DESIGN APPLICATIONS

TIPS FOR DESIGNING

IGH-GAIN AMPLIFIERS

TRANSISTOR MODELS, ENGINEERING
APPROXIMATIONS, AND GAIN AND
BANDWIDTH CALCULATIONS HELP

SIMPLIFY AMPLIFIER DESIGN.

afew back of-the-envelope calcula-
tions yield surprisingly predictable
results. Also presented here is a prac-
tical example and a discussion of de-
sign strategy.

Suppose you need to design a tran-
sistor amplifier with —1000 gain and a
1-MHz, —3-dB bandwidth. An op amp
isn’t available, and you want to do the
design with as few components as pos-
sible. An amplifier circuit is submitted
for your approval (Fig. 1a). Will it do
the job?

The small-signal network for this
common-emitter amplifier is drawn
using the standard transistor hybrid-

" everal techniques that emphasize intuition, not analytical
results, can help simplify the design of a high-gain amplifier
with wide bandwidth. This article takes a look these tech-
niques, which include transistor models, gain and band-
V width calculations, and engineering approximations. The
outcome is convineing—an augmented transistor model and
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The gain of this amplifier ap-
proaches a theoretical maximum
when Rg and ry are small compared to

.
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Equation 2 calculates the maximum
gain achievable with one resistively-
loaded gain stage. From transistor
theory, we know that the transcon-
ductance of a transistorislinearly pro-
portional to collector current:

MARC THOMPSON nt model (Fig. 1b). The mid-band gain I
Polaroid C()rp_’ of this ampliﬁer is: Bm = VTH @)
153 Needham St., Bldg. 1, :
Newton, MA 02164; Vee
" (61'7) 386-4465.
RL
Rs Ty peead
R
Vo +Vout :
R . Vout
Vin < Vn
Vin ' I+t
@ } (b} - j

ELECTRONIGC

1.A RESISTIVELY-LOADED common-emitter amplifier is used as a high-gain
circuit (a). The small-signal network for this common-emitter amplifier is drawn using the
standard transistor hybrid-rc model (b).
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where the transistor thermal
voltage Vpy = kT/q = 25 mV
at room temperature. The
small-signal gain is:

Vout oG IC RL
Vin Vry

For the transistor to stay

@

The picture gets clearer by

bo

Um Vr

plugging some real numbers
into the equations. Using a
fo curve tracer, the output re-
sistance r, and small-signal
current gain hg of four

2N3904 and 2N3906 transis-

biased in its linear region,
the quiescent output voltage
V, must be higher than
ground. The collector cur-
rent of the transistor amplifier de-
pends on power-supply voltage Ve
and quiesecent output voltage:

VCC - Vo
RL

Ig= (5)

Finally, this gives a maximum theo-
retical gain of:

out . _ (VCC — VO)
Vin Vrx

v

@

For a supply voltage of 12 V and a
small V,, this transistor model shows
that the small signal gain always will
be less than 480. And if a reasonable
output swing is desired, the gain will
be significantly lower.

The simple hybrid-t model used for
this analysis indicates that the voltage
gain of a resistively-loaded amplifier
may be increased to o by increasing
the power-supply voltage. Alter-
nately, if the transistor is loaded with
an ideal current source (R, = «), the
model shows that we can get infinite
voltage gain. But common sense pre-
vails and a more detailed look at the
inner workings of the transistor re-
veals that infinite gain is impossible.
We then must modify the hybrid-n
model for high-gain circuits.

DETAILED MODEL

The simple hybrid-n model leads us
to believe that transistor collector
current doesn’t change when collector
voltage chamges.1 In other words, the
simple model indicates infinite output
impedance at a transistor’s collector.
Looking at an I¢ versus Vg trace on

a transistor curve tracer dispels this

TABLE 1: AVERAGE

2. MORE DETAIL is given to the simple hybrid-rt

transistor model by adding two more resistors to account for the
effects of base-width modulation.

notion. James Early was the first to
describe this effect, called base-width
modulation.?.

