pulse transformer
needs a fairly sharp spike waveform, and one of the
devices that has traditionally been used to provide this
type of waveform is the unijunction. As the name suggests,
this uses one junction on an N-type silicon base whose
doping normally ensures that the conductivity is low
(resistance high). The junction is placed so as to provide
an emitter terminal, and when the emitter voltage is raised
to the conducting level, the injection of holes into the bar
will make it highly conductive. This is the triggered state,
which can be maintained only if a current continues to
flow through the emitter. Unijunction circuits are arranged
so as to prevent this continuous current, so ensuring a
clean sharp pulse.

A unijunction ‘one-shot’ pulse generator is illustrated
in Fig. 11. With the switch open, the emitter of the uni-
junction is earthed, and the device is non-conducting.
Closing the switch contacts changes the voltage on one
side of the capacitor from earth to the positive supply
voltage, and the voltage on the other side will increase
similarly, so triggering the unijunction. The conducting
unijunction generates a positive-going spike at the earthy
end of its circuit, and also charges the capacitor so that the
end of the capacitor connected to the emitter is at about
earth voltage. This process is very brief, and when the
switch opens again, the emitter of the unijunction is pro-
tected from negative pulses by a diode.

The triggering voltage for a unijunction is a fixed frac-
tion of the total voltage applied across the main términals
— the fraction is known as the ‘intrinsic stand-off ratio’,
and is usually around 0.6, implying that the device will
trigger when the emitter voltage is about 60 per cent of the
supply voltage. Because this ratio is fixed, changes in the
supply voltage do not make much difference to the fre-
quency of the output.
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lan Sinclair has seen the light! Now he wants to illuminate the
rest of us. In case you hadn’t already guessed, the topic is opto-

electronics.

pto-electronics is a word that hadn’t been thought

of a few years ago, but which is now used to

describe a set of devices that are important enough
to merit a part of this series all to themselves. An opto-
electronic device is one which makes use of light as part of
its electronic function, so this label includes all varieties of
devices that convert light signals into electrical signals or
the other way round.

The simplest opto-electronic devices of the electricity-
to-light type are the familiar LEDs. Familiar they may be,
but even experienced engineers are not always aware of
their eccentricities. Like any other diode the LED has an
anode and a cathode, and passes current in the forward
bias direction; this is when the light is emitted. What is not
nearly so well known is that the peak reverse voltage of
these diodes is very low; if you get an LED the wrong way
round in a circuit, it's usually curtains for the LED when
the voltage is switched on. A typical value of peak reverse
voltage is 3 V, so practically any circuit that will operate
the LED when it is connected the right way round (Fig. 1)
will blow it up if it happens to be the wrong way round.

+5-15v AC VOLTAGE
o
R1 R1
220R-1k0 1k0

Fig. 1 (Right) The basic LED operating circuit. A current-
limiting resistor must always be used unless the output
resistance of the driving circuit is high.

Fig. 2 (Left) LED operation. (a) For use with AC, a silicon
diode must be connected across the LED terminals as shown.
(b) The two-colour LED uses two LED junctions connected in
opposite directions. (c) The tri-colour LED uses separate
LEDs with a common cathode connection.

In addition, the forward voltage across the LED is very
much higher than the OV6 that we merrily assume for a
silicon diode. For gallium arsenide, the material used for
many types of LEDs, the forward voltage is more like 2V1
to 2V4, so that LEDs are of little use in very low-voltage cir-
cuits — they won't, for example, work from a 1V5 cell.

Current Affairs

One of the major snags about LEDs is that they con-
sume a surprising amount of current. Manufacturers quote
‘adequate’ light output for red LEDs with 5 to 25 mA, and
for the green/yellow varieties with 10 to 40 mA. This
wouldn’t be missed in a circuit operating at 5V, 2.5 amps,
but it can be quite a drain on battery equipment, often
considerably more than all the CMOS ICs in a circuit in-
tended for battery operation.
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LEDs can be used with AC supplies providing there is a
diode connected in reverse across each LED (to prevent
excessive reverse voltage) as well as the usual current
limiting resistor (Fig. 2a). Bi-colour LEDs consist of a
package of two LEDs in one casing, connected in inverse
parallel so that current in one direction will give a light of
one colour, while the other colour is achieved by revers-
ing the current (Fig. 2b). In this circuit, one LED protects
the other against reverse voltage. Tri-colour indicators
(Fig. 2¢) use two diodes with a common cathode connec-
tion and separate anode leads, so that three colours can
be indicated, one in each lead, plus yellow when both
LED sectionsare activated. Personally, for indicating when
mains voltage is on, | much prefer the old-fashioned neon.

On Display

When it comes to digit displays, LED types have quite
a lot of competition. The traditional seven-segment display
(Fig. 3) comes as a common anode or a common-cathode
type (Fig. 4), and each type needs a separate limiting
resistor in each driver lead. The normal method of use is to
connect the display to a decoder chip such as the 7448 or
7447, which in turn takes the digital information in as BCD
signals — four bits per digit. The snag again is the current
consumption, 10-20 mA per segmerit, which means that
displaying a figure ‘8" uses 7 x 20 mA — 140 mA just to
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Fig. 3 Layout of the seven-segment display, with segment
guide. An eighth segment, the decimal point, is often added.
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Fig. 4 Internal connections for common anode and common
cathode displays. Whichever type is used, there must be a
separate limiting resistor tor each segment.
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display one digit! While mains-powered equipment isn’t
too upset by this size of current, the LED seven-segment
display did not last very long in battery-powered devices,
even when multiplexing was used. Multiplexing means
that only one digit at a time is activated, the digits being
switched on in sequence fast enough to present the ap-
pearance of all the digits being illuminated at once.

