Devices

&
5 3
naS
A,
Q)
2 5.5
RE
Q
g S
=

5

Ampl

120°

90°

600

150°

210°

) _ i
¢ .L...,..., H n_...:._ S
Wae 1] AE s 7 : 71y \UH
b, SO Ll Filge £y Ly > £
5 A..,”.W. " i T &m Wl g9 % \
& 7 gy b
v.,vf ) - % : ngrr ._J__—..;. H 4 .w..-‘.w_. \YN n\ ....xq | ,\ \\.”a
/v”,.,..,.., T _,Z__. .__.. h ; .T\Nh ! :\.“..\...,\.... nn
W 2 | 1] T rdl F 5 .
SN i it
N SR HhiH i QA -
L il 5% 0%
AR i i %
2 .H.?
iy |
eSS ; ] N
- - , -\1! . &
.... I~ i o i ..nuw\...\
e . : ! e
- 2, -
I 1
e L.m
o ol
. : 7 =3 b _p.. e |em.p... -
s EE T et R, e
= o % X A7)
~ & e - -1..n alt
S5=s e Zageses
ESSSESSEnscoeEESSioReR: =EcEtagEecc-esnaiien
F -1 = =13 I.,rl..l 1 .1H.. T4 T
[ - o == - S
" -.._ o “
N A 1
b S A
rnsens NS / 7 _:H , 1
e S - = S0 i 7
.. = o 5 1 /
b N \ i
i v ]
T .”, iy
£ m_. x

330°

240°

270°

300°



718 High-Frequency Compensation of Amplifiers
13.9.1 Other Stage Configurations

The realizable gain-bandwidth product of an active device always falls
short of the intrinsic gain-bandwidth product calculated from charge-
control considerations (Section 2.5.1). Losses are attributable to the stray
wiring capacitances, the Miller contributions to input and output capaci-
tances, and in the case of a transistor to the base resistance r;. As a
general rule the realizable ¥4 in an amplifier circuit falls further below the
intrinsic ¥4 as the bandwidth is increased.

A number of useful wide-band circuits combine one or more common-
control-electrode stages or common-collecting-electrode stages (Section
5.7) with each common-emitting-electrode stage. These common-
control-electrode and common-collecting-electrode stages have unity
current gain and voltage gain respectively and so cannot add to the total
gain, but they can increase the bandwidth. The philosophy underlying
their use is that it can be more efficient to increase the realizable ¥4 of
one common-emitting-electrode stage by means of several unity-gain
auxiliary stages, rather than to achieve gain but only a small ¥# from all
stages. Obviously, this will be the case only if the attainable gain per
stage is small, because the increase in realizable %:# cannot be very large.
Therefore, the use of unity-gain stages cannot possibly be efficient at small
bandwidths where the gain per stage can be large.

As an introduction to this type of circuit, Fig. 13.36 shows the transistor
version of the cascode, a circuit which substantially eliminates the loss of
realizable 44 due to Miller effect in triodes and transistors. Quite apart
from this application to very-wide-band circuits, the vacuum-tube
cascode is extremely useful in low-noise amplifiers at moderate band-
widths (see Problem 8.1). In Fig. 13.36a, Q, is a common-emitter
amplifying stage and Q. is an auxiliary common-base stage. The two
devices in a cascode are usually of the same type; the two halves of a
twin triode are often used in a vacuum-tube cascode. Moreover, the
two devices are usually connected in series for dc as well as for signals
(Fig. 13.36b) so the quiescent conditions and small-signal parameters are
identical.

The load resistance for the common-emitting-electrode stage of a
cascode is the input resistance of the common-control-electrode stage.
Section 5.7.1 shows that this input resistance is small. Therefore the
voltage gain and Miller input capacitance of the common emitting-
electrode stage are small also. From Eq. 5.106 the input resistance of Q,
in Fig. 13.36is

'
Rgg = = + I‘E.
N
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Fig. 13.36 The cascode: (a) elemental circuit diagram; (6) complete circuit, showing
the usual biasing arrangement.

The voltage gain of Q, is
Avy = —Gry X Ry,
and substituting

oy

Ay, = —(—
i re/By + rg

)('B/BN +rg) = —ay x —1.

Hence the Miller input capacitance is
eu = el — Ay) = 2cc.

The transfer conductance of the complete cascode is

CﬁNz

G = Gr X A)3 = ——
T(tot) T1 13 rB/BN + rs

which is almost equal to G of a simple common-emitter stage; there is no
significant loss of gain through using the cascode.

Many circuits using common-base stages and emitter followers have
appeared in the literature.  Possibly the most ingenious is Rush’s feedback
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current amplifier* shown in Fig. 13.37. In outline, the design philosophy
and operation are:

Ideally, a transistor has a short-circuit current gain-bandwidth product
wr, with losses occurring due to r,, ¢, and stray wiring capacitances.

