ELECTRONIC DESIGN
ANALOG APPLICATIONS I

- Design Linear
, Circuits
- | Using OCTC

- | Calculations
1€ : .
a-
The analog-circuit analysis technique called “open-
........................................... cireuit time constants,” developed in the 1960s by Professors R. Adler, P. E.
: . " Gray, and C. Searle at the Massachusetts Institute of Technology in Cam-
: opeﬂ'clrﬂult time bridge, makes two important contributions to analog circuit design. First, it
D allows for accurate hand calculations of a circuit’s high-frequency character-
: , istics. Second, the method providesa quick way to determine which portion of
o conStants a“alvzg ~ acircuit limits its bandwidth performance. The ultimate goal of open-circuit
se- Do S time constant analysis is to estimate the bandwidth of any circuit containing
es ! San ana'og desmn resistors, capacitors, and dependent sources. . -
by : ; OOV U OPRIEPPPPPPS Many times, analog-circuit designers rely exclusively on computer simu-
re- ° ! : . ‘e lation to determine how their circuits run. Although simulation provides use-
m ‘{0 qumklv estimate ful quantitative information abouta circuit’s operation, this approach results
ag. | R ECEER AL in little design insight. For instance, simulating a transistor circuit gives no
) D = guidance about how to design the circuit for maximum bandwidth. Because
,?Z_ : ‘ : its bandw“‘th' linear designers need that type of guidance, they should have approximation
te_ - f ........................................... methods 1ike OCTC in their engineering too'lbox.
Je- : ; . BY MARC THOMPSON The open-circuit time constant methodology yields a systematic ap-
e . Polaroid Cop. proach to meeting, for example, a bandwidth specification. A systematic
bl EE approach is preferable to blindly tweaking resistor values during simulation
ars - to obtain exact results. That's because designers need to gain insight to
sa- assist them in future designs. Insight will teach them to
re- understand the effect that changing an op amp or resistor
: will have on the circuit’s bandwidth.
Let’s say you're designing a wideband amplifier for a
: communications link. The system specification tells you
lin- : i that the amplifier is to have a gain of at least 3000 with a
ost, high-frequency —3:dB point of 2 MHz. To meet specifica-
f { R R S tions with one op amp, a gain-bandwidth product of 6 GHz
fer i Sl S P Vit | would be required. However, an amplifier built withonly a
s, : i : i : couple of inexpensive transistors can be designed that
: ; meets these specifications (Fig. 1). But after simulation,
lifi- : ¢ it’s found that the gain is 8750 and the—3-dB bandwidthis 1
: MHz. Spice simulations show that the amplifier will not
: i meet the bandwidth specification. What do you do?
lin- E The analysis problem rapidly becomes more difficult
wrr - when the circuit has more transistors. For instance, con-
Tuc- : sider the analysis of the inner workings of an operational
i12. - 1 amplifier. The LM741 op amp has 12 transistors in its sig-
iver- { .| nal path. Because each transistor can be modeled as hav-
(SEE : !i | ing two independent capacitors, the transfer function of
ifor - v o the amplifier has 24 poles. Finding the poles of this system
o A simple amplifier built with two transistors can yield both high gain and involves finding the roots of a 24th-order polynomial equa-

high bandwidth. tion, which is a difficult task. Without using computer sim-
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ulation, it's impossible to predict the :
behavior of such a circuit without :

making some approximations. But :
even if you use computer simulation,

it gives you no guidelines for design. :
Onthe other hand, the method of :
open-circuit time constants applied :

to a linear circuit will allow you to :

identify the circuit elements respon- g

sible for bandwidth degradation. It’s

a powerful approximation method
that offers significant design infor- :
mation which isn’t available from E

computer simulation (see “4 more :
rigorous proof,” p. 43). In addition,

the method is applicable to both dis- :

crete and IC design. The procedure is
as follows:

L. Generate the high-frequency in- :
cremental model for the circuit in :
question. In other words, replace all :
transistors by their small-signal :
models evaluated at the operating :

point. Replace all independent volt- :
age sources by short circuits, and all :

independent current sources by open :
circuits. At high frequencies, all cou- :
pling and bypass capacitors behave :

as short circuits.

ing as open circuits. These are the :

open-circuit resistances ROJ..

stant = RojCj.