Oddly enough, the forward voltage for the segments
of an LED seven-segment display tends to be lower than for
diodes, around 1V3 to 1V7. At temperatures above about
25°C, the maximum current has to be reduced by 0.3 mA
per degree to avoid over-dissipation of the junction in
each segment.

One competitive display that seems to be much less
well-known is the filament seven-segment display. This
can use as little as 5 mA per segment, and looks surprising-
ly bright — it can be driven by a decoder directly with no
limiting resistors, and for many purposes is superior to LED
displays. The usual reason for preferring solid-state
displays is long life, but the quoted life of more than
100,000 hours for the filament type of display is pretty
competitive, and some LED displays are notorious for
short life — one frequent candidate for replacement in my

experience is the display used in the old KIM
microprocessor units.
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Fig. 5 Driving LCD displays. The common lead of the LCD
display must not be earthed; it has to be returned to the
driver IC. The waveform (b) applied is AC with no trace of
DC.
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Fig. 6 The vacuum photocell, and a typical circuit
arrangement.

Oldies But Goodies

The two older types of displays which are also worth
considering are the electron-beam type and the gas-
discharge type. The electron beam display uses a
miniature cathode wire to emit electrons, which will then
be attracted to any positive anode. The anodes are coated
with phosphors (similar to the phosphors used in cathode
ray tubes), and any anode which is positive to the cathode
by a sufficient voltage will glow. A 24-40 V supply is need-
ed, which usually means the use of an inverter when low-
voltage batteries are used, as in calculators. The display is
easy to read, and uses less current than the LED type — |
still prefer a calculator using this type of display to one us-
ing the more-common LCD display.

The gas-discharge display is an older type which uses
the principle of the neon light — ionisation of a low-pressure
gas in an electric tield. Like all gas-discharge, this needs a
high operating voltage, around 150-250 V, but the
operating current is very low: only 0.7 mA per segment in
a typical application. The display is very bright, and is
worth considering for mains-operated equipment whose
display has to be viewed under difficult illumination condi-
tions, such as alternate brightness and darkness. A driver
IC is available nowadays — in times past (dare we say the
Dark Ages?), the major handicap of using this type of
display was the lack of suitable driver transistors.

Liquid Light

Last among the displays, of course, there is the LCD. A
good LCD can give a dense black indication against a light
grey background, is clearly visible in bright light, and
reasonably visible even in low illumination conditions.
There’s a lot of variation between displays, however, even
from the same manufacturer, and some are poor, with low
contrast and very slow response to changing digits. Prices
also vary considerably — one catalogue | have lists the
price of a calculator-size display as being twice as much as
| would have to pay for a complete calculator using a
similar display!

Operating conditions for these displays are very dif-
ferent from those of other types of displays, because they
have to be operated from high-frequency AC supplies. For
this reason, displays either come with all the necessary cir-
cuitry for generating their driver pulses built in, or they can
be used with a standard chip intended for this purpose. It's
particularly important not to apply DC to the segments of
an LCD display, because this can kill the display very
rapidly.

On The Receiving End
Moving to the other end of the opto-electronics
business, we find the photocells. Vacuum photocells and
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photomultipliers are rather specialised, and we'll only
touch briefly on these types. They rely on photocathodes,
surfaces which emit electrons into a vacuum when they
are struck by light. The anode which collects the electrons
(Fig. 6) must be at a fairly high voltage (100-500 V), and the
currents are small: microamps rather than milliamps.
Photomultipliers obtain greater sensitivity and increased
output by using secondary multiplication, meaning that
the electrons from the cathode (Fig. 7) are accelerated to
surfaces, called dynodes, which will release electrons
each time an electron strikes the surface. If each of these
multipliers releases two to five electrons for each striking
electron, spectacular gain can be achieved which, unlike
amplification of signals by conventional methods, is prac-
tically noise-free.

—
GLASS WINDOW’

| ™~ pHoToCATHODE (/7777)

15t DYNODE (+100v) —>| | AN
N f- 2nd DYNODE (+200v)
3rd DYNODE (+300v) —»|L NN |
A |} 4th DYNODE (+400V)
Sth DYNODE (+500v) —|| Y |

———————— -~ ANODE {+800V)
6thDYNODE I\ ./
(REFLECTOR}{+600V}

PINS FOR CONNECTION

Fig. 7 Cross-section of a photomultiplier, used for detection
of very low light levels.

The more familiar solid-state light-to-electrical-signal
devices that we use are the solid-state photodetectors, of
which the most commonly used is the cadmium sulphide
cell. The ORP12 is the standard device of this type, often
called an LDR (light dependent resistor). The cell consists
of a strip of cadmium sulphide whose resistance decreases
as light falls on it. The resistance in the dark is high, up to
10M, and the resistance can fall as low as 100R in bright
sunlight. A less well-known aspect of these cells is that
they can withstand a fairly high voltage, around 100 V;
subject to their dissipation limit of 200 mW, meaning that
you might need a limiting resistor connected in series. The
cadmium sulphide cell is a slow-acting device, needing
about 350 mS for the resistance to fall on exposure to light,
and around 75 mS for the resistance to rise again when the
light is shut off. The response to different colours is
generally similar to that of the human eye, but the cad-
mium sulphide is much more sensitive to red and infra-
red, which is why its use in cameras is now less common
than it was some 10 years ago.

