CHAPTER]| IS8

TWO-PORT NETWORKS

Research is to see what everybody else has seen, and think what nobody
has thought.
—Albert Szent-Gyorgyi
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796 PART 3 Advanced Circuit Analyses

18.1 INTRODUCTION

A pair of terminals through which a current may enter or leave a network
' is known as gort. Two-terminal devices or elements (such as resistors,

o capacitors, and inductors) resultin one-port networks. Most of the circuits
Linear we have dealtwith so far are two-terminal or one-port circuits, represented
\4 network in Fig. 18.1(a). We have considered the voltage across or current through

- a single pair of terminals—such as the two terminals of a resistor, a

< capacitor, or an inductor. We have also studied four-terminal or two-port
' circuits involving op amps, transistors, and transformers, as shown in Fig.
@ 18.1(b). In general, a network may haveports. A port is an access to
| 1 the network and consists of a pair of terminals; the current entering one
—1 -~ terminal leaves through the other terminal so that the net current entering
+ + the port equals zero.
Linear In this chapter, we are mainly concerned with two-port networks
Vi network Va ;
(or, simply, two-ports).
° ° |
hy 2 A two-port network is an electrical network with two separate ports
(b) for input and output.

Figure 18.]  (a) One-port network,

b) two-port network. i i ' i
(b) two-port networ Thus, atwo-port network has two terminal pairs acting as access points.

AsshowninFig. 18.1(b), thecurrent entering oneterminal of apair leaves
the other terminal in the pair. Three-terminal devices such astransistors
can be configured into two-port networks.

Our study of two-port networks is for at least two reasons. Firgt,
such networks are useful in communications, control systems, power
systems, and electronics. For example, they are used in electronics to
model transistors and to facilitate cascaded design. Second, knowing the
parameters of a two-port network enables usto treat it as a “black box”
when embedded within alarger network.

To characterize a two-port network requires that we relate the ter-
minal quantitiesV1, Vo, I1, and |, in Fig. 18.1(b), out of which two are
independent. The various terms that relate these voltages and currents
are caled parameters. Our goal in this chapter is to derive six sets of
these parameters. We will show the relationship between these parame-
ters and how two-port networks can be connected in series, paralel, or
cascade. Aswith op amps, we are only interested in the terminal behav-
ior of the circuits. And we will assume that the two-port circuits contain
no independent sources, although they can contain dependent sources.
Finally, we will apply some of the concepts developed in this chapter to
the analysis of transistor circuits and synthesis of ladder networks.

18.2 IMPEDANCE PARAMETERS

Impedance and admittance parameters are commonly used in the syn-
thesis of filters. They are also useful in the design and analysis of
impedance-matching networks and power distribution networks. Wedis-
cuss impedance parameters in this section and admittance parametersin
the next section.
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CHAPTER 18 Two-Port Networks

A two-port network may be voltage-driven as in Fig. 18.2(a) or
current-driven as in Fig. 18.2(b). From either Fig. 18.2(a) or (b), the
terminal voltages can be related to the terminal currents as

Vi =2zuli+zl>

(18.1)
Vo =2zxnl1+ 22l>

or in matrix form as

V]_ 211 Z12 | 1 | 1
= = |z
vl = 2]
where the z terms are called the impedance parameters, or simply z
parameters, and have units of ohms.

(18.2)

Iy

197

Reminder: Only two of the four variables (V,
Vy, 1j, and ) are independent. The other two
can be found using Eq. (18.1).

Linear
network

I
+
Linear
Vi network Va 1 Vi
@

(b)

Figu re 182  Thelinear two-port network: (&) driven by voltage sources, (b) driven by current sources.

The values of the parameters can be evaluated by setting 1; = 0
(input port open-circuited) or 1, = 0 (output port open-circuited). Thus,

Vi Vi
231 = — ) Z1p = —
l1 1,=0 2 1,=0
(18.3)
Vo Vo
Z1 = — ) Zp = —
1 1,=0 2 1,=0

Since the z parameters are obtained by open-circuiting the input or out-
put port, they are also called the open-circuit impedance parameters.
Specificaly,
z11 = Open-circuit input impedance
Z1> = Open-circuit transfer impedance from port 1 to port 2
Z, = Open-circuit transfer impedance from port 2 to port 1
Z»» = Open-circuit output impedance

(18.4)

According to Eq. (18.3), we obtain z;; and z,; by connecting a
voltage V1 (or acurrent source | 1) to port 1 with port 2 open-circuited as
in Fig. 18.3(a) and finding I, and V»; we then get

Vi Vo
21 = T 21 = —

(18.5)
1 I1

| 1 | 2= 0
o -
——o
_Vi +
Zn = T
1
A \Z
V,
Zn = |—2 _
ol
@
1,=0 I,
O—
+ Vi
Zp= T
2
V. v,
1 v,
_ Zp = T
o | 2
(b)
Figure 8.3 Determination of the z

parameters: (a) finding z11 and zp;,
(b) finding z32 and z5,.
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798 PART 3 Advanced Circuit Analyses

Similarly, we obtain z;, and z,, by connecting avoltage V., (or a current
source 1) to port 2 with port 1 open-circuited as in Fig. 18.3(b) and
finding I, and V; we then get

Vi Vo
20 = —, Zp = — (18.6)
P P

Theaboveprocedure providesuswith ameansof cal cul ating or measuring
the z parameters.

Sometimes z1; and zy, are called driving-point impedances, while
Z»1 and z;; are called transfer impedances. A driving-point impedance

1 2 is the input impedance of atwo-terminal (one-port) device. Thus, z3; is

the input driving-point impedance with the output port open-circuited,

T ' while z,; isthe output driving-point impedance with the input port open-

circuited.

When z;1 = zp,, the two-port network is said to be symmetrical.
Thisimpliesthat the network has mirrorlike symmetry about some center
ling; that is, aline can be found that divides the network into two similar

@ halves.

1 5 When the two-port network islinear and has no dependent sources,
the transfer impedances are equal (z12 = z;), and the two-port is said to
bereciprocal. Thismeansthat if the points of excitation and responseare

v  interchanged, the transfer impedances remain the same. Asillustrated in
Fig. 18.4, atwo-port isreciprocal if interchanging an ideal voltage source
at one port with anideal ammeter at the other port givesthe same ammeter
reading. The reciprocal network yieldsV = z;,| according to Eq. (18.1)

(b) when connected asin Fig. 18.4(a), but yields V = z,11 when connected

asinFig. 18.4(b). Thisispossibleonly if zj, = z,;. Any two-port that is

made entirely of resistors, capacitors, and inductors must be reciprocal.

Reciprocal
two-port

—

Reciproca
two-port

Figure 184 Interchanging a voltage source
at one port with an ideal ammeter at the

other port produces the same reading in a For areciprocal network, the T-equivalent circuit in Fig. 18.5(a) can be

reciprocal two-port. used. If the network is not reciprocal, amore general equivalent network
is shown in Fig. 18.5(b); notice that this figure follows directly from
Eq. (18.1).

(b)

Figure 18.5 (a) T-equivalent circuit (for reciprocal case only), (b) general equivalent circuit.

I Iy It should be mentioned that for some two-port networks, the z pa-
o 1n o rameters do not exist because they cannot be described by Eq. (18.1). As
* . . * an example, consider the ideal transformer of Fig. 18.6. The defining
A ‘ ‘ v, equations for the two-port network are:

_ 1

; o V= ;Vz, I, = —nl, (18.7)
Figre 186 An ideal trans- Observe that it isimpossible to express the voltages in terms of the cur-
former has no z parameters. rents, and vice versa, as Eq. (18.1) requires. Thus, the ideal transformer

4 | P | e-Text Main Menu | Textbook Table of Contents | Problem Solving Workbook Contents



CHAPTER 18 Two-Port Networks 799

has no z parameters. However, it does have hybrid parameters, as we
shall seein Section 18.4.

MIS.I

Determine the z parameters for the circuit in Fig. 18.7. 20Q 300
Solution:

METHOD R To determine z3; and z»1, we apply a voltage source V4 400Q
to the input port and leave the output port open asin Fig. 18.8(a). Then,

[e; O

1 = \Iﬁ = M =60Q Figure 18.7  For Example 18.1.
1 1

that is, 11 isthe input impedance at port 1.

\ 401
Zy1 = —2 = —1 = 40 Q
I I
| 1,=0
To find z1, and z»,, we apply a voltage source V,, to the output port and _1. 200 p0 2~
leave the input port open asin Fig. 18.8(b). Then, V=W N
\ 401 V 30 + 40)1 V; 40 Q V.
Z12=—l=—2=4OQ, Zzz:—zzg=709 ! ?
I2 I P I, _
O
Thus, @
602 40Q -
[Z] = |:4OQ 70 Q:| Il__(i 20Q 30Q 2
+
METHOD P4 Alternatively, since there is no dependent source in the
A 400Q A

given circuit, z;; = Z»; and we can use Fig. 18.5(8). Comparing Fig.
18.7 with Fig. 18.5(a), we get

(o]

Z1p = 40 Q2 = Z71 (b)
n—22=20 - 211 =20+21 =609 Figure 18.8  For Example 18.1: (a) finding
Zyp — Z1p = 30 — Zy = 30+ Z1p = 70 Q 271 and 21, (b) finding z12 and zp;.

PRACTICE PROBLEMEKE

Find the z parameters of the two-port network in Fig. 18.9.

8Q
Answer: z1 = 14,215 =7 = 2, = 6 Q.
6Q
e, O

Figure 189 For Practice
Prob. 18.1.

m|s.z

Find 1, and I, inthe circuit in Fig. 18.10.
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800 PART 3 Advanced Circuit Analyses

— —-—
+ 2, =400Q +
. 2:,=j20Q
1 \% V. 2~ V. 10Q
000" ! 2, =j30Q 2
- 2,,=50Q -

Figure [8.10  For Example 18.2.

Solution:

Thisisnot areciprocal network. We may usethe equivalent circuitin Fig.
18.5(b) but we can also use Eq. (18.1) directly. Substituting the given z
parametersinto Eq. (18.1),

Vi, =401+ j20I, (18.2.1)
Vo, = j30I1 + 501, (18.2.2)

Since we are looking for I, and I, we substitute
Vi =100/0°,  V,=-10I,
into Egs. (18.2.1) and (18.2.2), which become

100 = 4011 + j20I, (18.2.3)
—10I, = ]30|1 + 501, — I, = ]2|2 (18.2.4)

Substituting Eq. (18.2.4) into Eq. (18.2.3) gives

100
100 = 80l i 20 lp=—— =—j
Jolla + 2012 - 2 7100 J
From EqQ. (18.2.4), 1, = j2(—j) = 2. Thus,
I, =2/0°A, lo=1/—90°A
PRACTICE PROBLEMBEER
Calculate I, and I, in the two-port of Fig. 18.11.
20 L 2
+ 2;,=60Q +
21,=-j4Q
2/30°V Vi |z =40 V2
_ 7,,=8Q _
Figure 8.1 For Practice Prob. 18.2.

