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15 Two-Port Systems Approach

In the design process, it is often necessary to work with the terminal characteristics of a
device rather than the individual components of the system. In other words, the designer is
handed a packaged product with a list of data regarding its characteristics but has no access
to the internal construction. This section will relate the important parameters determined for
a number of configurations in the previous sections to the important parameters of this
packaged system. The result will be an understanding of how each parameter of the
packaged system relates to the actual amplifier or network. The system of Fig. 61 is called
a two-port system because there are two sets of terminals—one at the input and the other at
the output. At this point it is particularly important to realize that the data surrounding a
packaged system is the no-load data. This should be fairly obvious because the load has not

been applied, nor does it come with the load attached to the package.

o )
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: =
Thévenin

FIG. 61

Two-port system.

For the two-port system of Fig. 61 the polarity of the voltages and the direction of the
currents are as defined. If the currents have a different direction or the voltages have a
different polarity from that appearing in Fig. 61, a negative sign must be applied. Note again
the use of the label AV . to indicate that the provided voltage gain will be the no load value.

For amplifiers the parameters of importance have been sketched within the boundaries of
the two-port system as shown in Fig. 62. The input and output resistance of a packaged
amplifier are normally provided along with the no-load gain. They can then be inserted as

shown in Fig. 62 to represent the seated package.

33




CHAPTER 5 BJT AC ANALYSIS ASST. LECTURER AHMED SAAD
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FIG. 62
vubstituting the internal elements for the two-port svstem of Fig. 6l.
Substituting tf t i el ts for the two-part syst Fig. 6l

For the no-load situation the output voltage is

'H._,n'” = 141N|.1‘rr|: {Sﬁ'

due to the fact that 1= 0A, resulting in lIoRo = 0V.
The output resistance is defined by Vi = 0V. Under such conditions the quantity (AVn. Vi)

Is zero volts also and can be replaced by a short-circuit equivalent. The result is

Z, =R, (87)

Finally, the input impedance Zi simply relates the applied voltage to the resulting input

current and

Zi = R (88)

For the no-load situation, the current gain is undefined because the load current is zero.
There is, however, a no-load voltage gain equal to AVNL. The effect of applying a load to a
two-port system will result in the configuration of Fig. 63. Ideally, all the parameters of the
model are unaffected by changing loads and levels of source resistance. However, for some
transistor configurations the applied load can affect the input resistance, whereas for others
the output resistance can be affected by the source resistance.

In all cases, however, by simple definition, the no-load gain is unaffected by the application
of any load. In any case, once AV, Ri, and Ro are defined for a particular configuration,

the equations about to be derived can be employed.
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FIG. 63
Applyving a load to the two-port svstem of Fig. 62,
Applying the voltage-divider rule to the output circuit results in
V RiAw, Vi
" R, +R,
o R
and A, =—= E_p (89)

L ]r,-'!_ Rf. 4 R,f; VHL

Because the ratio RL/ (RL + Ro) is always less than 1, we have further evidence that the

loaded voltage gain of an amplifier is always less than the no-load level. The current gain is

then determined by

b _ VR %z
MTL T VI T ViR
Zi
and A = _A”-R_g_

(90)

as obtained earlier. In general, therefore, the current gain can be obtained from the voltage

gain and impedance parameters Zi and RL. The next example will demonstrate the

usefulness
and validity of Egs. (89) and (90).

Our attention will now turn to the input side of the two-port system and the effect of an

internal source resistance on the gain of an amplifier. In Fig. 64, a source with an internal

resistance has been applied to the basic two-port system. The definitions of Zi and AVy, are

such that:

The parameters Zi and AVnL of a two-port system are unaffected by the internal resistance

of the applied source.
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FIG. 64

Including the effects of the source resistance R,

However: The output impedance may be affected by the magnitude of Rs. The fraction of
the applied signal reaching the input terminals of the amplifier of Fig. 64 is determined by

the voltage-divider rule. That is,

, _ RV
! RI‘ + R_l.

(91)

Equation (91) clearly shows that the larger the magnitude of Rs, the lower is the voltage
at the input terminals of the amplifier. In general, therefore, as mentioned earlier, for a
particular amplifier, the larger the internal resistance of a signal source, the lower is the

overall gain of the system. For the two-port system of Fig. 64,

1"::'.1 — ".1'1'q|_1.!.!.
Vs
V. = R -
‘TR + R
R
so that Vo = Ay, — V.
1'~1I.RI: + R, 5
Il"Iru-' Rl'
and Al-’ — Vi = m'—h-}”. “12!