Fun With Photodicdes

Other light detectors need some degree of amplifica-
tion. Photodiodes are diodes of fairly conventional con-
struction, with a transparent window over the junction,
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Fig. 8 The photoresistive cell or light-dependent resistor
(LDR).

which are used reverse-biased. For such/a diode, the
reverse leakage current increases as the idtensity of light
on the junction is increased. This currentAs small, ranging
from around 1 nA in darkness to almost 1 mA in very
bright light, so that amplification is usually necessary, as in
the circuit of Fig. 9. The response time is about 250 nS, so
that the op-amps shown in Fig. 9 would have to be replac-
ed by a transistor circuit, using high-speed switching tran-
sistors, if you wanted to use the photodiode for high-speed
signals. Combined photodiode/op-amp packages can be
bought for medium-speed applications.

The old-style phototransistor, which was a transistor
formed with a window above the base-collector junction,
is a thing of the past: what is now called a phototransistor
is a combination of silicon photodiode and transistor in
one package. This combines a sensitivity that is much
greater than that of a photodiode alone with a good fast
response time, giving typically a 2 MHz bandwidth. This is
particularly useful for receiver use in light-beam transmis-
sion systems.

The optoisolators, which consist of a combination of
LED and phototransistor are embedded in clear plastic,
which allows light transmission but which is a good elec-
trical insulator. It’'s easy to achieve isolation to at least 4
kV, with reasonable signal transmission. For an ordinary
isolator, the output signal will be about 20 per cent of the
amplitude of the input, but when a Darlington phototran-
sistor is used, the output can be three times or more the
amplitude of the input. It’s just the device | was looking for
25 years ago when | wanted to modulate the grid of a
cathode-ray tube which was working at —4 kV!

+15V

F &
& ET OP-AMP

PHOTODIODE X out

2/

—-15V

Fig. 9 Using a photodiode in conjunction with a FET op-amp.
The FET type is needed because of the very high impedance
of the photodiode circuit.
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Now lan Sinclair brings the series to a close, shutting the AND,
OR, and NOT gates behind him.

long time, the first contact with digital circuits always

comes as.a shock because the action of digital cir-
cuits is unfamiliar, and the way in which the circuits res-
pond to signals is equally unfamiliar. In this final part of
Configurations, therefore, we shall concentrate on the
most basic of digital circuit, the gate, and how the two
most common of ‘families’ of digital circuits, TTL and
CMOS, carry out gate action. For once, also, we’re going
to assume rather less in the way of background knowledge
than we’ve taken for granted in previous parts, because all
the problems in adapting to digital circuitry are at the start
— once you have had some experience, this sort of
message is not needed!

Let’s be clear from the start what we mean by digital
circuits and gates. A digital circuit is, strictly speaking, one
which works with signals that consist of several separate
voltage levels, so that a voltage which is to be counted as a
signal must be at or near one of these levels. The digital cir-
cuits that we make most use of are binary digital circuits,
meaning that the signals into them and from them consist
of only two voltage levels which we refer to as a matter of
convenience as 0 and 1. What the actual voltages happen
to be is unimportant — the important feature is that there
should be just these two levels. Most logic circuits operate
with what we call positive logic, in which O means zero
volts and 1 means a positive voltage; a few older circuits
can still be found which use negative logic, in which 1is a
negative voltage.

The advantages of using just two voltage levels are
considerable. We don’t have to worry about bias, for ex-
ample, in the design of circuits, provided that we arrange
for each active device in a circuit to be turned on at one
voltage level and off at the other. This encourages the use
of ICs, because bias is difficult to arrange reliably inside
1Cs. We don’t need much in the way of voltage amplifica-
tion, because with only two voltage levels to consider, the
output signals can be of about the same voltage levels as
the input signals. The only voltage amplification we need

F or anyone who has worked with linear circuits for a

to consider is as much as is needed to restore the 1 level to

k5

TRANSISTOR ON = 0V

D1 TRANSISTOR OFF =4Vv4

Fig. 1. Voltage levels. The presence of a diode, or a transistor
junction, in the path of an output can change the output
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Fig. 2. The two main gate types, with International (MIL)
symbols, and the BS symbols that are used for TEC and
C & G courses. The truth tables describe the gate actions.

normal when it has been reduced by, say, the 0V6 drop
across a conducting diode (Fig. 1). The third major factor is
that tolerances in component values have much less effect
on signals than they have in linear circuits. A logic 1
voltage which is nominally 5 V can drop as low as 3V6 and
still be useable as a logic 1 voltage. The logic 0 voltage can
rise as high as 0V8 and still be useable as a logic 0 voltage.

Since the normal concern of linear circuits, amplifica-
tion with low distortion, is simply not necessary for digital
circuits, the actions that digital circuits perform are
necessarily quite different. One of the fundamental actions
of a digital circuit is gating, and it is gating that we shall
look at in the rest of this article.