Answer: 2/20°A,1/ —60° A.
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CHAPTER 18 Two-Port Networks 801

18.3 ADMITTANCE PARAMETERS

In the previous section we saw that impedance parameters may not exist
for a two-port network. So there is a need for an aternative means of
describing such anetwork. Thisneed ismet by the second set of parame-
ters, which we obtain by expressing the terminal currentsin terms of the

terminal voltages. In either Fig. 18.12(a) or (b), the terminal currentscan Ll»
be expressed in terms of the terminal voltages as o]
Yu=y,
|, = Vqi+ V
1=YuVi+YVa (188) |1<> A .,
l2 =Yy2a1Vi+Yy2V> _ Ya =g
_O_
or in matrix form as @
I \Y \Y,
[ 1] _ |:y11 Y12] [ 1} =yl [ 1} (18.9) | |
Io Vo1 Y22 || V2 \'Z) _L <=
. . —0—
They terms are known as the admittance parameters (or, smply, y pa- + _h +
. . Y2 =y
rameters) and have units of siemens.
The values of the parameters can be determined by settingV; = 0 V1=0 , Ve 2
(input port short-circuited) or V, = 0 (output port short-circuited). Thus, _ 2=y, -
_O_
I I
Y = RS , Y12 = RES (b)
Vily,-o Valy,—o ,
(18.10)  Figure 8.1  Determination of the y param-
Vo = Iz Voo = 12 eters: (a) finding y11 and yz1, (b) finding y12
V; Vom0 ’ V, V4=0 and yo.

Since the y parameters are obtained by short-circuiting the input or out-
put port, they are also called the short-circuit admittance parameters.
Specificaly,

y11 = Short-circuit input admittance

y12 = Short-circuit transfer admittance from port 2 to port 1 11
Y21 = Short-circuit transfer admittance from port 1 to port 2 (81

y22 = Short-circuit output admittance

Following Eq. (18.10), we obtain y11 and y»; by connecting a cur-
rent | 1 to port 1 and short-circuiting port 2 asin Fig. 18.12(a), finding V1
and I ;, and then calculating

I1
= —, = — 18.12
Y Vi Y21 ( )

Similarly, we obtain y1, and y», by connecting acurrent source , to port

2 and short-circuiting port 1 asin Fig. 18.12(b), finding I, and V,, and
then getting

_h = 18.13

Y12 = A Y22 = Vv, (18.13)

This procedure provides us with ameans of calculating or measuring the
y parameters. Theimpedance and admittance parameters are collectively
referred to as immittance parameters.
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For atwo-port network that islinear and has no dependent sources,
the transfer admittances are equal (Y12 = y21). Thiscan be proved in the
same way as for the z parameters. A reciproca network (Y12 = Yy»1) can
be modeled by the IT-equivalent circuit in Fig. 18.13(a). If the network
is not reciprocal, a more general equivalent network is shown in Fig.
18.13(b).

—_— ,_l - —_— D —
_y

g == 2 2

v, [uatyz PEvE v, v, |[Ym v,

B ~ B Y12V2 Y21V ~

O O O O

€) (b)
Figure [8.13  (a) m-equivalent circuiit (for reciprocal case only), (b) general equivalent circuit.
e Lt BRI

m Obtain the y parameters for the IT network shown in Fig. 18.14.

O O
Solution:
4Q 8Q METHOD [} Tofindy.; andyay, short-circuit the output port and con-

o o nect a current source | to the input port asin Fig. 18.15(a). Since the

RE ¥
+
Iq A 4Q 8Q
@
Iy I
— 2Q
+ +
V;=0 4Q 8Q Vs, (P
(b)
Figure 18.15  For Example 18.3: (a) finding

yu and yz1, (b) finding y12 and y2,.

8-Q resistor is short-circuited, the 2-Q resistor isin parallel with the 4-Q
resistor. Hence,

4 1
Vi=1@| 2 = =l === =0.75S
1=11412 3l Y1 Vi T,
By current division,
4 2 I,  —3h
= — ;= =1y, === =-05S
2 412 1= 3 Y1 Vi %|1

Toget y12 andy,,, short-circuit theinput port and connect acurrent source
I, totheoutput port asin Fig. 18.15(b). The4-2 resistor isshort-circuited
so that the 2-Q and 8-2 resistors are in parallel.

8 I2 l 5
Vo =128 2 = =l =—=-——==-=0625S
2=12812) 52 Y22 Vo, " E, 8
By current division,
8 4 l,  —3l2
= =2 g, = 2y, =1 = —-05S
1=8122 52 Y=y, g,

METHOD B Alternatively, comparing Fig. 18.14 with Fig. 18.13(a),

1
yiz=—3 S=yax

1 1

)/114-)/12=‘—1 = Y11:Z_y12=o.753
1 1

Y22 + Y12 = 3 - Yoo = 8~ y12 = 0.625 S

as obtained previous

<
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CHAPTER 18 Two-Port Networks 803

PRACTICE PROBLEMMNKNE

Obtain the y parameters for the T network shown in Fig. 18.16. 2Q 6Q
Answer: y;1 =0.2273 S,y = Y21 = —0.0909 S, y»» = 0.1364 S.

4Q

O O

Figure 18.16  For Practice Prob. 18.3.

MI8.4

Determine the y parameters for the two-port shown in Fig. 18.17. 2
Solution:
Wefollow the same procedure as in the previous example. To get y;; and i 80 40
Y21, We use the circuit in Fig. 18.18(a), in which port 2 is short-circuited o ™ AW A o
and a current sourceis applied to port 1. At node 1,
20
V-V, VvV, V,-0
= "0 _ 9 -2
8 A o o
Vl - Va
Butl; = ; therefore, Figure 18.17  For Example 18.4.
Vi—-V, 3V,
0 =
g 4
0=Vi—-V,+6V, = V= -5V,
Hence,
-5V, -V,
1= = -0.75V,
8
and
I, —075VY,
== = =015S
Y1 Vi “5v,
At node 2,
V,—-0
. +231+12=0
21, 21,
—- —
8Q 14V, 4Q , 12 L g9 14V, 40 2
AW A W
+ A + + A +

@ (b)

Figure [8.18  solution of Example 18.4: () finding y11 and y21, (b) finding y12 and y2».
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804 PART 3 Advanced Circuit Analyses

or
—1,=0.25V, — 1.5V, = —1.25V,
Hence,
Io 1.25V,
=== =-0258S
A=y, T ey,
Similarly, we get y1» and y2, using Fig. 18.18(b). At node 1,
0— VO Vo Va - V2
=2 —
8 1ttt
0— o
Butl; = : therefore,
Vo Va Vo - V2
O=—— +—
8 + 2 4
or
0=-V,+4V,+2V, -2V, - V, =25V,
Hence,
I1 _V0/8
=== =-005S
Y=y, = 25v,
At node 2,
V, -V
o T2 ol 4 1,=0
or
1 2V,
—l,=0.25V, — Z(Z.SVO) - = —-0.625V,
Thus,
| 0.625V
Yoo = — = ° 0258

Vo 2.5V,
Noticethat y12 # Y21 in this case, since the network is not reciprocal.

PRACTICE PROBLEMEKENK

6Q 2Q Obtain the y parameters for the circuit in Fig. 18.19.
o AMW—o0
iol Answer: y1;3 =0.625S,y;o = —-0.125S,y,; = 0.375 S,
Yoo = 0.125S.
§ 30 <y 2,
O O

Figure 1819 For Practice Prob. 18.4.

18.4 HYBRID PARAMETERS

The z and y parameters of a two-port network do not always exist. So
thereisaneed for developing another set of parameters. Thisthird set of
parametersis based on making V; and |, the dependent variables. Thus,
we obtain
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CHAPTER 18 Two-Port Networks

V1= hyul1 + hpVs

2 =hxly + hpVy
or in matrix form,

RS ARCIA

The h terms are known as the hybrid parameters (or, simply, 4 param-
eters) because they are a hybrid combination of ratios. They are very
useful for describing electronic devices such as transistors (see Section
18.9); it is much easier to measure experimentally the 4 parameters of
such devices than to measure their z or y parameters. In fact, we have
seen that the ideal transformer in Fig. 18.6, described by Eq. (18.7), does
not have z parameters. The ideal transformer can be described by the
hybrid parameters, because Eq. (18.7) conforms with Eq. (18.14).
The values of the parameters are determined as

(18.14)

(18.15)

\21 \21
hy = T , hi = v,
b V=0 2112=0 (18.16)
P P '
ho1 = ™ , 2=
1 lv,=0 2l1,=0

It is evident from Eq. (18.16) that the parameters hy;, hio, hag, and hy,
represent animpedance, avoltage gain, acurrent gain, and an admittance,
respectively. Thisis why they are called the hybrid parameters. To be
specific,

hi1 = Short-circuit input impedance

hi, = Open-circuit reverse voltage gain

hy, = Short-circuit forward current gain

h,, = Open-circuit output admittance

(18.17)

The procedure for calculating the i parameters is similar to that used
for the z or y parameters. We apply a voltage or current source to the
appropriate port, short-circuit or open-circuit the other port, depending
on the parameter of interest, and perform regular circuit analysis. For
reciprocal networks, hi, = —hy;. This can be proved in the same way
as we proved that z;, = z,;. Figure 18.20 shows the hybrid model of a
two-port network.

A set of parameters closely related to the 4 parameters are the g
parameters or inverse hybrid parameters. These are used to describe the
terminal currents and voltages as

1 =011V1i+ 0wl
Vo = gVi+ 0xl>

li| (9 Q2| |Vi] _ Vi
[Vz]_[gm gzz][b}_[g][b}

(18.18)

or

(18.19)

805

Figure 18.20

The h-parameter equivalent
network of atwo-port network.
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Vi gns 9wl O21V1 Vo
o o
Figure 1821 The g-parameter model of a

two-port network.