AR-CIRCUIT ANALYSIS

TS

: 4. Calculate the open-circuit-time-

1

oy a:

Z"Jo

A des1gn example will demon- :

strate the usefulness and simplicity

of the procedure in transistor-cireuit :
: design. Consider the design of a tran- :
sistor amplifier. The method of open- :
circuit time constants will guide you :
through the design changes neces- :
: sary to meet the bandwidth specifi-
. cation. The minimum specifications

. ) . for the transistor amplifier are:
2. Find the resistance across the ter- :

minals of each capacitor that re- :
mains in the small-signal circuit, one :
by one, with all other capacitors act- :

. Gain 1A, 1> 100 :
: Source resistance R =2kQ :
. Load capacitance C,=10pF :
: =3-dB bandwidth f, > 10MHz :

Assume that the transistor being
3. Calculate each individual time con- :

. Current gain-band-

: typical specifications when it’s bi- :
: constant approximation to system : :
bandwidth, which is the reciprocal of :
. the sum of time constants, or:

ased at a collector current of 2mA:

£, ~ 300 MHz

. width product
Small-signal :
: current gain h, = 200 :
: Base spreading : :
: resistance r,~100Q :
Collector-base :
: capacitance C.=2pFe@:
V=10V :

TRY NUMBER 1 :
As a first attempt, try using a :
common-emitter amplifier in your :

. circuit (Fig. 2a). If you bias the tran- :
. sistor at a collector current of 2 maA, :
: the biasing network Ry, Rp,, and R
: set the collector current. Gy bypass- :

es R at mid and high frequenc1es. G :
ac—couples the input signal to the :
base of Q,. §

To calculate gain and band- :

: width, you need to know the parame- :
- ters for the small-signal circuit (Fig. :
used is the 2N3904, an inexpensive :
. small-signal transistor with these :

2b). For the bipolar transistor, the :
transistor thermal voltage is given :

gain and bandwidth (b).
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A common-emitter amplifier is a first attempt ét meeting the bandwidth specifications (a). The parameters for the small-signal circuit help calculate the
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: by the equation:
fy o _kT ’ :
B V :

=~ 25 mV at room temperature

. The transistor current cutoff fre- :
. quency £ is related to transistor ca- :
: pacltances and operating point by:

= tCy

: where g, is the small-signal trans- :
: conductance of the transistor. First, :
© calculate the transistor small-signal :
: parameters g, and r, at a quiescent :
: collector current of 2mA:

2nfT;.chm_ 3) C"- _Cll

I 0.0024 PR
=0.08 Q 4) :

Em =V 0.025V “:
hy, 200 :
B 2090 _o5k0 5) |
"= T 0.08 ®

From the databook, assume that C

2nfy
0.08

= _ _2pF=40pF
2m(300x10%) P P

. tors behave as short circuits.

: that Ry, and Ry, are much larger
: than R or r,. You could lump the ef-
. fects of R, and Ry, into an effective
. gsource resistance, but it’s easier to
: To calculate C,, strictly speak- :
! ing, you should first calculate the :
value of C, at the bias point VCB. :
. oping insight, not wading through
: is approximately constant at 2 pI'EL :
. This allows caleulation of C :

® :
With transistor identity g _r, =h,:

The small-signal equivalent cir- A, =—2
cuit at high frequencies is given by :
Figure 2b. High frequency means :

: that the coupling and bypass capaci- :

mg' then,:

ELECTRONIC DESIGN
ANALOG APPLICATIONS W

To find midband gain, assume

ignore them altogether. This will
give a small error in gain calcula-
tions, but you’re interested in devel-

lots of equations. Therefore:

Vo = ~ZmVxRL
R (7

z—g vV ——
TR +1 +1y

e®

Vo

®

~—0.043Ry,

e-pol
and higher terms in the character-
istic'polynomial. It's not surprls-

ccurate if there s one polejf" :
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Choosing R, = 2.4 kQ gives a gain of

‘approximately -103. There’s some

gain to spare to account for the fact
that Ry, and Ry, were ignored in the
gain calculation. .

To find the approximate band-
width, apply open-circuit time con-
stants to C, and C,,. To find the time
constant for C,, Senoted T, OPEN-
circuit C, and find the resistance R,
across the C,, terminals (Fig. 3a). No-
tice that the dependent current
source g, v, has no effecton R

1o’

and (R, +r,):

Ryo =1y | (Re+1) = L14 kQ 9)

The time constant for C,, is given by:

T = RloCn
=(1.14 kQ)(40 pF) = 45 ns

To find R, (the resistance facing :
C,), apply a test current source and :

measure the resulting voltage

found by calculating the voltage :

generated across the current source:

Ry, = —test

By writing Kirchhoff’s Voltage Law
around the loop containing the test :

current source:

Viest = LiestRi0 —

["RL (Itest +8mVa )]
Viest = LiestRio +

RL(Itest + ngtestRlo)
The open-circuit resistance is:
Rgo =Ry +(1+gmR1 )Ry, (14)

=2.2x10°Q

The time constant for C, is given by:
Top = RZOC]J.