The effects of Rs and RL have now been demonstrated on an individual basis. The next
natural question is how the presence of both factors in the same network will affect the total
gain. In Fig. 65, a source with an internal resistance Rs and a load RL have been applied to
a two-port system for which the parameters Zi, AVn., and Zo have been specified. For the

moment, let us assume that Zi and Zo are unaffected by RL and Rs, respectively.
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FIG. 65

Considering the effects of R, and R, on the gain of an amplifier.

Al the input side we find

Eq.(91): | il
910 =
q ‘"R + R
¥; R;
or il i93)
i"'.:' Ri + Er
and at the output side,
i Ry .
1'_,_. = m.t“‘ql Ii-,
Vo Ry, Ry
or A, = —= — = —A,. (9d)
* Ii';ll RI. Ll Rr.- RI. T Hr.- -
For the total gain A, = V,/V,, the following mathematical steps can be performed:
¥, Ve ¥ -
f, = —=—+— (93)
T ﬁ-"'!. i"'.l' i"'.:'
and substituting Eqgs. (93) and (04) resulis in
1"'.r1 R:' RJ'
=== - —A (96)
Ve Ri+R R+R,T
Because [; = V/R,. as before,
R;
Ay = _A*T.E_L (97)
or, using I, = V /(R, + R,
R+ R;
A = —A,——— (08)
| ¥ EL
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However, li = Is, so Egs. (97) and (98) generate the same result. Equation (96) clearly
reveals that both the source and the load resistance will reduce the overall gain of the system.

The two reduction factors of Eg. (96) form a product that has to be carefully considered
in any design procedure. It is not sufficient to ensure that Rs is relatively small if the effect
of the magnitude of RL is ignored. For instance, in Eq. (96), if the first factor is 0.9 and the
second factor is 0.2, the product of the two results in an overall reduction factor equal to
(0.9) (0.2) = 0.18, which is close to the lower factor. The effect of the excellent 0.9 level
was completely wiped out by the significantly lower second multiplier. If both were 0.9-
level factors, the net result would be (0.9)(0.9)= 0.81, which is still quite high. Even if the
first were 0.9 and the second 0.7, the net result of 0.63 would still be respectable. In general,
therefore, for good overall gain the effects of Rs and RL must be evaluated individually and

as a product.

EXAMPLE 12 Determine A, and A, for the network of Example 11 and compare solu-
tions. Example | showed that A, = —280, Z; = 107 kf}, and £, = 3 kil In Example
11, 8y = 4.7k} and B, = 0.3 kil

Solution:
) Ry,
a. Eq. (89): .-1-,_.|,_ = mf!pu
4.7k1)
= —2E0.11
4.7k + 3!-*.1;1{ :
= —170.93
as in Example 11.
b, Eq (06): A, = — -,
. Eq. ) ¥y R:' + Rs EL + R.._-..- FhHl.
1.07 ki) 4. Tk}

= . . —280.11
LO7Tk + 03k 47k0 + Skﬂ{ }

= (D.7EINDG1N—280.11)
= —133.45
as in Example ] 1.

38




CHAPTER 5 BJT AC ANALYSIS ASST. LECTURER AHMED SAAD

EXAMPLE 13 Given the packaced (no-entry-possible) amplifier of Fie. 66:

Determine the gain A, and compare it to the no-load value with &, = [.2 ki,
Repaat part (a) with &; = 3.6 kil and compare solutions.
Determine A, with By = 1.2 ki}.

e O TR

I f
Find the current gain 4; = T‘“ = T”urlm Ry = 5.6ki).
E T
I Fi'd I is
oy "‘_|=_ = 4
.
+ 0.2 ki3 P
AP v, 7y = Ak R,._gy_g
— Z,=2k0
L ®
-
FIG. 66
Amgrlifier for Example 13
Solution:
Eq. {(80): A, = Lﬁl
4 I:I_{_ } L RL"' E.:r .
=z |2 koD (—3430) = (D.3TSH—4B0)
L2 KA + 2 kAL S
= —180
which is a dramatic drop ftom the no-load value.
Ry,
b. Eq.{89x A, = ————A
q. (80 A, R, + R,
5.6k}
- —430) = (D.737TH—4ED
56k + Zkﬂ{ ) ( X )
= —353.76
which clearly reveals that the larrer the load resistor, the better is the zain.
Eq. (96): A, — —2 B 4
c B8k Ay, = o R R+ R,
4 k02 1.2k12

= - — 480
IR0+ 02RO 12K + ok o

= [(LDI3Z2WOI3TIH—430)
= —171.36
which is fairly close to the loaded &ain A, because the input impedance is considerably

more than the source resistance. In other words, the source resistance is relatively
small compared to the input impadance of the amplifier.