PART 3
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The values of the g parameters are determined as

I
) O = I_
1,=0 2

V1=0
(18.20)

Thus, the inverse hybrid parameters are specifically called
011 = Open-circuit input admittance
012 = Short-circuit reverse current gain
021 = Open-circuit forward voltage gain
022 = Short-circuit output impedance
Figure 18.21 shows the inverse hybrid model of a two-port network.

(18.21)

e L N
2Q 3Q
%69
O O

Figure 18.22

For Example 18.5.

@

11=0 29 3 Iz
. -2
;
A 60Q
(b)

V. % %})Vz
o

Figure [8.23  For Example 18.5: (a) comput-
ing hy1 and hy1, (b) computing hiz and ha;.

Find the hybrid parameters for the two-port network of Fig. 18.22.
Solution:

Tofind hy; and hy, we short-circuit the output port and connect a current
source | 1 to theinput port as shown in Fig. 18.23(a). From Fig. 18.23(a),

Hence,
Y
hy=-—— =4Q
I
Also, from Fig. 18.23(a) we obtain, by current division,
I, = 6 ;= 2|
?7"6+3"' 3"
Hence,
P 2
h = — = ——
21 I 3

Toobtain hy; and hy,, we open-circuit theinput port and connect avoltage
source V, to the output port asin Fig. 18.23(b). By voltage division,

6 2

\Y Vo, ==V
'176+r3 2 37
Hence,
vV, 2
hp=—==
12 v, 3
Also,
Vo= (3+6)l,=09l,
Thus,
l, 1
hyy=—==-S
2 V, 9
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CHAPTER 18 Two-Port Networks 807

PRACTICE PROBLEMNKE

Determine the 1 parameters for the circuit in Fig. 18.24. 3Q
(e} O
Answer: hy; =1.29Q,h;p =04,hy; = —-04,hy =04S.

2Q 50

O O

Figure 1824 For Practice Prob. 18.5.

(£ X A P L E IO

Determine the Thevenin equivalent at the output port of the circuit in 400 L o
Fig. 18.25. hy = 1kQ
Solution: hp=-2
i R oV hg, = 10
To find Zt and V1, we apply the normal procedure, keeping in mind hyy = 200 uS
the formulas relating the input and output ports of the 2 model. To obtain L o
Zh, remove the 60-V voltage source at the input port and apply a 1-V
voltage source at the output port, as shown in Fig. 18.26(a). From Eq. Figure 1825 For Example 18.6.
(18.14),
V1 =hyl1 +hpVo (18.6.1)
lo = ho1l1 4+ hx»Vs, (18.6.2) _|1> <Ii
ButV, =1, and V1 = —40I;. Substituting these into Egs. (18.6.1) and +
(18.6.2), we get 002 VvV, [h] 1v
hio
— 401 = hyl h l1=— 18.6.3 -
1 1l + N1z = 1 20+ hyg ( )
l2 =hails + ha (18.6.4) @
Substituting Eg. (18.6.3) into Eq. (18.6.4) gives " 1,=0
40Q
L= b — hathiz  hithz — hothi +hp240 = =
2T 40 hi1 + 40 * *
Therefore, 60V \ [hl \Z
ZThzﬁziz hi1 +40 - 5
l2 12 hihg —hahyo + h3p40 )
Substituting the values of the 1 parameters, ®)
2 _ 1000 + 40 Figure 18.26  For Example 18.6: (a) finding
™ ™ 108 x 200 x 106 + 20+ 40 x 200 x 106 Zth, (b) finding Vrp.
1040
=——=5146Q
20.21
To get V1, we find the open-circuit voltage V, in Fig. 18.26(b). At the
input port,
—60+40l; +V,;=0 s V1 =60—-40l, (186.5)
At the output,
l,=0 (18.6.6)
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Substituting Egs. (18.6.5) and (18.6.6) into Egs. (18.6.1) and (18.6.2), we

obtain
60 — 4011 = hyil; + hpVo
or
60 = (hy; +40)11 + hpVo (18.6.7)
and
0= hpily +hxVsy — I, = —E—ZVZ (18.6.8)

Now substituting Eg. (18.6.8) into Eq. (18.6.7) gives

60 = [—(hn + 40)@ + hlz] V2
h21
or
60 ~ 60h21
—(hy1 +40)hys/hog +h1p  hiohpy — hyghyy — 40hy
Substituting the values of the & parameters,

Vin =V =

60 x 10
PRACTICE PROBLEMEEKN
o | Find the impedance at the input port of the circuit in Fig. 18.27.
hy1 =2kQ Answer: 1667 Q.
hp, =107
hy, = 100 50 kQ
h22 = 10_5 S
O_
Zin
Figure 1827 For Practice Prob. 18.6.
£ tp L e NI
1H 1F Find the g parameters as functions of s for the circuit in Fig. 18.28.
| Solution:
10 Inthe s domain,
1 1
o o 1H e sL=s, 1F — — ==
sC s
Figure 18.28  For Example 18.7. To get g11 and gz1, We open-circuit the output port and connect a voltage
source V; to theinput port asin Fig. 18.29(a). From the figure,
=
Y7 +1
or
lq 1
Oun = V_l ]
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By voltage division,

Iy ys 12=0
1 — 2 T
Vo= Vi T I °
s+1 +
or
V. 10 V.
~ Vs ~ 1 1 2
921 = Vi s+1 o
To obtain g and gyp, we short-circuit theinput port and connect acurrent @
source |, to the output port asin Fig. 18.29(b). By current division,
1 s 1s
I, =— | I
! s+1 2 ! +
or
I 1 10 I,
O12 = Lo sr1 _
Also, (b)
Vo = 1 1
2= 02\ 5 +s Figure 829 Determining the g parameters
or in the s domain for the circuit in Fig. 18.28.

_V2_1+ S _s2+s+1
gzz_lz_s s+1° s(s+1)

Thus,
1 1

s+1 _s+1
1 24541
s+1  s(s+1)

PRACTICE PROBLEMMNKIN

[d] =

For the ladder network in Fig. 18.30, determine the ¢ parametersin the s 1H 1H
domain. o—TIm A o
s+2 _ 1 10 10
s2+3s+1 s2+3s+1
Answer: [g] = .
1 s(s +2) © ©
243 +1 2435 +1 Figure 1830 For Practice Prob. 18.7.

18.5 TRANSMISSION PARAMETERS

Since there are no restrictions on which terminal voltages and currents
should be considered independent and which should be dependent vari-
ables, we expect to be able to generate many sets of parameters. Another
set of parameters relates the variables at the input port to those at the
output port. Thus,

Vi =AV, — Bl

(18.22)
1 =CV,—Dl,
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=6 Bl[]=m] s

Equations (18.22) and (18.23) relate theinput variables (V1 and 1 1) tothe
output variables (V, and —I,). Noticethat in computing the transmission
parameters, —I, is used rather than | ,, because the current is considered

or

Iy -5 to be leaving the network, as shown in Fig. 18.31, as opposed to entering
o——— ———o0 the network as in Fig. 18.1(b). This is done merely for conventional
* Lineer * reasons; when you cascade two-ports (output to input), it is most logical
Vi two-port Va to think of I as leaving the two-port. It is also customary in the power

industry to consider |, as leaving the two-port.

o—— EE—] Thetwo-port parametersin Egs. (18.22) and (18.23) provideamea-
sure of how acircuit transmitsvoltage and current from asourceto aload.

Figure [8.3]  Terminal variables used to They are useful in the analysis of transmission lines (such as cable and

define the ABCD parameters. fiber) because they express sending-end variables (V1 and 1) in terms of

thereceiving-end variables (V, and —15). For thisreason, they are called

transmission parameters. They are also known as ABCD parameters.

They are used in the design of telephone systems, microwave networks,

and radars.

The transmission parameters are determined as

\Y, \Y,
A=E ., B=-—
Va 1,=0 2 V=0
| | (18.24)
c=—-| , Db=-2
Va 1,=0 2 V=0
Thus, the transmission parameters are called, specifically,
A = Open-circuit voltage ratio
B = Negative short-circuit transfer impedance
(18.25)

C = Open-circuit transfer admittance
D = Negative short-circuit current ratio

A and D are dimensionless, B isin ohms, and C isin siemens. Sincethe
transmission parameters provide a direct relationship between input and
output variables, they are very useful in cascaded networks.

Our last set of parameters may be defined by expressing the vari-
ables at the output port in terms of the variables at the input port. We
obtain

V2=aV1—b|1
lo =cV,—dl;

V[l ml] e
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CHAPTER 18 Two-Port Networks

The parameters a, b, ¢, and d are called the inverse transmission param-
eters. They are determined as follows:

(18.28)

From Eqg. (18.28) and from our experience so far, it is evident that these
parameters are known individually as
a = Open-circuit voltage gain
b = Negative short-circuit transfer impedance
¢ = Open-circuit transfer admittance
d = Negative short-circuit current gain

(18.29)

Whileaand d aredimensionless, b and c arein ohmsand siemens, respec-
tively. Interms of the transmission or inverse transmission parameters, a
network isreciprocal if

AD —-BC =1, ad—bc=1 (18.30)

These relations can be proved in the same way as the transfer impedance
relations for the z parameters. Alternatively, wewill be able to use Table
18.1 allittle later to derive Eq. (18.30) from the fact that z;o, = z,; for
reciprocal networks.

8ll

MI8.8

Find the transmission parameters for the two-port network in Fig. 18.32.
Solution:

To determine A and C, we leave the output port open asin Fig. 18.33(a)
so that I, = 0 and place a voltage source V; at the input port. We have

V1= (10+ 20)I; = 30l and Vy, =201 — 3l =171
Thus,

Vi3 g7, c=

_ i
o \P) o 1714

= =-—=00588S
Vo 1714

I 3l | |
L 100 <> :
= o

v, § 20Q V, A

11 100 L

O O

Figure 18.32  For Example 18.8.

@
Figure 18.33

(b)

For Example 18.8: (a) finding A and C, (b) finding B and D.
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To obtain B and D, we short-circuit the output port so that V, = 0 as
shown in Fig. 18.33(b) and place a voltage source V; at the input port.
At nodea inthe circuit of Fig. 18.33(b), KCL gives

Vi— Va V”+I =0 18.8.1
10 20 2T (8.
ButV, =3l;andl; = (V1 — V,)/10. Combining these gives
Vi =131 (18.8.2)
Substituting Eq. (18.8.2) into Eq. (18.8.1) and replacing the first term
with I,
3l 17
|1—2—0+|2—0 — Z)ll__lz
Therefore,
D=—'—1=@=1.176, p=-_Yi__ B 5099
I, 17 I> (—=17/20) 11

PRACTICE PROBLEMNKI

Find thetransmission parametersfor thecircuitin Fig. 18.16 (see Practice
Prob. 18.3).