(15)
=(2.2x10°Q)2 pF) = 442 ns

From equation 14, note that the
time constant for C, hasa g, R, term :

be- :
cause C,, is open-circuited. R, is giv-
en by the parallel combination of r; :

(10) :

ay :

(12)

13) |

TofindR
voltage across it (b).

. init. This term is the dominant factor

gain common-emitter stages.

To find the time constant for C_, open-circuit (:"L and find the resistance across the C_ terminals (a).
o Which is the resistance facing c“, apply a test-current source and measure the resulting

Tgy = RLCL
One other time constant is for :
the load capacitor C,. The open-cir- :

. cuit resistance facing C_ is just the :
: in equation 14 and is proportional to :
the gain of the amplifier (Equation :
7). This is the Miller effect, and is :
. usually the dominant effect in high- :
across the current source (Fig. 3b). :
Theresistance at the leftside of C,, is :
R,, which was calculated before. :
The open-circuit resistance R, is :

load resistor R}, because the resis- :
tance looking into the collector of :
transistor Q, is very high: :

16) |
=(2.4x10%)(10 pF) = 24 ns ( ):

o

4 A second attempt at meeting the specs employs a common-emitter amplifier with a cascode transis-

tor @, (a). Q,’s open-circuit time constants are found using the equivalent incremental circuit of the

late 7, with the resulting circuit (d).
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cascode amplifier (b). To calculate these constants, you must replace 0, by a resistancer,_ .. To
find r_ .., apply a test-voltage source to Q,'s small-signal equivalent circuit (c). Then, you can calcu-




the
sis- :

- of
(16) :
Vout

[
10pF

ransis- :
ofthe :
To
caicu-
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: The sum of the three open-cir- :
: cuit time constants for this amplifier :
: is5llns, resulting in a bandwidth ap- :
: proximation of:

1

fiy =
b on(511x107)

TRY NUMBER 2

: In a second attempt to meet the :
. specifications, youcanadda cascode :
© transistor Q, to the common-emitter
© amplifier (F1g. 4a). Transistor Q,isa :
© standard common-emitter amplifier :
© (as in the previous try), except that :
. its load resistor has been replaced by
© the cascode transistor Q,. Q,is acom-
° mon-base amplifier—signal current
© enters at the emitter and leaves at
© the collector.

For simplicity, the details of the

© biasing networks have been omitted.
: Because the small-signal current
. gain h,, of the 2N3904 transistor is
© much greater thanl,a good approxi-
© mation says that all of the small-sig- :
: nal collector current of Q, passes :
: through Q, and goes through the :

DA

5 The circuit used to calculate Q,'s time constant assume:
ine the circuit and approximate that v 2= 0 (b). Consequent

~311kHz (7):

load resistor R, . Therefore, the gain :
of the cascode amplifier is approxi- :
mately the same as the simple com- :
. mon-emitter case, and willnot be cal- :
: culated here. :
: To find the open-circuit time con- :
stants for Q,, draw the equivalent in- :
. cremental circuit of the cascode am- :
: plifier (Fig. 4b). Although this circuit :
* looks complicated at first, it's easy to :
: Spice simulation shows a band- : :
© width of approximately 315 kHz. :
: Clearly, this amplifier topology :
. won’t meet the bandwidth specifica-
. tion. From the above analysis, you :
. can see that the effects of the Miller :
© capacitance must be reduced. The :
. time constant associated with C,, is :
© much larger than those for C, and :
* load capacitance G;. One way to re- :
. duce the Miller effect is by using a :

break it down into smaller pieces.

To calculate the open-circuit :
time constants for Q,, you can re- :
place Q, by a resistor (r,,») Whose :
value is equal to the resistance look- :
ing into the emitter of Q,. Once the :
value of this resistor is found, you
can use the same equations as before :

to determine the C“ time constant.