Digital Gates

A digital gate is a circuit which has inputs that are
digital signals and an output (or more than one output)
which is also a digital signal. Since the output is a digital
signal, it must have a voltage level at any instant which is
at logic O or at logic 1, and what the level actually is
depends entirely on the combination of inputs that hap-
pens to be present at that instant. It is for this reason that
the gate circuit is often referred to as a combinational cir-
cuit. The two most important types of gate circuits are
referred to as AND and OR gates respectively, and we can
describe their actions by a table that shows what the out-
put will be for every possible combination of inputs. Such
a table is called a ‘truth table’, and the truth tables for
AND and OR gates with two inputs are illustrated in Fig. 2.
These tables show that for the two-input AND gate, the
output will be at logic level 1 only when both inputs are at

level by 0V6 or so. The tolerance of voltage must be enough level 1: for the OR gate, the output will be at level 1 when’
to make allowances for this. either or both inputs are at level 1.
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Truth tables become less useful when a gate has a large
number of inputs, because the number of lines needed for
a truth table is 2", where n is the number of inputs to the
gate. The same rules apply, however, irrespective of the
number of inputs, so that the action of the AND and the
OR gates can be described in ways that are more compact

A(IN)—~—>_0(OUT) AlIN)—

{MIL}

p—0Q{0UuT)

iy (8S)
o1

118

Fig. 3. The inverter or NOT gate.

than truth tables, using what is called Boolean Algebra.
We haven’t space to deal with this here.

Another circuit which is usually classed among the
gates is the inverter, sometimes called a NOT gate. Its truth
table (Fig. 3) is simple — the logic voltage output is the in-
verse of its logic voltage input. Circuits which combine
the action of the NOT gate with the action of AND are call-
ed NAND gates; circuits which combine NOT action with
OR action are called NOR gates, and the truth tables for
these types are shown in Fig. 4. One further gate which is
less important as a basic circuit, but which is needed in
arithmetic circuits, is the exclusive-OR gate, or EXOR-gate,
whose action is illustrated in Fig. 5. The name comes from
the fact that the action is like that of the OR gate but ex-
cluding the case where both inputs are 1.

NAND NOR

e A =
(IN) a(ouT) (N QiouT)
L= ML) e ML)

A & i =1
(IN) p—Q {IN)

p—— Q{OUT)

[ Y— (BS) B o——d (8S)
A L
A{B|Q AlB|Q
0|0]1 o|lof1
0f1]1 ol1]0
il R R 1(0]0
11170 111]o

Fig. 4. NAND and NOR gates, formed by combining
AND/OR gates with inverters.

Logic circuits which make use of gates are connected
so that the output of one gate can pass signals to the input
of the next gate in the circuit — we say that one output can
drive one or more inputs. This usually means that the out-
put has to be able to supply (source) or absorb (sink) cur-
rent, and the number of inputs that can be driven by one
output is called the fanout of that gate. The size of the
tanout depends on the design of the input and the output
stages of the gates. A fanout of 10 is generally considered
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Fig. 5. The exclusive-OR (EXOR) gate and its truth table.

to be satisfactory, meaning that 10 gate inputs can reliably
be driven from one gate output.

TTL Gates

The old-style ‘standard’ TTL gate uses bipolar tran-
sistors, but using a common-base circuit rather than the
more familiar common-emitter. The inputs (Fig. 6) are to
the emitters of transistors whose bases are connected
through a current-limiting resistor to the supply positive
voltage of 5 V. A common feature of the IC construction is
the creation of several emitters on to one base, so that
several inputs are fed in by the same transistor. An input
stage like this will draw no current when the input voltage
is logic 1, because such an input biases the transistor off.
An input which is at logic 0, however, has the effect of ear-
thing the input terminal, and current will flow through the
base-emitter junction of the transistor to earth. Unlike our
linear circuits, this input current comes out from the input!
Standard TTL is constructed so that this current is about

1.6 mA, so the resistance between the input terminal and

earth must be low enough to ensure that when this
amount of current flows, the input voltage at the terminal
must not rise above the maximum voltage level permitted
for logic 0, usually around 0V8.

+5V

27 Rk
K0

A ——_ TONEXT o
STAGE
[} o T—
® S '

Lo

WITH V HIGH, Vy = 4V4 (HIGH LEVEL, LOGIC 1)
WITH V| LOW, Ijy = 1.6mA, Vy = 1V6 (TOO HIGH
FOR LOGIC 0)

Fig. 6 (Left) TTL input. The base of the transistor is
connected to + 5 V through a resistor, and the inputs are to
emitters — more than one emitter (and as many as 13) can
be formed on to one base.

Fig. 7 (Right) Driving a TTL stage from an NPN emitter-
follower. The logic 0 voltage is likely to be too high because
of the current from the input of the gate.
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The requirement to have current flowing out from the
input at logic 0 means that not all driving circuits are
useable. In particular, the NPN emitter-follower, which is
so often the automatic choice for many purposes, is un-
suitablle because (Fig. 7) when the input is at logic 0, the
current from the gate will flow through the emitter resistor.
A PNP emitter-follower, arranged as shown in Fig. 8, can
allow a satisfactory logic O voltage, but only if the voltage
at the base of the emitter follower can be taken low
enough — preferably to a negative voltage, because of the
inevitable OV6 difference between base and emitter
voltage levels. The most satisfactory simple driving stage is
the straightforward common-emitter amplifier circuit as
shown in Fig. 9.

