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DESIGN APPLICATIONS

~ SCTC ANALYSIS ESTINATES
Low-FREQUENCY
'3"DB P OIN T USE SHORT—CIRCUIT

TIME CONSTANTS TO
GUIDE THE CHOICE OF
ByPrASs- AND
COUPLING-CAPACITOR
VALUES IN LINEAR-
CIRCUIT DESIGN.

pen-circuit time constants is a method for approximating the
high-frequency -8-dB point (w) that was detailed in a previ-
ous article (ELECTRONIC DESIGN SPECIAL ANALOG ISSUE, June
24, 1993, p. 41). An analogous short-circuit time constants

MARC THOMPSON (SCTC) procedure allows designers to approximately calculate the low fre-
Polaroid Corp., 153 Needham St., quency -3-dB point (w, ) of a linear circuit using the circuit’s low-frequency in-
Bldg. 1, Newton, MA 02164; cremental model.

(617) 386-4465. The complete model for a typical ac-coupled transistor amplifier has four

capacitors in it, two of which are due to internal transistor capacitances (¥%g.
Ia). In many instances, the transistor amplifier has a wide mid-frequency
range where gain is constant (Fig. 15). Therefore, the amplifier’s full incre-
mental model can be split into three simpler models—low frequency, mid-
band, and high frequency.

In the low-frequency amplifier model, the effects of bypass and coupling
capacitors dominate, and internal transistor capacitances behave as open-cir-
cuits. The mid-band model can ignore the effects of all circuit capacitances.
In the high-frequency amplifier model, internal transistor capacitances dom-
inate, and all bypass and coupling capacitors behave as short-circuits.

It’s simple to determine the form of the transfer function for the amplifier
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1. ATYPICAL ac-coupled transistor amplifier (a) has a wide mid-frequency range in which gain is constant (b). Consequently, the full
incremental model can be split into three simpler models. '
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LINEAR-CIRCUIT ANALYSIS

in Figure 1a if only low- and mid-fre-
quency behavior is considered. In ad-
dition, the:analysis won’t account for
high-frequency behavior due to in-

| ternal transistor capacitances. The

circuit has two capacitors, so there
are two independent poles in the
transfer function. Also, there’s a
zero at zero frequency due to the
coupling capacitor C,. Finally,
there’s a zero at higher frequency
due to the emitter bypass capacitor
Cg. A transf.: function that meets

these requirements is:
Vour __ KS(T,5+1) (i)
Vin  (t8+1X(Tes+1)

This transfer function results in
the gain-versus-frequency plot
that’s shown in Figure 1b for low and
mid frequencies. Although it won’t
be proven here, all zeros of the trans-
fer function are at lower frequencies
than the highest pole. Therefore, the
transfer function may be approxi-
mated by assuming that the zeros

are at zero frequency:
Vout _ Ks? @
Vin  (Ts+1)(Tes+ 1)

Multiplying out the denominator re-
sultsin:

Ks?
tltzsz +(Ty+T9)s+1

Vout ~
Vin

3

Generally, each coupling and by-
pass capacitor has a relatively large
value. This results in each time con-
stant 7 being relatively big. There-
fore, throw out the +1 term in the
denominator of the equation to make
the following approximation valid at
low frequencies:

Vout _ Ks
Vip  TyTeS+(Ty +Tg)

@

Using standard Bode-plot methods,
it is clear that the —8-dB point of this
transfer function occurs when:
= ll_fll = _1_ + i (5)
Tl T T2
Equation 5 approximates the low-
frequency breakpoint as the summa-
tion of two easily calculated frequen-
cies. Following a line of reasoning

/| similar to that used in open-circuit

time constants analysis, the low-fre-
quency breakpoint of a network is
approximated by:
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o, = 2— ®
where each 7.is an RC time constant
of every individual bypass or cou-
pling capacitor with all other bypass
and decoupling capacitors in the cir-
cuit shorted. Even though this exam-
ple works through the math for a cir-
cuit with two capacitors, the method
may be with equal validity to net-
works with more bypass and cou-
pling capacitors.

DESIGN EXAMPLE

Consider the design of a single-
transistor aniplifier (Fig. 2). The cir-
cuit uses a 2N8904 transistor, and
has the following design specifica-
tions: a source resistance Ry of 1 kQ,
gain of greater than 100, and a low-
frequency -3-dB point f; of less than
1kHz.

The SCTC analysis considers only
the low-frequency behavior of the
amplifier. Bias-point and load-resis-
tor values have beén chosen to give a
mid-band gain of approximately
-100. SCTC will help select reason-
able values for the capacitors C; and
Cg based on the specification of low-
frequency -3-dB point.