To find r_,,,, apply a test voltage :
source to the small-signal equivalent :
: second transistor in the cascode con- : circuit of Q, (Fig. 4¢)- Q, is biased at :
. figuration. © approximately the same collector :
: current as Q,. Therefore, g, I'r, and :
C, are the same as for Q,. This re- :

! there’s very little voltage gain from

sults in:

s 0,'s output resistance 1o be infinite (a). To dete!
ly, the equivalent circuit makes it simple to calculate 7, {c).

rmine the time constant for C 20 YOU must exam-

Viest = Iotlo 13Q (18

T =
out Itest 1+ hfe2

The time constants for Q, are the
same as calculated before, with R
replaced by the equivalent output re-
sistance of Q, (Fig. 4d). Note that
R,,, the resistance facing C,y, is the
same as before:

Ry =1y | Re+15)=114kQ  (19)

As a result, 7, hasn't changed. You
can find 7, by using equation 14 with
R, replaced by r !

Rgo =Routz + (A + gmYout2)Rio (20)
= 2.3 kQ

Too = RZoCuZ
=(2.3kQ)2 pF)=4.6 ns

Cascoding reduces the time con-
stant for C}u from 442 to 4.6 ns. Intu-
itively, this makes sense because

21

)

6 Adding the Q, emitter follower isolates C_, from the large source resistance in a third attempt at

meeting the specifications (a). An equivalent circuit is used to find the open-circuit time constants

for that emitter-follower transistor (b).
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the base to collector of Q, due to the
effective load resistor at the collec-
tor being very small. Hence, the
Miller effect is greatly reduced.

The open-circuit time constants
for Q, are found by using the equiva-
lent circuit of Fig. 5a. In the circuit
used to find the time constant for C,,
(for Q,), the output resistance of Q,
(r...) 1s very large because it’s the
resistance looking into the collector
of Q,. Therefore, assume an infinite
impedance:

V, b
Liest = te:t +8m2 Viest = Zmo Vtest (22) :
T N
30=_Y§_5_S§_z__1__z129 (23)
Liest  Eme :

The time constant for C,, is:

T30 = R3oCro o |
=(12 Q)40 pF) = 0.5 ns

The fourth and final try at meeting the bandwidth specifications uses emitter follower Q, to isolate '

the load capacitor from the large load resistor.

: The sum of all five open-circuit :
: time constants is 79 ns, correspond- :
: ing to anapproximate bandwidth of2 :
: MHz (see the table). For non-believ- :
: ers, Spice results have also been in- :

: cluded for comparison.

If you blindly start writing equa- :
tions to find the time constant for :
Cpz, soon you'll have a big mess on :
your hands. However, if you look at
the circuit closely, there’s a very use- :
ful approximation that can be made :
(Fig. 5b). First, because r_,, is very :
large compared with the other resis- :
tances in the circuit, negligible cur- :
rent will be flowing through it. :
Therefore, all of the current from :
the g_,v,2 generator flows through :
r.o. This constrains:

Vo = ~Emeln2Va2 (25) :

By recognizing the transistor rela-
tion g, r, = hg, the above relation- :
ship can only be true if either h, =~1
(which you know isn’t true), or if v, :
= (. Therefore, v, must be zero. For :
Vo = 0, the circuit reduces to a sim- :
ple equivalent circuit because the :
g,..Vn2 current source is disabled for
Vao="0(Fig. 5c). With that useful ap- :
proximation, you can derive a simple :
result:

By adding the cascode transis-
tor, your bandwidth is increased by a

factor of six. Although you still :
: haven’t met the specification, other :
things canbe done. The importantre- :
. e DAy =—hyg
that the dominant factor limiting the :
bandwidth of the amplifier is the :
time constant 7., which is the C; :
time constant for transistor Q,. Re- :
ducing C,y, rpy, r,, or R, will in- :

sult from the above calculation is

crease the bandwidth of the amplifi-

* er; reducing any of the other resis-
: tances in the circuit will only give :
: small increases in bandwidth. Be-
: cause C,; and r,; are fixed by the
: bias point and r , is process-depen- :
dent, the effective source impedance : . _p
[ lo™~nl

. seen by C,; should be reduced. This : §
= {rﬂ:l " (rout3 +ryg )}Cnl (30)

may be done by adding a buffer at

the amplifier’s input.
TRY NUMBER 3

You can isolate C,; from the :
: large source resistance R, in your :
. third try at meeting the bandwidth :
specifications. This is accomplished :
: by adding an emitter follower, Q, :
: (Fig. 6a). For simplicity, assume that :
: the emitter follower is biased by a :

. current source of 2 mA, so all of the

. the circuit are equal.