No driving problems should exist if the input of a gate
is driven by the output of another gate of the same family.
Figure 10 shows the conventional circuit arrangement for
a standard TTL gate output, which uses two transistors and
a diode in series. A logic 1 output corresponds to having

+5v +5V +5v +5V

P (2

Vin Vin

WITH v HIGH, Vy = +5V (LOGIC 1)
WITH V) LOW (0 V), Vi = +0V6 {LOGIC 0)
WITH V| LOW (-0V6), Vi = 0 V (LOGIC 0)

WITH V) HIGH, Vy = 0V2 (LOGIC 0}
WITH V\ LOW, Vy = +5V (LOGIC 1)

Fig. 8. (Left) Using a PNP emitter follower as a driving stage
— a better approach.

Fig. 9. (Right) Driving a gate from a common-emitter stage —
the most satisfactory single-transistor drive stage.

ON FOR ‘1" QUTPUT
OFF FOR ‘0° QUTPUT

ouT

INVERTER/
DRIVER

ON FOR ‘0’ OUTPUT
OFF FOR ‘1" OUTPUT

Fig. 10. The usual TTL output stage. One of the pair of
output transistors will conduct to connect the output to
either 0 or 1 levels.

Standard TTL, though still circulating in very large
numbers, has been replaced in production by the low-
power Schottky TTL chips, distinguished by the letters LS
in the type numbers. These LS chips make use of a compo-
nent, the Schottky diode, which is not particularly well
known, so that some description is called for. The Schott-
ky diode uses a combination of metal (usually aluminium)
and semiconductor in its junction to obtain a very low for-

+Bv +Bv

CURRENT

ON OFF

Fig. 11. Why gate outputs should not be connected together.

the top transistor of the pair conducting and the bottom
transistor shut off, and because the base voltage of this top
transistor cannot be more than the supply voltage of +5V,
the emitter voltage must be no more than 4V4-4V5, which
makes the output voltage (because of the diode) only
around 3V8-4V0. Don't be surprised, then, if you find that
the logic 1 output from a gate is lower than the supply
voltage. The logic 0 voltage from this circuit will be the
voltage across the bottom transistor when it is fully con-
tiucting, which can be as low as 0V2, depending on the
oad.

The layout of the output stage is such that only one of
the output pair of transistors will be conducting at any time
during normal operation. If two gate outputs are con-
nected together, however, it would be possible to have
one output at fogic 1 (top transistor conducting) and the
other at logic O (bottom transistor conducting), so that at a
low resistance path for current was created (Fig. 11). This
would have the effect of burning out one transistor in each
gate, so that for the few applications in which gate outputs
have to be connected together, special gate ICs described
as open-collector types are used. These have no ‘top’ tran-
sistor in the output stages, and are designed to work with
an externally connected resistor load (Fig. 12).
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Fig. 12. (Left) The output stage of an ‘open-collector’ stage.
These stages need an external load resistor.

Fig. 13. (Right) Using Schottky diodes as logic elements.

ward voltage, between OV1 and 0V2 as compared to the
0V6 for a silicon diode. This makes these diodes ideal for
use in logic circuits, as illustrated in Fig. 13, and also
makes it possible to construct transistor stages which do’
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not saturate. Saturation occurs in a conventional transistor
stage when the base current of a transistor, which has a
collector load, is so high that the collector voltage bot-
toms. The effects of saturation are to achieve a very low
collector voltage, around 0V2, but also to flood the base
junction with charge carriers (electrons or holes depen-
ding on whether the transistor is PNP or NPN). When the
base voltage is suddenly removed from such a saturated
transistor, this charge takes some time to clear, so that the
transistor remains conducting — it will not switch rapidly
from the conducting state to the non-conducting state.
The time is usually less than a microsecond, but it limits
the speed at which a gate circuit can operate reliably.

+5V

Vb

(a) (b}

Fig. 14. (a) Using a Schottky diode to prevent transistor
saturation. (b) The symbol for a transistor into which a
Schottky diode has been incorporated.

A Schottky diode placed between the collector and
the base of a transistor (Fig. 14) will prevent such satura-
tion. When the collector voltage reaches a level which is
about 0V2 lower than the base voltage, the Schottky diode
wil conduct, connecting the base and the collector circuits
and so bypassing the base. By avoiding saturation in this
way, the transistor can be made to switch very much more
rapidly at the minor expense of having a collector voltage
which does not reach quite so low as that of a standard
TTL stage. Figure 15 shows the internal circuitry of a
typical LS type of gate circuit in which the presence of
Schottky diodes is indicated by the modification to the
shape of the base symbol in the transistors.

CMOS

Finally among the commonly-used logic gate circuits
we have the CMOS types. These depend on the use of
MOSFETs rather than bipolar transistors, and the inputs
are invariably to the gates of the MOSFETs as compared to
the emitters of the transistors in TTL stages. For this reason,
no measurable current flows either into or out from the in-
put of a CMOS gate when we use low-frequency signals,
and the fanout under these conditions can be very high.
The size of fanout is limited by the ability of the outputs of
CMOS gates to supply currents of more than a milliamp or
so, because the capacitance of each CMOS input is fairly
high, and rapid switching demands that each capacitance
be charged and discharged rapidly, calling for current
which the output of a CMOS gate may not be able to supp-
ly. The operating currents and the dissipation of a CMOS
gate will therefore increase as the operating frequency is
increased, and it is this factor which limits the fanout and
the speed of these gates. A typical CMOS gate circuit is
shown in Fig. 16.
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Fig. 15. Circuit for a NAND gate using Schottky diodes.