The transistor has the following
parameters: collector current, I is 2
mA;r, is160Q;r, is 2.6kQ; g 1s0 08
mho andh . 1S 200 (Fig. 3a). The two
short- mrcult time constants for Cg
and C; are to be called 7, and 7,

To find 7,, the short-circuit time
constant for G, first turn off the in-
put source v, by shorting it. Then,
short circuit C and find the resis-
tance R, across the C, terminals
(Fig. 3b) The time constant T, =
R, C.. Because a brief inspection re-
veals thatthe g, v, generator hasno
effectonR,,, the resistance is:

Ry = Ry + (Rpy [Rpe)|(r + 1)

=3.5kQ

Find 7,, the short-circuit time con-
stant for Cg, by short circuiting G
and calculating the resistance R
across the Gy terminals (Fig. 3¢). For
the sake of s1mp11c1ty, ignore the Ry,
and Ry, resistances, because they
are much larger than Rg. The resis-
tance R, is found by applymg a test-
voltage source at the emitter termi-
nal of the transistor and measuring

®

the resulting current:
Ir= XT R, = + *
+1, +T, :
E s ix T 9)
T g mrn
R+ +1,

The first term in Equation 9 is cur-
rent through the emitter resistor due
to the voltage source; the second
termis current through R, r,,andr,
due to the voltage source alone; and
the third term is current due to the
g v,r generator. Recognizing that

=h,,, theresistance facing Cyis
given by

SCTC show that to meet the band- Vr
width specification, the following Ros =ﬁ
must hold: (10)
Ro+r, +1,
L1 canx1000 ) =Rgj———"=18Q
T T2 fe
+12 +2
Rgt S 100k 22
Vout
Rg Gc
AMN— | ‘ 2N3904
1k :
Vin Rp2 S 33 i CEI
R < 1k

2. THIS AMPLIFIER is built with just one 2N3904 transistor, and has gain of
greater than 100 for o, of less that 1 kHz.
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LINEAR-CIRGUIT ANALYSIS

Now, the final choice of capacitor | makes sense that C; must be a large This capacitor should notbe included

values is constrained by Equation 7, | capacitor value, because the output | in the short-circuit time constants
which sets the minimum values of | resistance of an emitter follower is analysis. So, the moral is: think care-
time constants 7, and 7,. Arbitrarily | very small. | fully about how the circuit operates
“divide up” the time constants equal- _ before applying the short-circuit
ly between the two capacitors. CAVEAT EMPTOR time constants method to a given ca-
i : It’s obvious by inspecting Figure 2 | pacitor in a circuit.
= R 2mx 500 - (1D | that capacitors C; and Cy affect the :
1 M1sYC low- and mid-frequency behavior of RESULTS
1 1 | the circuit. For instance, if capacitor | A Spicerun shows that the gain of
T RC S 21 x 500 . (12) | ¢, were open-circuited, the mid-band | the circuit is approximately -110,
2 TeVE gain of the amplifier would be zero. with a low-frequency —3-dB point of
This gives design val—es: If capacitor Cg were open-circuited, | 500 Hz. (Note that Spice was not
1 the mid-band gain of the amplifier | used for design, only for verifica-
Co> 5 F0oxBL 0.09pF  (13) | would be about-2. tion). The answer obtained from us-
1s There are cases, however, where | ing SCTC was not exact, but who
1. bypass capacitors have little orno ef- | cares? It’s more important that engi-
Ce > S 500x Roe 18 uF (14) | feet on the mid-frequency perfor- | neers develop design insight by us-
, 2 mance of an amplifier. For instance, | ing such methods.
Chosen off-the-shelf values are C;= | inacommon-emitter amplifier witha Short-circuit time constants offer
0.1 uF, and C; =20 pF. cascode, the resistive network bias- | guidance for choosing bypass- and
The method of short-circuit time |.ing thebase of the cascode transistor | coupling-capacitor values. Using
constants shows that a relatively | is usually bypassed with a capacitor. | this method, a design may be opti-
small value of coupling capacitor C; | The bypassing ensures better high- | mized for preferred capacitor values
will suffice due to the large resis- | frequency performance, but has lit- | based on such criteria as size or cost.
tance seen at its terminals. It also | tleeffectatlow and mid frequencies. | For instance, this article’s design ex-

ample divided up the time constant
equally between the two capacitors,
, but any other combination will also
Rg tg Iy = work. As with the method of open-
circuit time constants, all results are
‘ + o approximate. But the value of such
1 LI Ia Z Vo T methods is the design insight the
l BBz method provides to the designers,

i - L not exact answers.[J
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- - How VALUABLE? CIRCLE
3. THE LOW-FREQUENCY model s used o calelate the shortireuit time HIGHLY 1y o
‘_ constants (). Shorting C, and C; helps determine the time constants 7, and7,, SLIGHTLY 596
S: respectively (b,c).
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