Ry =10 +Rp =2.5kQ (26) :

The sz time constant is:

T4, = Ry, C :
40 4o0~n2 (27)

=(2.5kQ)2 pF)=5ns

The gain of the emitter follower

is very close to 1. Its output resis-

: tanceis given by:
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R, +1r3+1y3

T,
out3 1+ hfe3

The equivalent source resistance :
: seen by C,; is now much smaller. :
: Adding the emitter follower also af- :
. fects the amplifier’s gain. Assuming :
that the emitter follower has unity :

gain, equation 8 yields:
Ry,

~—0.076R;,

This tells you that the same gain :
.canbeattained by decreasing R;. De- :
. creasing R, will reduce the open-cir- :
: cuit time constants for both Q, and :
the load capacitor. Choosing a small- :
: er load resistor, R, = 1500 Q, meets :
: the gain specification (gain =~ -114). :

The OCTC for C,1:

= (117 Q)(40 pF) = 4.7 ns

As expected, adding the buffer :

greatly reduces this time constant.
For C,;:

R20 = Yourg + (1 + ZmiTout2)Rio
=250 Q

'y =(250Q)2pF)=05ns  (32) |
: r, and C, occurrences throughout : 2 p :

For Q,, 7, is unchanged. R, is
: decreased, because the load resistor :
. has decreased: :

=Dt tTlng o9y @8) :

Touts + Ix1 + T (29)

@1



8)

ce :
i,
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29) :
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ets :

30) :

31)

32)

fer

is :

%

¢

Tho = (I'x3 + RL)Cp2

190 = RLCL
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=(1L6kQ)2pF)=3.2ns

transistor:

: 1
M R5° =—_—= 12 Q (34) :
: gm3 :

: For C,3, you can again use the :
: equivalent circuit of Figure 4b be- :
. cause there’s a current source :
© (which equals high impedance) in the :
: time constants gives an approxima-
: tion that's always pessimistic, this

. emitter of Qg
| Rg, =R, +1y3 =2.1kQ 36) :
15 = (2.6 Q)2 PF) =4 1s @

=(1.5 kQ)(10 pF) =15 ns

TRY NUMBER 4

: : Tgo = out4CL =
1 =(2Q)@0pD)=05ns  (B5)

: leftasan exercise for the reader.
83) :
: constants do change. The three time
: constants for the new transistor Q,
: You must calculate the open-cir- :
: cuit time constants for the emitter- :
: follower transistor Q,. The equiva- it
. lent circuit lets you find R, the open :
. circuit resistance facing Cng (Fig. :
: 6b). This circuit gives approximately :

. the same result as for the cascode g, =Ry, +1‘x4)Cu4

However, the other three time

are:
- Cn4
To ™

Emd ' (39)
~(12.5 Q)(40 pF) = 0.5 ns

. . (40)
=(1.6 kQ)2 pF) = 3.2 ns

B+ttt
1+hey 41)
~(20 Q)2 pF)=0.2 ns
The approximate bandwidth,
calculated from the sum of open-cir-

cuit time constants, is now 9.1 MHz.
Because the method of open-circuit

: fourthtryisa good candidate for full
: computer simulation. Spice simula-
* tion shows that the desired circuit
: specifications are finally met with
: : your fourth attempt.

: The time constant associated with :
! the load capacitor at the output has :
© also decreased because of the small- :
: er value of load resistance:

Computer simulation provides a
useful method for analyzing multi-
stage transistor circuits. Unfortu-

. nately, simulation offers virtually no
© design insight to tell you what ele-
38) . ments in your circuit are responsible

: for degrading bandwidth. On the
: © other hand, open-circuit time con-
. The sum of the open-circuit time con- :
. stants is now 28 ns. The approximate
© bandwidth, calculated from the sum :
: of open-circuit time constants, isnow :
: 5.6 MHz. :
: The specification still isn’t met, :
: but there’s hope. From the table, you :
: cansee the dominant time constantis :
: 74, due to the 10-pF load capacitor :
 interacting with the 1.5k( load re- :
: sistor. Therefore, to increase the :
: bandwidth, you must reduce the ef- :
: fects of the load capacitor coupling :
: with the load resistor. This can be :
. done by adding an output emitter- :
. follower buffer.

stant analysis helps you determine
the necessary tradeoffs for imple-
menting a good design. [
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