CMOS gates have a convincing list of advantages for
many purposes. The supply voltage can be in the range
+ 3 Vto + 15 V rather than the fixed + 5V of the TTL cir-
cuits. The currents that are required by CMOS gates are
very much smaller, so that CMOS is almost an automatic
choice when battery operation is required.

For most practical purposes, your choice of logic cir-
cuits will be between LS TTL types and CMOS types, with
the CMOS types chosen from the 4000 family (RCA), or
from the less-well known 74C series (National Semicon-
ductor) in which the type numbers correspond to those of
the 74 series of TTL chips. For all purposes which require

) +VE
a1
A O— | b
Q2

8o J

4 -0 OUT

a3 Q4 :
L —0 OV

Fig. 16. Circuit of a typical CMOS gate — this one is an AND
gate.

'

low consumption, lower operating speeds and small
power outputs, CMOS is the more likely choice, but LS
TTL chips are essential for many computing operations in
which a high clock-rate is used — you may even find that
.you need the still-faster (and more power-consuming) 74H
types.

We have now reached the end of Configurations, hav-
ing covered a large number of devices and circuits. | hope
that you have found the descriptions and the hints useful,
and that some of them will have opened up new frontiers
in circuit design for you, because that was the aim of the
series. All 1 can do now is to wish that your circuits will
always do what you want them to!
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EO SYSTEMS

It's probably the most advanced piece of engineering you'll ever have in
your home — but it isn’t that difficult to understand. Stan Curtis makes

the hardware look easy.

business; second only to home computers as a means of tak-
ing away our hard earned money in exchange for boxes of
wonder electronics. The pace of development continues with
four video recorder formats now in use, three video disc formats
imminent in the shops, and new camera/recorder/television
technologies just around the corner. This rate of product
change (Grundig released then replaced three recorders in 15
months!) coupled with a puzzling reluctance on the part of the
manufacturers to release anything resembling technical infor-
mation has left the electronics enthusiast a little in the dark.
Many have just thrown in the towel and work on the basis of “an
input socket and an output socket and what's in between is
none of my business”. Others have made innocent enough en-
quiries of the so-called technical departments of some of the
importing companies. The standard responses vary from a
shovel-load of pseudo-cientific mumbo-jumbo to downright
suspicion of the “why do you want to know; you’re not going to
tamper with one of our machines, are you?” kind.
So the time has obviously come for us to present a
basic primer on the state of today’s video technology
together with some background on basic video principles.

I n a matter of just a few years home video has become big

The Basic Principles

Before you can start to understand how video equipment
works it is useful to learn a few of the principles and a few of the
key words. For example, just how do we get a picture on the
television screen? Each complete picture is termed a frame and
lasts for 1/25th of a second; in other words synchronised to the
50 Hz mains supply with 25 frames per second. Each frame con-
sists of 625 horizontal lines (in the UK) which are written across
the screen during the frame time. Unfortunately the picture rate
of 25 per second causes a flickering effect which is most annoy-
ing, so a way had to be found to increase the effective picture
rate to 50 per second without increasing the video bandwidth.
The answer was interlaced scanning, where the picture is scann-
ed at 50 frames per second rate (to avoid flickering) but on each
scan only half the lines are traced out, leaving a gap between
each pair for the missing lines. Each scan is called a field and
during the second field all the missing lines are scanned. The
picture is made up of odd lines, even lines, odd lines, etc so that
in every second exactly the same amount of data is transferred
(hence the same signal bandwidth) but without the flicker.

That Syncing Feeling

In order that the picture be accurately reconstituted on the
screen it is necessary that there be some sort of synchonisation
between the signal source and the receiver. The synchronisation
is achieved by the use of pulses. There is a sync pulse at the start
of each line and a series of sync pulses at the start of each field.
These field sync pulses are repeated at half line spacings so that
the line sync is not lost and a series of equalising pulses (of op-
posite mark/space ratio) are also added to maintain the average
signal level.
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Sync pulses and picture signals are kept separate by keep-
ing the former below and the latter above the black level. Thus
it is quite simple to separate out the sync pulses at a later time.
The combined signal of both picture information and the sync
pulses is usually referred to as composite video.

SYNC PULSE
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Fig. 1 The bandwidth of signals during video FM recording.

A very wide bandwidth is required to handle this signal
which extends down to DC. The DC component must be ac-
curately maintained because any change in its value will affect
the average brightness of the signal. The high frequency band-
width can be calculated by considering the picture resolution.
Each of the 625 lines has a duration of 64 microseconds of
which 13 microseconds is used for a black margin at either side
of the picture. Thus for horizontal resolution of 575 picture
elements there will be a need for abandwidth of about 5.6 MHz.
Similarly we can see that if a domestic video cassette recorder
has a bandwidth of 3 MHz the horizontal resolution will drop to
below 300 picture elements.

The video picture signal varies in DC level at any instant,
the voltage determining the grey tone of the picture. The highest
DC level represents white while the lowest DC level is black, the
greyness varying linearly between these limits. The brightness
signal is termed the luminance signal to distinguish it from the
colouror chrominance signal.

Hue And Y

Once colour is considered the video theory becomes
steadily more complex. Colour has two characteristics; hue
which -describes its colour (red, yellow, etc) and saturation
which describes the percentage depth of the colour. Thus a
10(;% red will be a faint pink while 100% will be a deep strong
red.