Base-width modulation causes both
the collector current and base current
of the transistor to change when the
collector voltage changes. This also
means that a transistor current
source can’t have infinite output im-
pedance. The effect is modeled by add-
ing two more resistors to the transis-
tor model (Fig. 2). This augmented
low-frequency model should be used
when analyzing circuits with gains in
excess of a few hundred.

The g, and ry for the extended
model are the same as before:

Ic

= (7

Sm Vg

r, = e ®
Zm

As a result of base-width modula-
tion, the output resistance of the tran-
sistor (r,) is inversely proportional to
collector current.

1

NEm

The proportionality constant n is
what device physicists call the base-
width modulation factor Wthh has
typical values of 1072 to 107

A change in collector voltage also
affects base current. Changes in base
current are a factor of hg smaller than
changes in collector current. There-
fore, the feedback resistance ry is:

I, =

©

1, = heely (10)

tors were measured (surely
not a scientific sampling, but
who cares?). Other averaged
parameters (rg, gm, ry) Were
calculated (Table 1). The av-
eraged transistor-model values will
be used to design a high-gain transis-
tor amplifier.

A DESIGN EXAMPLE

Consider the design of a one-gain-
stage amplifier (Table 2). A common-
emitter amplifier loaded with a cur-
rent source will be designed using the
measured transistor data (Fig. 3a).

Q1 is the common-emitter amplifier,
loaded with current-source transistor
Qs. The current source has a high out-
put resistance, resulting in high gain
from this one stage. The value of the
input coupling capacitor is chosen Ce
tomeet the fy, spec1ﬁcat10n Q;and Qg
are biased at approximately 2.5 mA.

Qs buffers the output, and Q4 is a
Vag-multiplier providing a voltage
drop of approximately 8 Vpg so that
the feedback loop will bias the transis-
tors properly. Ignoring the loading ef-
fects of rg; on Ry, and Ry, the ampli-
fier’s closed-loop gain is set by vary-
ing the potentiometer setting. Closed-
loop gain is approximately given by:

R (11)
Rin

This gain equation is exactly like
that of an inverting op-amp gain
stage. In order for the amplifier to
behave like an “ideal” amplifier, and
for the gain equation to hold true, the
amplifier’s open-loop gain must be
much larger than 1000. So, let’s figure
out the open-loop gain (Fig. 8b).

Several approximations can be
made when calculating open—loop
gain. First, rg > Rip, so the transistor’s

Vout ~
Vin

TABLE 2: DESIGN SPECIFICATIONS / .

TRANSISTOR PARRMETERS Transistors 2N3904, 2N3906
Gain > 1000
Transistor lg [ Om L) hye U | (fow-frequency —3-dB point) < 500 Hz
4 (high-frequency -3-dB point) > 1MHz
2N3904 5mA 1kQ 0.2 mho 75k 200 15 MQ Power dissipation < 100 mW
2N3%06  5mA 8750  02mho  27kQ 175 47MQ Power-supply voltages +12,-12
m ELECTTZ RUONTIC DESIGN
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TABLE 3: TRANSISTOR TABLE 4: TRY 1-GURRENT-SOURCE-LOADED
SMALL-SIGNAL PARAMETERS COMMON-EMITTER AMPLIFIER
Transi Prototype
ransistor & g,,,‘ il o > o % Parameter Spice results mearsure‘ly'tfents
Q4 25mA 01 2k0 150 k2 30MQ  S0pF  2pF Closed-loop gain 1070 1050
Q, 25mA 01 1.75kQ 54k 94MQ  50pF  4pF f 180 Hz 190 Hz
0;  15mA 006 333ke  250kQ  50MQ  30pF  2pF  outswing N g
Qg 25mA 01 2k 150 k2 30MQ  50pF  3pF Power dissipation 70 mW 75 mwW

input impedance won't load down the
input that much. Second, the effective
resistance due to feedback is Ry
/(open-loop gain). This is also much
smaller than R;,. The current-source
transistor Qo is replaced by an equiva-
lent resistance rqyo looking into the
collector of Q. (We'll figure out real
numbers later.) The emitter follower
is replaced by an equivalent input re-
sistance rip3 looking into the base of
Q3. Furthermore, the gain of the emit-
ter follower will be close to 1, and
won’t be calculated here. The ampli-
fier’s open-loop gain is solved by sum-
ming currents at the output node:

A\
gm1Vin t ot

To1 ||rout2“rin3 (1 2)
+ Vout — Vin =0

Iy

By grouping terms, and making the

| YK
parallel with som other elem its
er, the ‘mid-band g nis: -
Vout

~—g R, (Bl)

Va

approximations:
1
B >> =, Ty >> Ty (13)
Tul
we arrive at the final answer:
Yout, (open loop) =
Vin 14)

“Emi {Tor "rout2"rin3}

This is similar to the gain equation
for the resistively-loaded common-
emitter amplifier, except that in this
case the load resistance at the output
node has been made quite large by
using a current source. Also, we can’t
ignore the input impedance of the
emitter follower and the output resis-
tance of Q. Going by the data in Table
1, we know that ry; for Q; is approxi-
mately 150 kQ), because r, is inversely
proportional to collector current, and

tal capacitance at node v, s thi
sum of the Miller. capacﬂ;ance CM

Vout
'_Ollt

mh = (RIS "rﬂ:)cin' :

- good one.

Q;is biased at 2.5 mA. We stillneed to
calculate the output resistance of the
Qg current source royto, and the input
resistance ryg of the Qg emitter fol-
lower.

Q1 and Qg are biased at 2.5 mA,
with Qg biased at approximately 1.5
mA. The fp for the 2N3904 and
2N3906 transistors is about 300
MHz. Each transistor has a base-
spreading resistance ry = 150 Q at
this bias level. The Cy of each tran-
sistor is calculated by:

~8m 5
Cn 2nfr Ci {15)
Cy, for each transistor is a few pico-
farads, and depends somewhat on the
collector-base voltage. Small-signal
parameters can be calculated for
these bias levels (Table 3).
We'll use a small-signal model to

. An exact analysis shows that the
Miller-effect  approximation is
equivalent to calculating the domi-
nant pole of the amplifier and ignor-
ing other poles. In many cases, am-
plifier poles are widely spaced with
one dominant pole, so it turns out
that the approximation is a very
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o +12

1Ng14
N914

 Gain adjust

12 () -

P from the circuit's small-signal model (b).

find the output resistance of the cur-
rent source Qg (Fig. 4a). A simplifying
approximation is to ignore ryo (which
is small compared to rpo) and the re-
sistance of the diode string that’s bi-
asing Qo's base (which is also small).
To find this output resistance, add a
test-voltage source Vr, and calculate
the resulting current It.

At first, this cireuit looks compli-
cated, but it can be simplified to ease
the caleulation. It’s clear from Fig-
ure 4 that the resistance at the col-
lector of Qg is ryg in parallel with a
bunch of other elements. Let’s omit
ryzand add it in later. We’ll first find
the output resistance of the modified
circuit (Fig. 4b).

- Because the entire test current
flows through the rg-Rgs combina-
tion, the voltage vy is found by:

Vao = ‘IT(TnzﬂREz) 16)

where Ry is the 220-Q resistor at
the emitter of Qo. Solving for the test
current:

_ Vp+Vap

IT +E€m2Vn2

Yoz
_ Vo~ Ip(ra|REs)
B Yoz
Zmalr(Tro|Rez)

v

ELECTZRONTIGC

R 3.A ONE-GAIN-STAGE common-emitter amplifier loaded with a carrent source is

F designed using the measured transistor data (a). The amplifier’s open-loop gain is calculated

Recognizing that gpe > 1/rye, this
reduces to:

Ip{l + gmo(tpo|Reg)} = % (18)

o
Now, adding in the Iyg, which we
previously omitted, results in:

Yotz = Lot (1 + gra(tegRee))  (19)

TABLE 5: TRY 2—CURRENT-
SOURGE-LOADED

GOMMON-EMITTER

The output resistance of the cur-
rent source is made larger if there’s an
emitter resistor. Therefore, the 220-Q
resistor in our circuit helps to increase
the current source output resistance.
If Rg > rp, the output resistance ap-
proaches ry)/2, which is a very large
value. At the bias levels chosen, com-
ponent values are gyno= 0.1, rpo = 1750
Q, rop = 54 kQ, and ry;p = 9.4 MQ. The
output resistance roye~ 900 kQ. .

The final step is to find the input
resistance of the emitter follower
(Fig. 5). The resistance looking into
the base of Qg (the derivation of which
is left as an exercise for the reader) is
given by: '

Ting =
2] (s + (1+ hge3) (3R}

With Rgg = 10 kQ, Qs is biased at
approximately 1.5 mA, resulting in:
gms = 0.06, rgs = 3.3 kQ, ry3 = 250 kQ,
and ryg =50 MQ. This results in rj,3~
2 MQ.

Because r,; is the smallest of the
three resistors at the output node, it’s
the limiting factor in the amplifier’s
open-loop gain. The sum of the three
equivalent resistors in parallel results
in a resistance of approximately 114
kQ between the high-gain node and
ground. From Equation 14, the open-
loop gain is approximately -11,400.
This gain is high enough so that when
the loop is closed, the amplifier’s gain
should approach the ideal gain.

If the gain is now acceptable, what
about the bandwidth? If we assume
that there’s one dominant pole (that

(20)

AMP“HE“ (WITH CASCODE) pole being due to the Miller capaci-
. Prototype tance of @), and that all other poles
Parameter Spiceresults ~  measurements are at frequencies much higher than 1
Gain 110 1100 MHz, the gain-bandwidth product of
fL 180 He 190 Hz the amplifier will be constant. In order
i 1.1 Mz 1:3MHz for our amplifier with closed-loop gain
l
Mu T It
4 fo2
T IRy S Y2
2 WAR < |
Im2 ¥r2
o Ing Va2 T
fa) — (b)
4, THE SMALI-SIGNAL MODEL of the current source Q2 is used to find its
output resistance (a), At first this circuit looks complicated, but it's possible to simplify it by
omitting ry.2 (b). .
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of -1000 to have a -3-dB It 13 sistance of the current source
bandwidth of 1 MHz, the > o AN\ Youtein parallel with the input
open-loop bandwidth must . resistance of the emitter fol-
be at least 90 kHz (at a gain |y Vi o3 lower. This resistance req =
0f11,400). The dominant pole - Im3 Y3 600 kQ. Therefore, the open-
of this amplifier is due to the R loop gain (= —gmireg) = —
effective source resistance - — | 60,000. '
(Riy + Iyp) interacting with — Re3 Cpg will be slightly larger
the Miller capacitance (see _ than in the previous circuit,
“The Miller approxima- = because Vpgis smaller with
tion,” p. 86). Other poles (for | 5. ENGINEERS CAN calculate the input resistance of - the added cascode transistor.
instance, in the emitter fol- |G the emitter follower using the circuit's small-signal model. "~ There’s no Miller effect, so
lower Qg) will be at much the total capacitance Crat the
higher frequencies. This can high-gain node is approxi-
be seen by applying the H2 2 mately Cr = Cps + Cyz + C
method of Open-Cireuit | + stray capacitances = 10 pF.
Time Constants to the ampli- 0 Given this, the dominant
fier. 45 Using the Miller ap- open-loop pole is approxi-
proximation, and assuming ‘:13 mately:
ay = 11,400, Cyy = 2 pF, rpy = 1
2KQ, 1y = 150 Q, and Ry, = 0 for = o =26 kHz 23)
85 Q, the open-loop —3-dB 2 2k /03 T Teqt
bandwidth is given by: E Y The poles are widely
fig =~ 2k = $—>'ut | spaced, so the feedback loop
1 . 05 68K should be stable and with a
= hi ] bandwidth 60 times larger
2n{(Rip + By tr1}aCyyy 15k I (AT 04 than the dominant open-loop
— T pole =~ 1.6 MHz. We expect the
33 kHz @D = - 1k actual bandwidth to be lower,
The Miller approximation - O p - and measurements show that
tells us that at a gain of 1000, W uF i it is, due to other unexplained
the closed loop bandwidth | ¥in W 1 effects (Table 5).
won't be much larger than Wk — : Finally, the bandwidth
380 kHz. Measurements on - P ¢ specifications have been met.
the breadboard prototype 10k | This article demonstrates
and Spice results confirm % that it’s possible to design a
this prognosis (Table 4). The 12