Answer: A=15B=11Q,C=025S D =25.

ml8.9

10Q The ABCD parameters of the two-port network in Fig. 18.34 are

4 20Q
50V [T] R 01S 2

Theoutput port is connected to avariable load for maximum power trans-
fer. Find R, and the maximum power transferred.

Figure 1834 For Example 18.9. Solution:
What we need isto find the Thevenin equivaent (Z+, and V1) at theload
or output port. Wefind Z, using the circuit in Fig. 18.35(a). Our godl is
to get Zt, = V3/l,. Substituting the given ABCD parameters into Eq.
(18.22), we obtain

Vi =4V, —20l, (18.9.1)
I, =01V, - 2l, (18.9.2)
100 i 2 100 i 1220 R
[ —_ Th
+ + + +
T T B}
Vi [T] Vs, 1Vv 50V Vi [T] Vo=V Vin R
_ _ - -
@ (b) (0

Figure [835  solution of Example 18.9: (a) finding Z1p, (b) finding V1h, (c) finding R;, for maximum power transfer.
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At theinput port, V1 = —10l;. Substituting thisinto Eq. (18.9.1) gives
—10l; = 4V, — 201,
or
I, =-04V, + 2, (18.9.3)
Setting the right-hand sides of Egs. (18.9.2) and (18.9.3) equal,
0.1V, — 21, = —0.4V5, + 2l, == 0.5V, =4,

Hence,

V, 4
Zin= 2= =8Q
™=, T 05

To find V1, we use the circuit in Fig. 18.35(b). At the output port
I, = 0and at theinput port V1 = 50 — 10l ;. Substituting theseinto Egs.
(18.9.1) and (18.9.2),

50 — 101, = 4V, (18.9.4)

I, =0.1V, (18.9.5)
Substituting Eq. (18.9.5) into Eqg. (18.9.4),
50 -V, =4V, == V, =10

Thus,

Vih=Vy,=10V
The equivalent circuit is shown in Fig. 18.35(c). For maximum power
transfer,

R, =Zm=8Q
From Eq. (4.24), the maximum power is

V1 100

P=1I%R, = —" 2R =V—%h:—=3125w
L 2R, ) "FT 4R,  4x8

PRACTICE PROBLEMMNKIE

Find 1, and |, if thetransmission parametersfor thetwo-portin Fig. 18.36

are
5 10Q
04Ss 1

2Q Iy I

—

2
3
+
14/0°V [T] V, £10Q

Figure 1836 For Practice Prob. 18.9.

Answer: 1A, -02A.

18,6 RELATIONSHIPS BETWEEN PARAMETERS

Since the six sets of parametersrelate the same input and output terminal
variables of the same two-port network, they should be interrelated. |If
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two sets of parameters exist, we can relate one set to the other set. Let us
demonstrate the process with two examples.
Given the z parameters, let us obtain the y parameters. From

Eq. (18.2),
Vi| |z z||l1] _ I
[VJ B [221 222] [Iz] = 7] [|2} (18.31)
or
li] _ 1| Ve
['2} =12 [VZ] (18.32)
Also, from Eq. (18.9),
o _ [y Y| [Vi| _ a1V
|:|2:| B |:YZ1 y22:| |:V2:| =l |:V21| (18.33)
Comparing Egs. (18.32) and (18.33), we see that
M =" (18.34)

The adjoint of the [z] matrix is
[ Z2 —212}
—Zn  ZInn

A, = Z1Zp — Z12Zn
Substituting these into Eq. (18.34), we get

and its determinant is

|: Zp —212:|
-7 Z
yu Y| _ 21 11 (18.35)
Yo1 Y22 A,
Equating terms yields
Zp 731 Zy 73

=2 ——— == =— (1836

Y11 A. Y12 AL Y21 A. Y22 A. ( )

Asasecond example, let us determinethe i parameters from the z
parameters. From Eqg. (18.1),

Vi1=2zuli+zpl> (18.379)
Vo =Znli+ 22l> (18.37h)
Making |, the subject of Eq. (18.37b),
1
I, = —ﬁll + —V> (18.38)
72 2

Substituting thisinto Eq. (18.374),
_ 211722 — 212721 Z12

Vi 1+ —V2 (18.39)
722 222
Putting Egs. (18.38) and (18.39) in matrix form,
A, ZppT]
Vil | z» zZn || 11
M -| = [V] (1840
Zyp I

From Eg. (18.15),

Vi| _ [hu he [14
I2 har hxp || V2
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Comparing this with Eg. (18.40), we obtain

A, 1
hy = —, hp = —, hyy = ——, hy = — (1841
Z2 Z2 Z2 Z2

Table 18.1 providesthe conversion formulasfor the six sets of two-
port parameters. Given one set of parameters, Table 18.1 can be used to
find other parameters. For example, given the T parameters, we find the
corresponding i parameters in the fifth column of the third row. Also,
given that z,; = z;, for areciprocal network, we can use the table to
express this condition in terms of other parameters. It can aso be shown
that

[g] =[h]* (18.42)
but
[t]#[T]! (18.43)

TABLE [8.]  Conversion of two-port parameters.

z y h g T t

Y22 Y12 Ay hip 1 o2 A Ar d 1

z Z11 Z12 — —_— — —_— —_— e — P — —

Ay Ay ha22 h2, Ou Ou c Cc c c

Y1 Y11 hay 1 O21 A, 1 D A, a

72 Zp —— — = — — — —= — — —

Ay Ay ha22 h2, Ou Ou c C c c

Z» Z 1 hip A, Oz D A7 a 1

y - Y Y12 — — — S T 5 -~

A, A, hy hyy 022 O22 B B b b

Z2 Z11 hoy Ay J21 1 1 A A, d

e - Y1 Y22 — —_ - — —= = T =

A, A, hi h1a O22 O22 B B b b

A, Z1p 1 Y12 02 O12 B Ar b 1

h — — — == hyy hip — - = — = -

Zy Zy Yu Yu A, A, D D a a

2 1 Yo1 A, 021 O 1 c A c

- — = — hay hp —— —  —= = — -

Z2 Z2 Y11 Y1 A, A, D D a a

1 232 A, Y12 h22 hiz C Ay c 1

g — - — — - - Ou O12 e - =

Zy Z11 Y22 Y22 Ap Ay A A d d

Zn A, 'z 1 hay hyy 1 B A, b

— - —— — = -— Oz O22 — - - -3

Zy Z11 Y22 Y22 A Ay A A d d

A, 1 A h 1 d b

T n e Yo 1 _An _Mu il 92 A B - =

2 2 Yo1 Yo1 hay hat O21 O21 A, A

1 oz A yn he 1 @ A . 5 ° a

Z Zn Y21 Yo1 hay hay 021 021 A Ay

¢ 2 A yn 11 hu A G D B a b
Z Z12 Y12 Y12 hi hip O12 g Ar Ar

1w A ya he A 1 C A
Z12 Z12 Y12 Y12 hi, hi, O12 g Ar Ar

A, =217y — 212751, Ay =hphyp —hphy, Ar =AD-BC
Ay =YuY» —Y12Y21, Ay =0nln —010n, A, =ad-—bc
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Find [z] and [g] of atwo-port network if

10 15
[T]= [zs 4 }
Solution:
If A=10,B = 1.5, C = 2, D = 4, the determinant of the matrix is

Ar=AD-BC=40-3=37

From Table 18.1,
zllzgz%)za 212=%=3—27=18.5
221=é=%=05, Zzz:g:gzz
9112%21—2020.2, glz:_%__i_g__?"?
921=%=%=0.1, 922:; %’:0.15
Thus,

PRACTICE PROBLEMEREERY

Determine [y] and [T] of atwo-port network whose z parameters are

a=[s 3

. [ 03 -02 _| 15 5@
Answer: [Y]—[_o,z 0,3}3’ [T]—[o,zss 1.5]‘

Obtain the y parameters of the op amp circuit in Fig. 18.37. Show that
the circuit has no z parameters.

Solution:

Since no current can enter the input terminals of the op amp, 1; = 0,
which can be expressed in terms of V1 and V, as

I, =0V, +0V, (18.11.1)

Comparing thiswith Eq. (18.8) gives

yu=0=yp
Figure [8.37  For Example 18.11. Also,

Vo = R3lo+1,(R1+ R2)
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wherel, isthe current through R; and R,. Butl, = V1/R;. Hence,

Vi(R1+ R
V= Ralp+ 1(Ry 2)
Ry

which can be written as

(R1+ R2) Va

s Ty —<
RiRz - R3

Comparing this with Eq. (18.8) shows that

_(Ri+Rp)
R1R3

The determinant of the [y] matrix is

I, =

Yo1 =

) Yoo = —

Ay = Y11y —Y12Y21 =0

Since A, = 0, the[y] matrix hasno inverse; therefore, the[z] matrix does
not exist according to Eq. (18.34). Note that the circuit is not reciprocal
because of the active element.

PRACTICE PROBLEMEKNIN

Find the z parameters of the op amp circuit in Fig. 18.38. Show that the
circuit has no y parameters.

Answer: [Z] = [
exist.

R1 O . .
Rl 0}' Since [z] ! does not exist, [y] does not
— 12

Figure 1838 For Practice Prob. 18.11.