The colour camera converts the colours of the subject into
three outputs, red, green and blue, from which any of the
original hues can be reconstituted. They can also be mixed in
the ratio 30% -59% -11% to produce the luminance signal (Y):

Y =03R + 059G + 011B

The percentages are chosen to follow the sensitivity of the eye.
The chrominance signals are then derived by subtracting Y from‘
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eachto give the three difference signalsR—Y,G—Y,and B—Y.

Although it is possible to send each of these signals
separately it is obviously more convenient to combine them as
asingle colour signal. The first operational system to do this was
the NTSC developed in the early 1950s in the USA. Later came
the SECAM system in France and the PAL system developed by
Telefunken in Germany. The three systems are incompatible
with each other as many people have learned to their cost when
they have imported NTSC equipment from the USA.

RED
90°

4

ORANGE

YELLOW g ! 4 - BLUE
180° \ o

v

210°
GREEN

Fig. 2 How colours are determined by the phase angle of
the sub-carrier signal.

The colour signal is encoded using suppressed carrier
quadrature modulation. This means that the R—Y signal is
modulated on the 4.43 MHz subcarrier whilst the B—Y signal is
modulated on the same subcarrier 90° out of phase. When the
two subcarriers are combined the result is a single signal whose
phase angle varies in relation to the two components (see Fig. 2).

Thus the hue of the colour is defined by the phase angle
and the saturation by its amplitude. To do this we have only
used the B—Y and R—Y components since the G—Y compo-
nent can always be derived from the other two.

Suppressing The Truth

Now we come to the suppressed sub-carrier bit. The chosen
frequency of 4.43 MHz sits right inside the 5 MHz luminance
bandwidth and its presence would therefore cause a visible pat-
tern on the screen. The solution is to suppress the carrier fre-
quency leaving just the sidebands.

Again some sort of synchronising signal is needed to enable
the colour signal to be reconstituted accurately. So for colour a
10 cycle burst of 4.43 MHz carrier is inserted ahead of the video
picture signal. This gives an accurate reference frequency to
enable the suppressed sub-carrier to be reformed by a local
oscillator in the TV which is ‘kicked’ into sync by this colour
burst. The phase of this burst also acts as a reference in
decoding the difference signals.

WHITE PICTURE SIGNAL

BLACK — L‘r
T

LINE SYNC PULSE COLOUR REFERE‘NCE BURST

Fig. 3 The composite video signal with line sync pulses.

The foregoing applies to both the NTSC and the PAL
systems but in the latter the phase of the R—Y signal is reversed
on alternate scanlines and so the reference colour burst
changes phase through 90° on alternate scans. This allows
phase errors to be averaged over adjacent lines, avoiding the
colour shift which has earned NTSC the nickname ‘Never The
Same Colour'.

Video Cassette Recorders
The first video cassette recorder appeared in the early 70s
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with Sony’s % ” tape U-matic being introduced in 1970 and the
Philips NR-1500 system a year or so later. Both systems used the
helical scan technique (see the box) and although both aroused
some interest in the domestic market the great majority were
sold to educational and industrial users. In time the U-matic
recorders became the standard format for industrial users while
Philips went on to the 1700 series and, to all intents and
purposes, had the domestic market entirely to themselves.

However, in late 1975 Sony introduced the first examples
of their Betamax home VCRs, whose technology was broadly
based upon the U-matics although scaled down to use half-inch
tape. Not long afterwards ) VC (despite making U-matics under
license from Sony) jumped in with their competing system,
VHS. Initially this system offered longer recording times than
Betamax (two hours) and for a few years a war was waged in the
main market (the USA) with each format trying to offer longer
play times. Indeed half-speed VCRs went on sale in the USA,
and although they offer frugal use of tape the picture quality is
truly awful. The broadcast video bandwidth is about 5 MHz and
the average VHS recorder can manage about 2.8 MHz. Halve
the recording speed and the video bandwidth drops to 1.4 MHz
while the video noise level rises. The result is a fuzzy, grainy
picture which is almost unviewable. Once VHS reached a
playback time of six hours (halfspeed) the competition became
pointless — after all how many six hour movies do you want to
watch?

A conventional audio tape recorder uses linear scanning — the tape
moves across the recording heads horizontally with the audio signal
being recorded along the length of the tape. This system works well
at the tape widths and speeds used because of the limited audio
bandwidth (only 20 kHz or less). However, a video signal has a much
greater bandwidth, as described in the main text; to record the TV
pictures requires about 200 times as much information per second,
yet the video tape is only four times wider than audio tape and
‘travels about the same speed. How can the machine pack all the
extra information on?

The trick is to make the recording head move as well; a speed of
approximately 1500 RPM is used. Instead of passing the tape
horizontally across the rotating head drum, the tape guides position
it at an angle as shown in the diagram. Two tiny recording heads are
positioned half-way up the drum and on opposite sides, so thatone is
always in contact with the tape. The rotation of the drum means that
the heads sweep across the tape at about 5 metres per second; 200
times faster than an audio recorder. As the first head passes across
the tape it writes a diagonal stripe of information; the siow
movement of the tape across the rapidly spinning drum ensures that
the second head will write its stripe adjacent to the first, and so on.
This technique is called helical scanning and is used by all video
recorders of all formats at present.
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Meanwhile back in Europe Philips, working at what
seemed to be a leisurely pace, conceived their 2000 system
which gradually became known as the VCC (Video Compact
Cassette). The system was launched in partnership with Grundig
and at once a major blunder was revealed. Somewhere along
the line both companies arrived at a different understanding of
the same drawing and positioned their audio heads at different
points. The result was instant incompatibility between the two
compatible models. There were red faces and dark mutterings
all round, after which it would appear that Grundig dug their
heels in and Philips did some quick mods! In its final form the
VCC format offers a turn-over cassette offering four hours
recording-time per side — so on the basis of playing time they
have really socked it to the Japanese. The picture quality is very
good and this is due in part to the clever use of a technique
called Dynamic Track Following (DTF) which is explained in the
second boxed section.