Zpp——————~ 1 r---l—--——lzc
| I
i e
l Ce |} i | Cc ||
H Ry I ™1 R¢ I |
| i I
i l ‘| M | ltcz ] W | -_
F L — _ | S i
I il’:l iCl Igs
° T 1-|’ ir2 ‘2,3_ i = I,
4 1 <
I a T N Q2 (
= Qq L+ 4
L G
= (a) B @
+ Vee
About
+ 5V
Q2
Oc and very T
1.f. feedback
for biasing @ I
Q1 Y—W——~1_
1l =
o= I 1L o
“NCy
R,,-

\ Used for L1 g
compensation
* = Ve

()

Fig. 13.37 Rush’s feedback current amplifier: (@) elemental circuit diagram; (b) one
convenient practical realization.

* C. J. RusH, **New technigue for designing fast-rise transistor pulse amplifiers,”
Rev. Sci. Instr., 35, 149, February 1964.
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The current amplifying stage in Fig. 13.37 is Q, operating in the common-
collector configuration for which the mid-band gain is

E Byt .

Ipa
However, O, has a low output resistance at its emitter (Eq. 5.121) and is
therefore not a good current source; Q; is added as a near-unity-current-
gain common-base stage to raise the output resistance. Assuming that
Q. and Q, are identical, their collector currents are equal but opposite;
the current gain from the base of Q, to either collector is therefore

Loss of realizable %4 due to rgz of @, is minimized by feeding Q, from a
high-resistance source; @, is a common-base buffer stage with current
gain ay. Loss of 4# due to Miller effect is minimized by operating Q,
with a small collector load resistance (R, and R in shunt). Loss of ¥4
due to stray wiring capacitances is small because there is a low impedance
to ground at all points; stray capacitances C,, C,, and C; are in shunt
with the relatively large input capacitances of Q,, Q,, and Qj3, respectively.
Over-all, the current gain from the emitter of Q, to the collector of either
Q; or Q4 is
ics ica

. = ——0 = —aNBNa
Ig) Ig)

and the gain-bandwidth product is
g% ~ W,

In addition to the small losses in ¥4 mentioned above, there are losses due
to the « cutoff frequencies of @, and Qj; these losses are small also,
because w, 1s nearly an octave above w; for a high-frequency transistor
(Sections 4.3.2.1 and 4.7.2.1).

Current gain can be exchanged for bandwidth by means of negative
feedback derived from the collector of @, and returned to the emitter of
Q.. The feedback factor is
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In Fig. 13.37a C; represents the stray capacitance from the collector of
Q. to ground, where it contributes a lagging phase shift to the feedback
loop. Cris added in shunt with Ry to contribute a leading phase shift to
the loop and modify the damping ratio of the closed-loop poles.

Figure 13.37b6 shows a convenient practical form of the circuit using
p-n-p and n-p-n transistors in combination. In his original paper Rush
describes a stage with a gain of 4.5 and a rise time (without overshoot) of
1.2 nsec. '

In concluding this outline of other useful stage configurations it is
worth enlarging on a statement made in the introduction. The use of
common-base stages or emitter followers at moderate bandwidths cannot
result in a more efficient amplifier than one designed in accordance with
Sections 13.3 to 13.5. [Indeed there is almost always a loss of efficiency.
There is also a loss of designability—designability being a measure of the
extent to which a circuit can be designed on paper and its performance
predicted. These facts are not at all widely recognized. Notice, however,
that common-base stages and emitter followers are useful in integrated-
circuit amplifiers; transistors occupy less chip area than resistors and
capacitors, and it follows that an inefficient circuit which uses many
transistors but few passive components is more economical than an
efficient circuit with few transistors but elaborate RC peaking.

13.9.2 Distributed Amplifiers

Section 13.6.1.2 shows that there is an upper limit to the bandwidth
which can be obtained from a conventional type of amplifier having a
specified gain, even if the number of stages can be increased indefinitely.
This limit is not of much practical importance, because transistors with
gain-bandwidth products of | GHz are available readily, and at the time
of writing (1967) 3 GHz is available on a limited production basis.
Nevertheless, it is an interesting philosophical point whether the 9%
limit is truly fundamental. Percival’s* distributed amplifier is a major
invention because it does allow the realizable %4 to be increased without
limit. The operation depends on the propagation of electromagnetic
waves along a transmission line.

Ideally, the lumped LC transmission line shown in Fig. 13.38a has a
resistive characteristic impedance

R, = ’5 (13.136)

* W. C. PercivalL, British patent 460, 562, July 24, 1935,



