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USEFUL APPROXIMATIONS AN
TECHNIQUES HELP ENGINEERS USE
OPEN CIRCUIT TIME CONSTANTS TO
ExPLORE A CIRCUIT'S BANDWIDTH.

NETWORK TRICKS AID IN
0CTC CIRCUIT ANALYSIS

he main function of the open circuit time constants (OCTC)
analysis method is to estimate the high-frequency —-3-dB point
of an amplifier. A previous article (ELECTRONIC DESIGN SPE-
CIAL ANALOG ISSUE, June 24, p. 41) introduced the technique,
and illustrated that the major benefit of OCTC analysis was
the information it provided on the circuit element most affect-
ing the bandwidth. This article discusses the nitty-gritty of
how to calculate the time constants for a transistor amplifier,

and suggests circuit-analysis techniques and approximations.
" First, it’s useful to go through the derivation of the open-circuit resis-
tances of the most general transistor amplifier (Fig. Ia). This transistor
amplifier has a source resistance (R ), an emitter resistance (Rg), and a collec-
tor load resistance (R,). Of course, you can calculate open-circuit resistance
by writing lots of node equations and grunging through pages and pages of
math. But with a little thought and judicious application of intuitive models,
the problem becomes almost reasonable. It’s important to stop, take a deep

breath, and interpret the physical significance of results as you go along.

You can determine the resistances using the circuit’s small-signal model.

Rt

OmVer

(@ () : _
l 1. THE MOST GENERAL TRANSISTOR AMPLIFIER has a source

resistance, an emitter resistance, and a collector load resistance (a). The circuit’s small-
signal model substitutes resistors and capacitors for the transistor (b).

MARC THOMPSON
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LINEAR-CIRCUIT ANALYSIS

For the most difficult case, calculate
R,, (the resistance facing C, with G,
open-circuited), and R,, (the resis-
tance facing C, with C, open-cir-
cuited).

To calculate R,,, apply 2 test-volt-
age source (V) to the G circuit ter-
minals, and compute the resulting
current (L,). The resistance R, is the
ratio of voltage to current. The first
trick to pull out of the engineering
toolbox is the principle of superposi-
tion. Engineering school teaches you
not to use superposition with depen-
dent sources. But you can in this
case, because the test-voltage source
constrains v, to be a constant Vr.
Therefore, you can compute two
components of the resulting current
separately—one due to the voltage
source V, and the other due to the
dependent current source g,,V,. The
total test current is the sum of these
two currents. In other words, you're
breaking a difficult problem into two
easier pieces.

To determine the current I, dueto
V, only, disable the g Vq current
source by open-circuiting it (Fig. 2a).
This results in:

Ve, Vo
o R +1,+Rg

¢V

To find the current I, due to the
dependent current source only, shut
off the V. voltage source by shorting
it (Fig. 2b). The resulting test cur-
rentis found by calculating a current
divider with the current-source val-
ue acting as if V were still active.
This results in:

2; TO BEGIN CALCULATING the circuit’s open circuit time constants, first find |

the resistance R, facing Cyrr With Gy, open-circuited. R, is computed with the ratio
of voltage to current. In this circuit, the current must be calculated in two
components—one due to the voltage source V, (a), and the other due to the
dependent current source g,V (b).

ly across C,. Also, the time constant
decreases as Ry increases because
less and less voltage will appear
across C,, decreasing the relative
importance of C.

@

Iy = gmVp o E
TS Em TR T +Rg

The total test current is the sum of

the two components: For R, , the circuit is a bit more dif-
ficult, but not impossible. The circuit

Ip= Vl{-l— + 1+gnRE ] 3) has a test-current source shown
r, Rg+r+Rg across the C, terminals (Fig. 3a).

Now, if you bTindly forge ahead and
write node equations, you'll arrive at
a horrendously complicated result
that gives no insightinto the circuit’s
operation. One time-honored tech-

If you think about Equation 3 in
reverse, it’s clear that this equation
form is for resistors in parallel. It fol-
lows, then, that the resistance facing

C,is: nique in electrical engineering is to
transform a difficult problem into a

R. =t Ry +1,+Rg @) form that’s easier to solve. Then, the
o= 1+g.Rg results of the transformed circuit

are applied to the original circuit.
Keeping this philosophy in mind,
replace the equivalent resistance at
node V, by a resistance R,, which
takes into account the input imped-

It makes sense that R, is equal to
r,, in parallel with a bunch of other
circuit elements, because r in the
transistor circuit is measured direct-

Reqt B

@)

R
‘%RE |

()

the g, v,; generator.