18.7 INTERCONNECTION OF NETWORKS

A large, complex network may be divided into subnetworks for the pur-
poses of analysis and design. The subnetworks are modeled as two-port
networks, interconnected to form the original network. The two-port
networks may therefore be regarded as building blocks that can be in-
terconnected to form a complex network. The interconnection can bein
series, in paralel, or in cascade. Although the interconnected network
can be described by any of the six parameter sets, acertain set of parame-
ters may have a definite advantage. For example, when the networks are
in series, their individual z parameters add up to give the z parameters
of the larger network. When they are in parallel, their individua y pa-
rameters add up to give the y parameters the larger network. When they
are cascaded, their individual transmission parameters can be multiplied
together to get the transmission parameters of the larger network.
Consider the series connection of two two-port networks shown
in Fig. 18.39. The networks are regarded as being in series because
their input currents are the same and their voltages add. In addition,
each network has a common reference, and when the circuits are placed
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in series, the common reference points of each circuit are connected
together. For network N,,

Vig = Zital1a + Z1241 24

(18.44)
Vou = Zo14l 14 + 22241 24
oo ha la o and for network N,
—_— 00— —o———
N o Vi, = Zipl1p + Z12p1 2
Via Na Vaa (18.45)
- - Vo, = 2ol 1 + 2ol 2
We natice from Fig. 18.39 that
VIR | | Iy V,
1B el l1 =11, =11, lo=1ly =1y (18.46)
+ +
) Vi, Ny Vap ) and that
- - Vi =V + Vi = (Z11a + Zaw)l 1 + (2124 + Z12w)1 2

—_— 00— f—O—-+——
(18.47)

. Vo = Vo, + Vo, = (2214 + Zo1p) 1 + (Zo2a + Zo2)12

F|gure 1839  Series connection of two

two-port networks. Thus, the 7 parameters for the overall network are
i Z2| _ |21 + 21y Znog + Z12p (18.48)
Z21 Iz Za + 221y 2224 + Z22p
or
(2] = [z] + [2] (18.49)

showing that the z parameters for the overall network are the sum of
the z parameters for the individual networks. This can be extended to
n networks in series. If two two-port networks in the [h] model, for
example, are connected in series, we use Table 18.1 to convert the h to z
and then apply Eqg. (18.49). Wefinally convert the result back to h using
Table 18.1.

Two two-port networks are in parallel when their port voltages are
equal and the port currents of the larger network are the sums of the
individual port currents. In addition, each circuit must have a common
reference and when the networks are connected together, they must all
have their common references tied together. The parallel connection of
two two-port networks is shown in Fig. 18.40. For the two networks,

1, = Y11.V 14 + Y124V 24
(18.50)
l20 = Y21.V 14 + Y224V 24
and
Figure 18.40  Parallel connection of two Ly = Y1V + Y12 Vop
two-port networks. (18.51)
l2, = Y21,V + Y22 Vop
But from Fig. 18.40,
V1=V, =V, Vo=Vy =Vy (18.529)
l1 =11 + 11, lo =1y, +1y (18.52b)
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Substituting Egs. (18.50) and (18.51) into Eq. (18.52b) yields
1= (Y1 + Y1p)V1 + (Yi2a + Y12o)V2

(18.53)
I2 = (Yora + You)V1 + (Yo2u + Yo2u)V2
Thus, the y parameters for the overall network are
yi Y| _ |Y11e Y1 Yiza + Y1z (1854)
Y1 Y22 | Yo1a + Yo Yo2a + Yoo '
or
[Vl = [Yal + [yl (18.55)

showing that the y parameters of the overal network are the sum of the
y parameters of the individual networks. The result can be extended to n
two-port networksin parallel.

Two networks are said to be cascaded when the output of oneisthe
input of the other. The connection of two two-port networks in cascade
isshownin Fig. 18.41. For the two networks,

Vla _ A, Ba V2a
l-[e el s
Vi | _|As Bp|| Vs
el=le 2]l s

From Fig. 18.41,

I A O A Y A

Substituting these into Egs. (18.56) and (18.57),

Vi _ A, B,|[|A, B, Vs
[Il] N |:Ca Da] [Ch Dh] [_IZ} (1859)

Thus, the transmission parametersfor the overall network are the product
of thetransmission parametersfor theindividual transmission parameters:

A B] [A. B.|[A, B, 6o
c o|=|c, pollc, D, (18.60)

[T] =[Ta][Ts] (18.61)

or

It isthis property that makes the transmission parameters so useful. Keep
in mind that the multiplication of the matrices must be in the order in
which the networks N, and N, are cascaded.

o—o0— —o0—o0— —o—o0
+ + + + + +
\ Via Ny Voaa. Vip Np Vap \)
o——o— —o——o0— —o——o0

Figure |84]  Cascade connection of two two-port networks.
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m|s.|z

Evaluate V,/V in thecircuit in Fig. 18.42.

2,=120Q
2,=8Q
ZZI:SQ
2, =200Q

i g el A

10Q

Figure 1842 For Example 18.12.

Solution:
This may be regarded as two two-portsin series. For Ny,

Ziop =221, =10 =211 =7
Thus,

A=+t =[5 0]+ 10 =8 %)

But
Vi =2z11l1 + zp0lo = 221, + 18I, (18.12.1)
Vo = 2p1l1 + Zx»lo = 181, + 301, (18.12.2)
Also, at the input port
V=V, -5, (18.12.3)
and at the output port
V, =-20l, — I, = —% (18.12.4)

Substituting Egs. (18.12.3) and (18.12.4) into Eq. (18.12.1) gives
18
V, — 5l =221, — X)VZ — V, =271, — 0.9V, (18.125)

while substituting Eq. (18.12.4) into Eq. (18.12.2) yields
30 25
V, =18l — 2—0V2 i I, = EV2 (18.12.6)

Substituting Eq. (18.12.6) into Eq. (18.12.5), we get
25
V, =27 % 1—8V2 —0.9v, =285V,
And so,
V2

1
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PRACTICE PROBLEMEKIN

Find V,/V, inthecircuit in Fig. 18.43.

50 —15Q j100Q
—Ww—o—| T —o—
200
v. ® V2§4OQ
500
[——o—

j40Q 200

Figure 1843 For Practice Prob. 18.12.

Answer: 0.58/ — 40°.

MIS.H

Find the y parameters of the two-port in Fig. 18.44. j4s
|
|

Solution: |

Let us refer to the upper network as N, and the lower one as N,. The 2s 3s
two networks are connected in parallel. Comparing N, and N, with the

circuit in Fig. 18.13(a), we obtain

AW
Y12 = —j4 = Y214, Y, = 2+ j4, Yo2u = 3+ j4 %42548 —jGS%
or
2+ j4  —j4 Figure 1844 For Example 18.13.
Lye] = [ —j4 3+j4]
and

Yiop = —4 = Yo, Vi, =4—j2, Yoo =4 — j6

or

_|4-j2 -4 s
[ys] = —4  4—j6

The overall y parameters are

6+ 2 —4— 4
[y]=[ya]+[yb]=[ *J J}s

—4—j4 T7—j2
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PRACTICE PROBLEMNKIEE

Obtain the y parameters for the network in Fig. 18.45.

27— j15 —25+ j10
Answer: S,
—25+j10 27— j5 }
-1105

Figure [845  For Practice Prob. 18.13.

m|s.|4

4Q 8Q 6Q Find the transmission parameters for the circuit in Fig. 18.46.
Solution:
1Q 2Q We can regard the given circuit in Fig. 18.46 as a cascade connection of

two T networksasshownin Fig. 18.47(a). We can show that aT network,

© © shown in Fig. 18.47(b), has the following transmission parameters [see
Figure 1846  For Example 18.14. Prob. 18.42(b)]:
R1 R1(R2 + R3)
A=1+—, B=Rg+ ——o =
+ R 3+ R
1 R3
C=—, D=1+ —
R> + R>
Applying this to the cascaded networks N, and N,, in Fig. 18.47(a), we
get
(a) Aa=1+4:5, Ba=8+4)(9:449
R R, C.=1S D,=1+8=9
or in matrix form,
R2
5 4Q
T, =
o . [ [1 At ]
(b)
and
Figure 18.47  For Example 18.14: 6
(a) Breaking the circuit in Fig. 18.46 o _ _ o Q2
into two two-ports, (b) a general T Ap =1, B, =6, Cy =058, Dy =1+ 2= 4
two-port.
i.e.,

1 6Q
[T”]:[o.ss 4}

Thus, for the total network in Fig. 18.46,
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m=mami =[5 %os 4

_ [5x14+44%x05 5x6+44x4
__1x1+9x0.5 1x6+9x4

[ 27 2069
555 42

Notice that
Ar, =Ap, =Ar =1

showing that the network is reciprocal.

PRACTICE PROBLEMERIK

823

Obtain the ABCD parameter representation of the circuit in Fig. 18.48.
29.25 2200 Q}

Answer: [T] = [o 4255 32

30Q 40Q 60 Q
¢} A% A% AMWW—O0
20Q 50Q 20Q
o o)

Figure 1848  For Practice Prob. 18.14.

18.8 COMPUTING TWO-PORT PARAMETERS USING
PSPICE

Hand calculation of the two-port parameters may become difficult when
the two-port is complicated. We resort to PSpice in such situations. If
thecircuit is purely resistive, PSpice dc analysis may be used; otherwise,
PSpice ac analysisis required at a specific frequency. The key to using
PSpicein computing a particular two-port parameter isto remember how
that parameter is defined and to constrain the appropriate port variable
with a 1-A or 1-V source while using an open or short circuit to impose
the other necessary constraints. The following two examples illustrate
the idea.

MIS.IS

Find the i parameters of the network in Fig. 18.49.
Solution:
From Eq. (18.16),

P
, hy = =

V=0 l1lv,-0

showing that hy; and hy; can be found by setting Vo, = 0. Also by set-
tingl; = 1 A, hy; becomesV1/1 while hy; becomes|,/1. With thisin

4i,
5Q 60
o—'\AN\/——’\/W\/—<>——o
fix
§1ocz glog

(e, O

Figure 1849 For Example 18.15.
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824 PART 3 Advanced Circuit Analyses

mind, we draw the schematicin Fig. 18.50(a). Weinsert a1-A dc current
sourceDCtotakecareof I, = 1A, the pseudocomponent VIEWPOINT
to display V; and pseudocomponent IPROBE to display |,. After saving
the schematic, we run PSpice by selecting AnalysigSimulate and note
the values displayed on the pseudocomponents. We obtain

V]_ I2
hjy = — =109, hyy = = =-05
11 1 21 1
10. ?000 R RS 8333 RS 1. 833E-01
AA—9 AW
lIoc 5 |H 6 T_ 6
1@ IC .
1@ oA [H canes RI3310 (@) -5. 000E-01 ™ R13§10 1V=v8
R8S10 R8S10 -

<0 S0

@ (b)
Figure 1850 For Example 18.15: (a) computing h11 and hyg, (b) computing hi2 and hao.