A more recent format intended for portable recorders is the
Funai which also appears under the Technicolour and Grundig
brand names. These recorders use an audiosized cassette filled
with ¥ ” metal tape. Although the quality is very good the high
writing speed has limited the playing time to 30 minutes. The
tape transport mechanism is very small and light with the result
that the weight of a typical ¥ ” video recorder is now not much
above 3 kg; hence the Japanese are now designing combined
camerajrecorders.

DYNAMIC TRACK FOLLOWING

The Philips and Grundig VCC video cassette recorders use an
ingenious control system called Dynamic Track Following (DTF).
Unlike the VHS and Beta recorders the VCC machines do not have a
linear control track recorded on the tape; instead they have an |
arrangement based around the use of two video heads whose height
can be adjusted by the means of a piezo-ceramic element.

During the recording process one head is held in a fixed
position and the other is capable of being moved by a special error
correcting signal. When the vertical blanking period occurs (and
hence no visible picture) Head One is switched to playback and it
sweeps the track just recorded by Head Two. One of the recorded
signals is of 233 kHz and the detected signal causes Head Two to be
moved until this signal reaches its maximum amplitude. When this is
achieved the two heads are in their correct relative pasitions.

During playback the control is maintained by detecting pilot
signals recorded along with the video signal. If the playback head
reads only one sigznal then it is tracking correctly. If, however, it is
mistracking it will sense two frequencies and an interference (or
beat) frequency will occur. Thus if Head One is too high the error
signal will be 47 kHz, and too low, 15 kHz. For Head Two too high the
error signal will be 15 kHz and too low 47 kHz.

With this system the video heads will always be positioned
correctly even with a still frame playback — in consequence a
feature which VCC recorders excel at producing.

There is, though, a possibility that as the tape speed drops both
heads will be lowered until they run out of their range. This is
corrected by the Automatic Tracking Control (ATC) which, when it
senses both heads mistracking, feeds a signal to the tape servo
system to increase the linear tape speed.

Transports Of Delight

Electronically all these video cassette recorders are
basically the same, their main differences being in the design of
the tape transport; each format has adopted its own tape path
and arguments continue about which is the best arrangement.
For example, on Betamax recorders the tape remains wound

HEAD‘

TUNED
CIRCUIT

around the video head drum at all times and the picture can still
be viewed when the tape is being wound or rewound. The
normal VHS deck has to unthread the tape for fast wind, rewind,
and stop operations and this causes a tedious operating delay if
you want to wind, check the picture, wind etc while looking for
aparticular portion. The latest generation of VHS machines can
keep the tape against the head drum for cuing back and forth so
the differences between these two formats are gradually
becoming fewer.

The linear tape speeds are lowest on the Betamax (1.87
cm/sec), 2.34 cm/sec for VHS, and 2.44 cm/sec for the Philips
VCC. Similarly there are differences in the writing speed,
Betamax being 6.6 m/sec, VCC 5 m/sec, and VHS 4.85 m/sec.
The linear speed is important to the fidelity of the soundtrack
because the audio signal is recorded conventionally along a
narrow track at one edge of the tape. As all three of these VCR
formats have a linear speed of about half that of an ordinary
audio cassette deck, the audio quality is for the most part pretty
indifferent. A typical video recorder can have its audio
performance compared to a low-cost cassette deck and still
come out badly. Some video recorders now fit Dolby B, which is
worth a 10 dB improvement on the signalto-noise ratio, and
Toshiba have a similar noise reduction system.

How Do VCRs Work?

The drawings show the block diagram arrangement of the
video record and playback circuits. First of all it must be
remembered that the recording process can only handle the
wide bandwidth of the video luminance signal (DC to over
3 MHz) by using frequency modulation. The carrier signal
frequency will vary with the amplitude of the video signal. Thus
the peak white level may shift the carrier to4 MHz, ablack level
to 3.3 MHz, and the sync pulses down to 3 MHz. This change in
carrier frequency is referred to as ‘deviation’ and the total
modulation is called ‘modulation index’ (M). Then

deviation
centre frequency

M=

and for video recording will typically be 0.5. The FM will be
passed through a low-pass filter to remove all components
above the maximum deviation to give a band response as
shown in Fig. 1. The process of frequency modulation is
achieved by letting the luminance signal control the frequency
of an oscillator whose output drives the recording head.
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Fig. 4 A typical FM modulator used in a home VCR.

Fig. 5 Block diagram
of a VCR playback
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Fig. 6 Block diagram of a VCR recording system.

The chroma or colour signal doesn’t modulate the same
oscillator, even though on television signals it's modulated on a
high-frequency sub-carrier (4.43 MHz). Instead the chroma
signal modulates a low-frequency subcarrier of 750 kHz.

Two Heads Are B