Lo, 7
d A, =—="=-4,—
LT T, LR,
4 K0}
— —[—353.76 = (—353.76K0.714
=3 }(5 6 KoL (—333.76K )
— — 2526
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16 Cascaded Systems

The two-port systems approach is particularly useful for cascaded systems such as that

appearing in Fig. 67, where AV1, AV2, AV3, and so on, are the voltage gains of each stage

under loaded conditions. That is, AV1 is determined with the input impedance to AV2 acting

as the load on AV1. For AV2, AV1 will determine the signal strength and source impedance

at the input to AV2. The total gain of the system is then determined by the product of the

individual gains as follows:

AL‘;-:AFL'A‘F:'A‘L-}““

and the total current gain is given by

z,
a4|:|r — _AII?E

(100)

(99)

No matter how perfect the system design, the application of a succeeding stage or load to

a two-port system will affect the voltage gain. Therefore, there is no possibility of a situation

where AV1, AV2, and so on, of Fig. 67 are simply the no-load values. The no-load parameters

can be used to determine the loaded gains of each stage, but Eq. (99) requires the loaded

values. The load on stage 1 is Zi2, on stage 2 Zi3, on stage 3 Zin, and so on.

o, y h
e
to — - t
|
VJ Ap] sz AV3 | AV I RL Vp
B i —H O—l — Q—l | n
= I n - -JI I-- - =
Ul
b=t 414 bl 14 bl L.+,
FIG. 67
Cascaded system.
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EXAMPLE 14 The two-stage system of Fig. 68 employs a transistor emitter-follower con-
figuration prior to a common-base configuration to ensure that the maximum percentage of

the applied signal appears at the input terminals of the common-base amplifier. In Fig. 68,
the no-load values are provided for each system, with the exception of Z; and Z,, for the

emitter-follower, which are the loaded values. For the configuration of Fig. 68, determine:
a. The loaded gain for each stage.

b. The total gain for the system, A, and 4, .

c. The total current gain for the system.

d. The total gain for the system if the emitter-follower configuration were removed.

! A A
h R,2 L i " )
r_" N 0\ .
+ | 1' m' y + Emitter-follower + Commeon-base + | +
v V Z,=lﬂkﬂ V =V zi‘%n v v
- | z=ee 0=V | zesik Y Rgi2K@ T
| ] A - A, =240 "_j| . -
ZI:ZJL Z""I. z"z zuz=za
FIG. 68
Example 14.
Solution:
a. For the emitter-follower configuration, the loaded gain is (by Eq. (94))
V —LJ. V —ﬁmv = 0.684 V,
nZ o+ Z, ™ e+ 1200 0 T
d Ay = — = 0.684
an ¥; Vr
For the common-base configuration,
R; 2.2k
Vo, =———A, V;, = (2400 V.. = 14797 V;
TR+ R,, WL g2k + 5.1k0 aC :
v{h
and A, =—= 14797
2 '.‘,-"rz
b. Eq. (99): A1=T = Av,f‘ivz
= (0.684)(147.97)
= 101.20
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Ea O1: A Z; . (10 k£)(101.20)
[ : , = Ay =
q4-1 " Zi +RT 10kQ + 1kQ
— l_]l
. Z; 10 k02
c. Eq.(100): A;, = —A”R—L = —{1{:1.2{:}( % m)
= —123.41
Ziy 26 0}
d. Eg.(91): V: = 2y = = V. = 0.025 V,
a4 T Zo+R 260+ 1k |
V. vV,
and L_ = 0.025 with t_ = 147.97 from above
5 i
Vo Vi V, .
and A, = AR AR (0.025)(147.97) = 3.7

16.1 RC-Coupled BJT amplifiers

One popular connection of amplifier stages is the RC-coupled variety shown in Fig. 69 in
the next example. The name is derived from the capacitive coupling capacitor Cc and the
fact that the load on the first stage is an RC combination. The coupling capacitor isolates the
two stages from a dc viewpoint but acts as a short-circuit equivalent for the ac response. The
input impedance of the second stage acts as a load on the first stage, permitting the same

approach to the analysis as described in the last two sections.