Similarly, from Eqg. (18.16),

indicating that we obtain hi, and hy, by open-circuiting the input port
(I1 = 0). By making Vo, = 1V, hy, becomes V4/1 while hy, becomes
I,/1. Thus, we use the schematic in Fig. 18.50(b) with a 1-V dc voltage
source VDC inserted at the output terminal to take careof Vo, = 1V. The
pseudocomponentsVIEWPOINT and |PROBE areinserted to display the
values of V1 and I, respectively. (Notice that in Fig. 18.50(b), the 5-Q
resistor is ignored because the input port is open-circuited and PSpice
will not allow such. We may include the 5-Q2 resistor if we replace the
open circuit with avery largeresistor, say, 10 MQ2.) After simulating the
schematic, we obtain the values displayed on the pseudocomponents as
shown in Fig. 18.50(b). Thus,

v |
hyp = Tl —08333,  hyp= f —0.1833S

PRACTICE PROBLEMEKIE

2vy Obtain the  parameters for the network in Fig. 18.51 using PSpice.
- Answer: hy = 4.238Q2, hy; = —0.6190, hy, = —0.7143,
hap = —0.1429 S,
3Q 8Q 6Q
O—MWW\ AM AN o

+

%49 %<S4Q
o o

Figure 185 For Practice Prob. 18.15.
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MW.M

Find the z parameters for the circuit in Fig. 18.52 at » = 10° rad/s. 2pH
. [¢ A1 o}
Solution: .
Notice that we used dc analysis in Example 18.15 because the circuit in Vx 28KkQ ——4nF % 2kQ
Fig. 18.49 is purely resistive. Here, we use ac anadysisat f = w/2r = -
0.15915 MHz, because L and C are frequency dependent. o o
In Eq. (18.3), we defined the z parameters as ‘
Figure 1852 For Example 18.16.
Vi Vs,
21 = — ) 21 = —
l1 1,=0 1 1,=0

This suggests that if welet 1; = 1 A and open-circuit the output port so
that I, = 0, then we obtain
V]_ V2

7y = — and 7 = —
11 1 21 1

We realize this with the schematic in Fig. 18.53(a). We insert a 1-A ac
current source |AC at the input terminal of the circuit and two VPRINT1
pseudocomponentsto obtain V', and V,. Theattributesof each VPRINT1
areset as AC = yes, MAG = yes, and PHASE = yesto print the magnitude
and phase values of the voltages. We select Analysis/Setup/AC Sweep
and enter 1 as Total Pts, 0.1519MEG as Sart Freg, and 0.1519MEG as
Final Freqinthe AC Sweep and Noise Analysisdialog box. After saving
the schematic, we select Analysis/Simulateto simulateit. We obtain V1

AC=yes AC=yes
MAG=yes =] J=L. MAG=yes
PHASE=yes [ 1% L1 & PHASE=yes
SI3N
2uH &1

3L

: @

ac=1a @) R1§8k - R2 S 2k
_ c16

| G
I AC 4n 5 GAI Ne
0. 05
X0
@

AC=yes AC=yes
MAG=yes 5] J=] MAG=yes
PHASE=yes L1 PHASE=yes

S1IN
2uH @1

4n = I AC

+@_ | 4
R1§8k =1 R2§2k @, AC=1A
16

(b)

Figure 1853  For Example 18.16: (@) circuit for determining z11 and 221,
(b) circuit for determining z12 and zp».
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and V, from the output file. Thus,
Y% Y%
7 = Tl —19.70 /175.7° Q,  zp1 = TZ =19.79 /170.2° Q

In asimilar manner, from Eq. (18.3),

suggesting that if welet 1, = 1 A and open-circuit the input port,

Y \Y,
Z1p = Tl and Zp = TZ
Thisleadsto the schematicin Fig. 18.53(b). The only difference between
thisschematic andtheonein Fig. 18.53(a) isthat the 1-A ac current source
IAC isnow at the output terminal. We run the schematic in Fig. 18.53(b)
and obtain V; and V, from the output file. Thus,

v v
210 = Tl =19.70 /175.7° 2, Zop = T2 = 19.56 /175.7° Q

PRACTICE PROBLEMEKINE

o 40 8Q o Obtain the z parameters of the circuit in Fig. 18.54 at f = 60 Hz.
"X Answer: zj1 = 3.987 /175.5°, zo1 = 0.0175/ — 2.65°,
go.z H w0, ——10mF 212=0, 222 =02651/91.9° Q.
O O

Figure 18.54  For Practice Prob. 18.16.

718.9 APPLICATIONS

We have seen how the six sets of network parameters can be used to
characterize a wide range of two-port networks. Depending on the way
two-ports are interconnected to form alarger network, a particular set of

Zs —|1> -2 parameters may have advantages over others, as we noticed in Section
+ + 18.7. In this section, we will consider two important application areas of
Two-port two-port parameters: transistor circuitsand synthesis of ladder networks.
Vs Vi network V2 Zan
_ 18.9.1 Transistor Circuits
The two-port network is often used to isolate a load from the excitation
z. Zos of a (_:i_rcuit. _For example, the two-port in Fig. 18.55 may represent an
amplifier, afilter, or some other network. When the two-port represents
Figure 1855 Two-port network isolating an amplifier, expressions for the voltage gain A,, the current gain A;, the
source and load. input impedance Z;,, and the output impedance Z,,; can be derived with
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ease. They are defined as follows:

A, = Va(s) (18.62)
Vi(s)

A = Ia(s) (18.63)
I1(s)
Vi(s)

Zin = .

in I(s) (18.64)
V()

Zowt = L(s) "o (18.65)

Any of the six sets of two-port parameters can be used to derive the
expressionsin Egs. (18.62) to (18.65). Here, we will specifically use the
hybrid parameters to obtain them for transistor amplifiers.

The hybrid (%) parameters are the most useful for transistors; they
are easily measured and are often provided in the manufacturer’s data or
spec sheets for transistors. The i parameters provide aquick estimate of
the performance of transistor circuits. They are used for finding the exact
voltage gain, input impedance, and output impedance of atransistor.

The h parameters for transistors have specific meanings expressed
by their subscripts. They are listed by the first subscript and related to
the general h parameters as follows:

hi = ha, hy = hi, hy=ho, ho =ha (1866)

The subscriptsi, r, f, and o stand for input, reverse, forward, and output.
The second subscript specifiesthetype of connection used: e for common
emitter (CE), ¢ for common collector (CC), and b for common base (CB).
Here we are mainly concerned with the common-emitter connection.
Thus, the four i parameters for the common-emitter amplifier are;

h;. = Base input impedance

h.. = Reverse voltage feedback ratio
h ¢, = Base-collector current gain
hee. = Output admittance

(18.67)

These are calculated or measured in the same way as the general i pa-
rameters. Typical valuesare h;, = 6 k2, h,, = 1.5 x 1074, h s, = 200,
hee = 8 uS. We must keep in mind that these values represent ac char-
acteristics of the transistor, measured under specific circumstances.
Figure 18.56 shows the circuit schematic for the common-emitter
amplifier and the equivalent hybrid model. From the figure, we see that

Vi = hielp + heVe (18.68a)

le =hypelp + hoeVe (18.68b)

Consider the transistor amplifier connected to an ac source and a

load asin Fig. 18.57. Thisisan example of atwo-port network embedded
within alarger network. We can analyze the hybrid equivalent circuit as

usua with Eg. (18.68) in mind. (See Example 18.6.) Recognizing from
Fig. 18,57 that V. = — R, | . and substituting thisinto Eq. (18.68b) gives

.= hfelb —heeRLI¢
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ly I

Lo to Loc
B Ip O——MWW— o
—> + + +

+
Ve 3 heVe t Prel b * § hoe Ve

A
o o o o
E E E E

(€Y (b)

Figure 1856  common emitter amplifier: (a) circuit schematic, (b) hybrid model.

Two-port network

Figure [8.57  Transistor amplifier with source and load resistance.

or
A+ hee R = hfg|b (18.69)
From this, we obtain the current gain as
A= le e (18.70)
l_lb_1+hoeRL -

From Egs. (18.68b) and (18.70), we can express |, in terms of V..:

c = ].—i-hhﬁlb = hfelb + hoevc
or
hoeV e
I, = hfe— (18.72)

T h R,
Substituting Eg. (18.71) into Eq. (18.68a) and dividing by V. gives
) hoehie
Voo ke, e
1+ hoR, ¢ (18.72)
hie + hichoe Ry — hrohpo Ry
- —hge Ry

Thus, the voltage gain is

V. —hteR,

AU = — =
Vb hie + (hiehoe - hrehfe)RL

(18.73)
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Substituting V. = —R, | into Eq. (18.684) gives
Vh = hielh - hreRLIC

or
Vy I
— =hj, — h, R — (18.74)
b Iy
Replacing | ./1, by the current gain in Eq. (18.70) yields theinput impe-
dance as
Vb hrehfeRL
Zin=—=hi{p — ——— 18.75
n =7 T+ R, (18.75)

The output impedance Z; is the same as the Thevenin equivalent at the
output terminals. As usual, by removing the voltage source and placing
a 1-V source at the output terminals, we obtain the circuit in Fig. 18.58,
from which Z, is determined as 1/1.. SinceV. = 1V, the input loop

gives
hre() = =1, (R + hy.) = I, = fre 18.76
re - b s ie b — Rs + hie ( . )
For the output loop,
le = hoe(1) + hfelb (18.77)
Substituting Eq. (18.76) into Eq. (18.77) gives
Rs hie hoe - hreh e
l, = (R, + hie) ! (18.78)
Rs + hie
From this, we obtain the output impedance Z,; as 1/1.; that is,
Zout = R + hic (18.79)
o (RS‘ + hie)hoe - hrehfe .

Figure 1858  Findi ng the output impedance of the amplifier
circuit in Fig. 18.57.

MIS.H

Consider the common-emitter amplifier circuit of Fig. 18.59. (&) Deter-
mine the voltage gain, current gain, input impedance, and output impe-
dance using these  parameters:

hie=1KQ,  h,=25x10" " h; =50,  h,=20uS
(b) Find the output voltage V,,.
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0.8kQ

3.2,/0°mV 12kQ 2 Vo

+

Figure 18.59  For Example 18.17.

Solution:

(a) We note that R, = 0.8k and R; = 1.2 kQ2. We treat the transistor
of Fig. 18.59 as a two-port network and apply Egs. (18.70) to (18.79).

hichoe — hreh g = 10° x 20 x 1076 — 2.5 x 104 x 50

=75x%x 1073
A ~h Ry B —50 x 1200
" hie + (hiehoe — hychy )Ry~ 1000 + 7.5 x 10-3 x 1200
= —59.46
hy 50
A; fe = 48.83

T 1+h,R, 1+20x10°5x 1200
Zin = hje — hye A; R, = 1000 — 2.5 x 1074 x 48.83 x 1200 = 985.4

(Rs + hie)hoe - hrehfe
= (800 + 1000) x 20 x 107 — 25 x 1074 x 50 = 23.5 x 1073

Ry + hie _ 800+ 1000

= = = 76.6 kQ
(RS + hie)hoe - hrehfe 235 X 10_3

Zout

(b) The output voltage is
V,= AV, = —59.46(3.2&) mV = 0.19 /180° V

PRACTICE PROBLEMEKEEN

150 kQ For the transistor amplifier of Fig. 18.60, find the voltage gain, current
gain, input impedance, and output impedance. Assume that

o 3.75kQ
2/t mv § hi.=6kQ,  h,=15x10"  hp =200,  h, =8uS

Answer: —123.61, 194.17, 6 k2, 128.08 k2.