Miller effect is killing us!

What can be done to
squeeze more bandwidth out
of the circuit? Because the
Miller effect is hurting us, let’s over-
come it by using a cascode transistor
(Fig. 6). With the added cascode tran-
sistor Qg, the gain at the collector of
Q7 is low because transistor Qg has a
small output resistance at its emitter.
This defeats the Miller effect by isolat-
ing the high gain node from the input
transistor Q;. The input capacitance of
Q1 is now much lower (approximately
Cn1 +2Cyy), moving the input pole up
to a frequency given by:

finput_pole =

1
2m{ty1 [(Ris + 15} (Cry +2Cy)
=14 MHz

(22)

This amplifier's dominant time con-

88 )

6. ADDING A CASCODE transistor will eradicate the
Miller effect and squeeze more bandwidth out of the single-stage
high-gain amplifier circuit.

stant will be the resistance of the high-
gain node (now higher than 114 kQ,
due to the cascode transistor) inter-
acting with the various capacitances
at the node. All other poles will be at
frequencies much higher than our
closed-loop bandwidth of 1 MHz. The
modified circuit also will have a higher
- open-loop gain, because the cascode
transistor reduces the effects of base-
width modulation on transistor Q;.
Now, let’s do a non-rigorous, seat-
of-the-pants calculation. Because Qs
has a high impedance at its emitter,
the output resistance at the collector
of the cascode transistor will be ap-
proximately rys/2 (see Equation 18).
Consequently, the equivalent resis-
tance req at the high-gain node now is
approximately equal to the output re-

LECTRONTIC DESI
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simple, high-gain amplifier
with wide bandwidth. To reit-
erate, the approach used was
designed to emphasize intui-
tion, not analytical results. [J

Marc Thompson is a- senior engi-
neer at Polaroid’s Medical Imaging
Systems, where he specializes in high-
speed analog design. He has two pat-
ents for the design of high-speed, high-
power laser diode modulators. Marc
holds @ BSEE and MSEE from the
Massachusetts Institute of Technol-
ogy, Cambridge, and is currently ona
leave-of-absence from Polaroid pur-
suing his PhD at MIT.

This article is fourth in a series of
Marc’s analog design articles that
have run in Electronic Design over
the past year. The four articles are
based on his analog-design sewiinar
that’s offered at Polaroid.
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We get that sort of comment ali
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that our free Consumer
Information Catalog lists so
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have to get it. Just send your
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CHANGING
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Anthoine has the chance to
break the vicious cycle of
poverty which strangles his
neighborhood. Up until now
his best ‘‘career’’ opportuni-
ty would be gangs and
drugs.

That was before EAL.

Even though he’s still in 8th
grade, Anthoine knows
there’s a college scholarship
‘waiting for him. EAL’s
‘“Excess Inventory for
Scholarships’’ program is
giving him the hope

and incentive he needs to
finish high school.

If your company has excess
inventory, you can change a
life by donating it to EAL.

For More Details. .
Call 708-690-0010
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