e LECTRONTIC

3.THE RESISTANCE FACING C, with C,; open-circuited is even more difficult to calculate. Applying a test current
source across the Cu terminals yields a complicated result (a). It’s better to replace the equivalent resistance atnodeV, bya
resistance (R,) that accounts for the transistor’s input impedance,

and to substitute an equivalent dependent source (G,V,) for
D ESIGN
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ance of the transistor (Fig. 3b). Also, -

replace the g v, generator with an
equivalent dependent source of val-
ue G, V,. Rémember that the input
resistance of an emitter follower is:

Rin =ry+Ipt (1 + hfe)RE (5)

Given this result, the resistance R, at
node V| is: :

Ry =r,+(1+hg)Rg (6)
To project this result back to the

original circuit, you need to solve for
v, by solving the current divider:

_ rn(RS +71y)
Ve =ITR
R R 1+hs)Rg

)

Similarly, the voltage at V, is equal
to the current I, multiplied by the to-
tal resistance at node V. This resis-
tance is R, + r,in parallel with R: -

v =1y R+, M+ + _hfe)RE) ®)
Rg + 1+ 1, +(1+he)Rg

The new circuit has replaced the
dependent currentsource g, v, by an
equivalent generator Gy V,. Howev-
er, the currents of the two dependent
current sources must be equal. Giv-
en the previously found results, this

means that you can solve for the new
Gy

r,(Rg+1%) ©

Em R 1 1)t +(+ hg)Rp)

Because h,, is much greater than 1
(and g, is much greater than 1/v,),
this reduces to:

Zm

~—Sm__ 1
1+ngE ( 0

G

Now that you've figured out Gy
and V, for the simpler circuit, you
need to solve for that circuit with the
usual techniques. Ry, is the equiva-
lent resistance seen between the V,
node and ground:

Rgqi =

11)
(R, + 1)ty + 1+ B Rp)

You need to solve for V, and V,,
because the resulting test voltage Vo

Ele . E CTRONTIC
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is equal to V, - V,,. The node voltage
V, is easily found: o

V, =ItReq - (2
Node V, is not so difficult:
V2 = _(IT + Gle )RL . (13)

V2 = _IT(]' + GMREQI )RL (14)

The open-circuit facing C,, is found
by:
Vi-Vp

R20 = IT (15)

yielding the final result:

RZO = REQI + RL + GMRLRqu (16)

G z__gi.— 1
M= e Ry @)

Rpqi =

(13)
(R +1y)|(rz + (1 + he)RE)

In Equation 16, you can see the
Miller effect reflected in the
GyR Rpgq, term. For a high-gain am-
plifier ((%MRL large), this term will
dominate. The effects of the emitter-
degeneration resistor Ry are shown
in Equation 17, where the effective
g, of the transistor is reduced.

The results take on physical signif-
icance when you make some impor-
tant approximations based on the
specific circuit topology. For the
emitter follower, there’s no collector
load resistor (R, = 0). Furthermore,
the emitter load resistor is usually
large compared to r, and ;. In the
limit where the emitter follower is bi-
ased with a current source (in other
words, Ry becomes infinite, or very
large compared to r,, rs, and the
source resistance R, the time con-

stant for C,, reduces to:
1
Rig=— 19)
m

The R,, time constant is very small
because of the bootstrapping effect
of the relatively large emitter resis-
tor R.

For C,, no Miller-effect effective
resistance exists, and the open cir-

cuit resistanceis: - -

.R2o;__ '

R+ 11',()“(‘_1[",t +(1+he)Rp)

Again, if the emitter follower hasa

large emitter resistor (if heRg is

much greater thanR,, r andr,,), this

's? T x?

may be appro_ximated as:

R20 = RS + I‘x (21)

For a high-gain common-emitter
amplifier, the Miller effect is reflect-
ed in the open-circuit time constant.
Given Ry = 0, the C, open-circuit re-
sistance reduces to:

Ryo = I|(Rs + 1) 22)

IfR +r,issmall compared tor,, the
dominant term in Equation 22 is the
effective source resistance. The C,
time constant is:

Rgo =

Rp+(+ ngL)[(RS +1, )“rn] 23)
Equation 23 again shows the famil-
iar Miller effect term.

These equations should be used as
a guideline when making approxima-
tions. Every circuit is different, so be
prepared to make your own calcula-
tions: To summarize, useful tech-
niques when faced with a complicat-
ed circuit are:

e Solve it by thinking, not by work-
ing too hard.

o Break a difficult problem into sev-
eral easier ones, and then solve the
various parts.

e Convert the circuit to an already
solved form.

e Make reasonable approxima-
tions.[J

Marc Thompson is a senior engi-
neer at Polaroid’s Medical Imaging
Systems. He has a BS and MS in
electrical engineering from the
Massachusetts Institute of Tech-
nology, Cambridge, andis current-

ly pursuing his PhD.
How VALUABLE? CIRCLE
HIGHLY 530
MODERATELY 531
SLIGHTLY 532
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