Figure 18.60  For Practice Prob. 18.17.

18.9.2 Ladder Network Synthesis

Another application of two-port parameters isthe synthesis (or building)
of ladder networks which are found frequently in practice and have par-
ticular use in designing passive lowpass filters. Based on our discussion
of second-order circuits in Chapter 8, the order of the filter is the order
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of the characteristic equation describing the filter and is determined by
the number of reactive elements that cannot be combined into single el-
ements (e.g., through series or paralel combination). Figure 18.61(a)
shows an LC ladder network with an odd number of elements (to realize
an odd-order filter), while Fig. 18.61(b) shows one with an even number
of elements (for realizing an even-order filter). When either network is
terminated by the load impedance Z; and the source impedance Z,, we
obtain the structure in Fig. 18.62. To make the design less complicated,
we will assumethat Z; = 0. Our god isto synthesize the transfer func-
tion of the LC ladder network. We begin by characterizing the ladder
network by its admittance parameters, namely,

l1 =y1Vi+yVe (18.80a)
lo =yxnVi+yxV, (18.80b)

(Of course, the impedance parameters could be used instead of the ad-
mittance parameters.) At the input port, V; = V; sinceZ, = 0. At the
output port, Vo =V, and I, = —V,/Z; = —V,Y . Thus Eq. (18.80b)
becomes

-V,Y = y21vs + y22V0

or
V, —
His) = -2 = Y2 (18.81)
Vs YL + y22
We can write this as
Y
H(s) = _ Ya/Yr (18.82)
1+yn/Yy

Wemay ignorethe negativesignin Eq. (18.82) becausefilter requirements
are often stated in terms of the magnitude of the transfer function. The
main objectivein filter design isto select capacitors and inductors so that
the parametersy,; and y,, are synthesized, thereby realizing the desired
transfer function. To achieve this, we take advantage of an important
property of the LC ladder network: al z and y parameters are ratios of
polynomialsthat contain only even powers of s or odd powers of s—that
is, they areratios of either Od(s)/Ev(s) or Ev(s)/Od(s), where Od and Ev
are odd and even functions, respectively. Let

N(s) N, +N,
D(s) D, +D,
where N(s) and D(s) are the numerator and denominator of the transfer

H(s) =

(18.83)

+ LC ladder + +
network

Y Y12
- Y21 Y22 = -

Figure 1862  Lc ladder network with terminating impedances.

831

L Lo
N R :

Ic2 Ic4
N R

(b)

Figure 1861 Lc 1adder networks for
lowpass filters of: (a) odd order, (b) even
order.
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function H(s); N, and N, are the odd and even parts of N; D, and D, are
the odd and even parts of D. Since N(s) must be either odd or even, we
can write Eq. (18.83) as

N,

E) (Ne = 0)
H(s) = Doljl_ D. (18.84)
- s No =0
D, 1D, ( )
and can rewrite this as
N,/D.
———, (N.=0
1+D,/D,
H(s) = N,/D (18.85)
#’ (N, = 0)
1+D,/D,

Comparing this with Eq. (18.82), we obtain the y parameters of the net-
work as

N
S (N, =0

y21 De ( )

Y, =N (18.86)
—< (N,=0
D, ( )

and

D,
~ (Ne = 0)

Y22 D,

Y, =10 (18.87)
< N, =0
p, =9

The following example illustrates the procedure.

Designthe LC ladder network terminated with a 1-Q2 resistor that hasthe
normalized transfer function

H(s) =

1

§3 4262425 +1
(Thistransfer function is for a Butterworth lowpass filter.)

Solution:

The denominator shows that this is a third-order network, so that the
LC ladder network is shown in Fig. 18.63(a), with two inductors and
one capacitor. Our goal is to determine the values of the inductors and
capacitor. To achieve this, we group the terms in the denominator into
odd or even parts:

D(s) = (s> 4+ 25) 4+ (25 + 1)
so that
1
(s34 25) + (252 + 1)
Dividethe numerator and denominator by the odd part of the denominator
to get

H(s) =

1
s34+ 25
252 +1
s34+ 25

H(s) = (18.18.1)

1+

4 | P | e-Text Main Menu | Textbook Table of Contents | Problem Solving Workbook Contents



CHAPTER 18 Two-Port Networks

From Eq. (18.82), when Y =1,

—Yy21

H(s) = (18.18.2)
1+ y2
Comparing Egs. (18.18.1) and (18.18.2), we obtain
B 1 2% +1
Y1 = JERp Y22—s3+2S

Any realization of y,, will automatically realize y,;, since y,, istheoutput
driving-point admittance, that is, the output admittance of the network
with the input port short-circuited. We determine the values of L and C
in Fig. 18.63(a) that will give usy,,. Recal that yy, is the short-circuit
output admittance. So we short-circuit the input port as shown in Fig.
18.63(b). First we get L3 by letting

1 342
= — = s =sl3+7Zp (18.18.3)
By long division,

1.5s

25241
Comparing Egs. (18.18.3) and (18.18.4) shows that
. 1.5s
T 2241
Next, we seek to get C, asin Fig. 18.63(c) and let

1 22+1 1
=_— = =1333s + — =s5Cr+ Y,

Zs  15s St s T2t ie
from which C, = 1.33 Fand

1 1

== — L1=15H
15 sl — !

Thus, the LC ladder network in Fig. 18.63(a) with L; = 1.5 H, C, =
1.333F,and L3 = 0.5H hasbeen synthesized to providethegiventransfer
function H(s). This result can be confirmed by finding H(s) = V2/V1
in Fig. 18.63(a) or by confirming the required yo;.

PRACTICE PROBLEMENKIK

Z,s =055 + (18.18.4)

L3 =0.5H, Zp

Y

Y¢

Figure 1863 For Example 18.18.

833

Realize the following transfer function using an LC ladder network ter-
minated in a 1-Q resistor:
" 2
(8) = s34+ 524+ 45+ 2
Answer: Ladder network in Fig. 18.63(a) with L; = L3 = 1.0H and
C,=05F

18.10 SUMMARY

1. A two-port network is one with two ports (or two pairs of access
terminals), known asinput and output ports.
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. The six parameters used to model atwo-port network are the imped-

ance [z], admittance [y], hybrid [h], inverse hybrid [g], transmission
[T], and inverse transmission [t] parameters.

. The parameters relate the input and output port variables as

BRIV
i) -m[ %],

] =mi]
] =m] ]

vil-el]
i) -li]

. The parameters can be calculated or measured by short-circuiting or

open-circuiting the appropriate input or output port.

. A two-port network isreciprocal if 21, = 721, Y12 = Y21, h12 = —hgg,

Oz = —0o1, Ar =10r A,
sources are not reciprocal.

1. Networks that have dependent

. Table 18.1 provides the rel ationships between the six sets of param-

eters. Three important relationships are

M=0@"  [d=mh" [t

. Two-port networks may be connected in series, in parallel, or in cas-

cade. In the series connection the z parameters are added, in the
parallel connection the y parameters are added, and in the cascade
connection the transmission parameters are multiplied in the correct
order.

. One can use PSpice to compute the two-port parameters by con-

straining the appropriate port variables with a 1-A or 1-V source
while using an open or short circuit to impose the other necessary
constraints.

. The network parameters are specifically applied in the analysis of

transistor circuits and the synthesis of ladder LC networks. Network
parameters are especially useful in the analysis of transistor circuits
because these circuits are easily modeled as two-port networks. LC
ladder networks, important in the design of passive lowpass filters,
resemble cascaded T networks and are therefore best analyzed as
two-ports.

REVIEW QUESTIONS

18.1  For the single-element two-port network in Fig. 10Q
18.64(a), z1; is: o—A\WW—o0
@ o (b) 5 (c) 10
(d) 20 (e) nonexistent 100
[e; O e O
@ (b)
Figure 18.64  For Review Questions.
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182  For the single-element two-port network in Fig. 18.7  When port 1 of atwo-port circuit is short-circuited,
18.64(b), 11 is: !1 =4I, and V, = 0.251,. Which of the following
(@0 (b) 5 (c) 10 istrue?
(d) 20 (6) nonexistent @ yu=4 (b) yi=16
C =16 d =0.25
18.3  For the single-element two-port network in Fig. © ya @ »z
18.64(a), y11 is. 18.8 A two-port is described by the following equations:
(@ 0 ®s5 (910 Vi = 501, + 101,
(d) 20 (e) nonexistent
V, = 30l + 201,
18.4  For the single-element two-port network in Fig.
18.64(0), My I P g Which of the following is not true?
(@ —0.1 (b) —1 (© 0 (@ z,=10 (b) y1» = —0.0143
(d) 10 (e) nonexistent (©) hz =05 (d B=50
185  For the single-element two-port network in Fig. 189 If atwo-port isreciprocal, which of the following is
1864(a), Bis not true?
@ 0 () 5 (© 10 @ zn =12z (0) ya1 =y12
(d) 20 () nonexistent (©) har =hap (d AD=BC+1
186  For the single-element two-port network in Fig. 18.10  If the two single-element two-port networksin Fig.
18.64(b), B is: 18.64 are cascaded, then D is:
(a) 0 (b) 5 (C) 10 (a) 0 (b) 0.1 (C) 2
(d) 20 () nonexistent (d) 10 (e) nonexistent
Answers: 18.1c, 18.2e, 18.3e, 18.4b, 18.5a, 18.6¢c, 18.7b, 18.8d,
18.9c, 18.10c.
PROBLEMS
Section 18.2 Impedance Parameters
18.1  Obtain the z parameters for the network in Fig. 18.3  Determinethe z parameters of the two-ports shown
18.65. inFig. 18.67.
1Q 4Q .
O— VW A% o) —H1Q
o | o)
6Q 2Q
i1Q 1Q
O O
e, O
Figure 18.65  For Probs. 18.1 and 18.22. @
*18.2  Find the impedance parameter equivalent of the ) 10
network in Fig. 18.66. j11Q E
@ 1Q 10 10 1Q 10
—H1Q 1Q
e, O
1Q 1Q 1Q 1Q
(b)
Figure 18.66  For Prob. 18.2.
Figure 18.67  For Prob. 18.3.