I —
EXAMPLE 15

a. Calculate the no-load voltage gain and output volitage of the RC-coupled transistor
amplifiers of Fig. &9,

b. Calculate the overall eain and output voltage ifa 4.7 kO load is applied to the second
stape, and compare to the results of part (a).

c. Calculate the input impedance of the first stage and the output impedance of the second
slaoe.

+?‘v'
ﬁl‘!kﬂ é 15 k02 ﬁz.zm
g 15 kL2 Ce
ZHJHF lIIi{F o
¥,=25pVe ) o, - 'u, t I: — 'u,
1pF th I""ﬁ =l 2 [A=200

S S P e B
A R

FIG. 6%
RC-coupled BIT amplifier for Example 15,
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CHAPTER 5
Solution:
4. The dc bias analysis results in the following for each transistor:
Ve =47V, V=40V, V=11V, Ip=40mA
At the bias point,
2emV  26mV
=" Y g5
I 4 mA

The loading of the second staxe is
Z, = Ry||Ra||Br.

which results in the following cain for the first stape:
Re||(Ry | Rz | Bre)

A, = -
(2.2 KO [15 kO 4.7 k2 [ (200365 €2)]
T 5.5 0
665.2 01
- — 023
6.5 0}

For the unloaded second stace the zain is
K 2.2 ki)
T — 33846

Apprg, = ——= =
YauL) re 635 0}

resulting in an overall eain of
Ay = Applppg, = (C10L3IN-338.46) = 346 X 107

The output voltare is then
Vi=1(346 = I[Iaju:E u¥) = 865 mY

Vo = Aup,
b. The overall pain with the 4.7-k£} load appliad is
¥, I 0
A, = ?T = mﬂﬁm == k:l?-f;?_ (346 x 0% = 23.6 x 10°
which is considerably less than the unloaded gain because Ry is relatively close to 8.
'i-'r,,, = .rh.r‘"'!'
= (23.6 ® 10PH25 &V)
= 500 mV
C. The input impedance of the first stage is
;= Bl Rallgr, = 4.7 k02|15 kO] (200065 £ = 953.6 2

whereas lhe-uutput impadance for the second stape is
£y =Rp=1212 ki
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16.2 Cascode Connection
The cascode configuration has one of two configurations. In each case the collector of the
leading transistor is connected to the emitter of the following transistor. One possible

arrangement appears in Fig. 70; the second is shown in Fig. 71 in the following example.

ol
< F

I 1

FlG. 70O
Cascode oo g arraddodi.

The arrangements provide a relatively high-input impedance with low voltage gain for
the first stage to ensure the input Miller capacitance is at a minimum, whereas the following

CB stage provides an excellent high-frequency response.

EXAMPLE 16 Calculate the no-load voltace cain for the cascode confizuration of Fiz. 71.

Vie= I8V
B
Rﬁlé 1.8 k2
6.8 k2 ¢ It T
[ C=5pF
11 -
o 10uF
2 1. i = jdr=
5.Ek£1§ ot Ar=Rz= 200
¥y e H 2
C, =5 pF
Rnlg
47 k0 Ry a .
1.1 k3 I Crp=20uF
—-— —

FIlG. 71
Pracrical cascode circweid for Ervapgle T
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Solution: The dc analvsis results in
Vg, =49V, Vp, =108V, Ip = I =38mA

because fp, == [g, the dynamic resistance for each transistor is
_ 2emV _ 26 mY
Iy 3EBmA

The loading on the transistor €4 is the input impedance of the J transistor in the CB
conficuration as shown by r. in Fig 72,

The result is the replacement of &~ in the basic no-load equation for the gain of the CB
conficurcation, with the input impedance of 4 CB confizuration as follows:

"
,.1__=__‘:'=_E=_j

Fe

= 6.3 11

[3

with the voltase oain for the second stace (common base) of
R 1.8 ki}

-~ JRE)

FlG. 72
Defining He focd af $.

The overall no-load gain is BJT AC AnAlysis

AV = AV1AV2 = (-1)(265) = -265

As expected, in Example 16, the CE stage provides a higher input impedance than can be
expected from the CB stage. With a voltage gain of about 1 for the first stage, the Miller-
effect input capacitance is kept quite low to support a good high-frequency response. A large
voltage gain of 265 was provided by the CB stage to give the overall design a good input

impedance level with desirable gain levels.
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