*An asterisk indicates a challenging problem.
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18.4

185

18.6

18.7

18.8

18.9

PART 3 Advanced Circuit Analyses
Calculate the z parameters for the circuit in Fig. 3 1
1+=- =
18.68. B <
(b) [2] = Q
j100 o501
¢} A115 o} s N
120 L 50 18.10 For atwo-port network,
12 4
o ) [ = 4 6 Q

Figure 18.68  For Prob. 18.4.

Obtain the z parameters for the network in Fig.
18.69 as functions of s.

10 1H
—MVWW— T —7—0
1Q —-— 1F —_— 1F
o o]

Figure 18.69  For Prob. 185.

Obtain the z parameters for the circuit in Fig. 18.70.

100 20Q
o—AWN o
+ +
\%1 05V, 30Q3 Y
O O

Figure [8.70  For Prob. 18.6.

Find the impedance-parameter equivalent of the
circuitin Fig. 18.71.

10 40
o—AWA o
+ 20
102V,
- 2V,
O O
Figure 1871 For Prob. 18.7.

Construct acircuit that realizes the following z
parameters

a-[2

Construct a two-port that realizes each of the
following z parameters.

@a=% Pe

18.11

40 Q
R % Two-port
120/0°V rms network

18.12

18.13

find V,/ V1 if the network is terminated with a 2-Q
resistor.
50 10

If [7] = [30 20] Q in the two-port of Fig. 18.72,

calculate the average power delivered to the 100-Q
resistor.

100 Q

Figure 18.72  For Prob. 18.11.

For the two-port network shown in Fig. 18.73, show
that

Zih =2 Z12Z21
— £22 —
Z +Z,
and
221
V1h = V.
m+2Z
z, 1 L
+ +
Two-port
\V/ \% \Y A
s 1 network 2 t
Figure 18.73  For Probs. 18.12 and 18.33.

For the circuit in Fig. 18.74, at w = 2 rad/s,

211 =10, 21, = 251 = j6 Q, Zp» = 4 Q. Obtain
the Thevenin equivalent circuit at terminals a-b and
calculate v,.

5Q a
+
15c0s2t V (2] 2HS %
b

Figure 18.74  For Prob. 18.13.
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Section 18.3 Admittance Parameters 20Q 30
. . o MWV MWW—0
*18.14 Determinethe z and y parameters for the circuit in +
Fig. 18.75. v 10 05V,
4Q 5 o
o AMA, o @
2Q ji1Q
8Q i
1Q 1Q
o ANV o o AMA MW o
6Q l
‘ —H1Q
Figure 18.75  For Prob. 18.14. T
O O
18.15 Cadculatethe y parameters for the two-port in Fig. (b)
18.76. !
Figure 18.79  For Prob. 18.18.
6Q 3Q 18.19 Find the resistive circuit that represents these y
O— VWA M o) parameters:
6Q 3Q 1 1
|2 a4
o o) vl = 1 3
4 8

Figure 18.76  For Probs. 18.15 and 18.30.
18.20 Caculate[y] for the two-port in Fig. 18.80.

18.16 Findthe y parameters of the two-port in Fig. 18.77
interms of s. @ 4Q
2V,
1Q 20 X
o MWW o} O—AAMA (— o
= 1F 1H *
ey =1Q
o AN o N
1Q o O
Figure 18.77  For Prob. 18.16. Figure 1880 For Prob. 18.20.

of the two-port in Fig. 18.78. | |
0Q

40

O

0.2V, + +

o 7 o v, 01V, 201, 1 A
+ +

O O

Vi 5Q 10Q \
s 5 Figure 18.8]  For Prob. 18.21.
. 18.22 Inthecircuit of Fig. 18.65, the input port is
Figure 1878 For Prob. 18.17. connected to a 1-A dc current source. Calculate the
power dissipated by the 2-Q2 resistor by using the y
18.18 Determinethe y parameters for the two-portsin Fig. parameters. Confirm your result by direct circuit
18.79. analysis.
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18.23 Inthe bridge circuit of Fig. 18.82, I; = 10 A and

I, =—-4A.

(@) Find V; and V, using y parameters.

(b) Confirm the resultsin part (a) by direct circuit
analysis.

Figure [8.82  For Prob. 18.23.

Section 18.4 Hybrid Parameters

18.24 Find the h parametersfor the networksin Fig. 18.83.

400 100
% 600 % 200Q
@ (b)
Figure 1883 For Prob. 18.24.

18.25 Determine the hybrid parameters for the network in

@Fig.l&%.
" 10 20 10 2

P —

—_—

Figure [8.84  For Prob. 18.25.

18.26 Findtheh and g parameters of the two-port network
in Fig. 18.85 asfunctions of s.

10 1H 1H

1FTI

Figure 18.85

For Prob. 18.26.

18.27 Obtainthe h and g parameters of the two-port in
Fig. 18.86.

18.28

18.29

0V

18.30

Advanced Circuit Analyses

300 Q
MW
50 Q
o—AWW— o
+
Vx £100 Q 10V,
O O
Figure 18.86  For Prob. 18.27.

Determine the i parameters for the network in Fig.
18.87.

1Q 4Q
1.2
[ ] [ ]
o 0o

Figure 18.87

For Prob. 18.28.

For the two-port in Fig. 18.88,

Hl — 16 3
[(hl = [ _2 o001 s]
Find:
(@ Vo/ V1 (b) I/
(© I/ (d) Vo/ 1y
4Q —|1> <IZ—
+ +
v [h] v, 2250

Figure 18.88  For Prob. 18.29.

Theinput port of the circuit in Fig. 18.76 is
connected to a 10-V dc voltage source while the
output port is terminated by a5-Q2 resistor. Find the
voltage across the 5-Q2 resistor by using
parameters of the circuit. Confirm your result by
using direct circuit analysis.
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18.31 For thecircuit in Fig. 18.89, hy; = 800 €2,
hyp = 10_4, ho1 = 50, hyy = 0.5 x 10-% S. Find the
input impedance Zjy,.

200 Q

Ve [h] 50 kQ

Zin

Figure 18.89  For Prob. 18.31.

18.32 Find the g parameters for the circuit in Fig. 18.90.
—-6Q j10Q
% 120
O O
Figure 18.90  For Prob. 18.32.
18.33 For the two-port in Fig. 18.73, show that
o —0a
I guZr+ A,
V>, 0nZ;

v, A4+ 911Z) (92 + Z1) — 9210122,

where A, isthe determinant of [g] matrix.

18.34 Find the network which realizes each of the

following g parameters:
b 0.1 0
() 12 s+4+2

0.01 -05
@ [0.5 20 ]
Section 18.5 Transmission Parameters

18.35 Find the transmission parameters for the

single-element two-port networks in Fig. 18.91.

E
(b)

For Prob. 18.35.

z

— o

O——0

@
Figure 1891

Determine the transmission parameters of the circuit
inFig. 18.92.

18.36

Two-Port Networks

D

18.37

18.38

18.39

18.40

839

j15Q
2112
410Q  —200Q
° I I °
Il I
200
O O

Figure 18.92  For Prob. 18.36.

Find the transmission parameters for the circuit in
Fig. 18.93.

1Q 1Q
O— MWW o
h
2Q § > a1,
e, O
Figure 18.93  For Prob. 18.37.

For atwo-port, let A =4,B=302,C=0.1S,
and D = 1.5. Calculate the input impedance
Zin = V1/l1, when:

(a) the output terminals are short-circuited,

(b) the output port is open-circuited,

(c) the output port is terminated by a 10-2 load.

Using impedances in the s domain, obtain the
transmission parameters for the circuit in Fig. 18.94.

10 =—F/—1F = 1F 1Q

(e, O

Figure 18.94  For Prob. 18.39.

Find the  parameters of the network in Fig. 18.95 as
functions of s.

10

(o A% O
—=1F 1H

(e, O

Figure 18.95  For Prob. 18.40.
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18.41 Obtain the r parameters for the network in Fig.
18.96.

ji1Q
10 —-3Q

——o

[ ]
i2Q Ele

(e O

Figure 18.96

Section 18.6 Relationships between Parameters
18.42 (a) Forthe T network in Fig. 18.97, show that the

For Prob. 18.41.

parameters are:
R2R3 R>
hiy =Ry + , 12 =
Ri+ Rs3 R> + Rs3
R> 1
hy = ——"—, hy =
Rz + R3 RZ + R3

(b) For the same network, show that the
transmission parameters are:

A:l+%, B=R3+%(R2+R3)
CZR%’ D=1+%
R, Ry
Ry
o o

Figure [8.97  For Prob. 18.42.

18.43 Through derivation, expressthe z parametersin

terms of the ABCD parameters.

18.44 Show that the transmission parameters of a two-port
may be obtained from the y parameters as:
1
A=_Y2 B=—-——
Y1 Y21
A
c=-= p=-2
Y1 Y1
18.45 Provethat the g parameters can be obtained from the
7 parameters as
Z12
Ou = 7’ 2 = -
271 z
Qo1 = 7’ 02 = w

Advanced Circuit Analyses

18.46 Given the transmission parameters

m-[t 7

obtain the other five two-port parameters.

18.47 A two-port is described by
Vi=11+2V,, I, =21, + 0.4V,

Find: (a) the y parameters, (b) the transmission

parameters.
1848 Given that
0.06S -04
[o = [ 02 zsz]
determine:
@I[zd Ol (©[h (dI[T]
06 -0.2 .
1849 Let[y] = [—O.l 0'5] (S). Find:
@ [Z] (b) [h] (© [t]
18.50 For the bridge circuit in Fig. 18.98, obtain:

(8 thez parameters
(b) the h parameters

(c) thetransmission parameters

10
%%

1Q 1Q
o MW AWV 0

1Q

(¢ O

Figure 18.98  For Prob. 18.50.

18,51 Find the z parameters of the op amp circuit in Fig.
18.99. Obtain the transmission parameters.

Il
_L 10kQ oka 2

+0

Figure 18.99  For Prob. 18.51.
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CHAPTER I8

18,52 Determinethe y parametersat w = 1,000 rad/s for
the op amp circuit in Fig. 18.100. Find the
corresponding h parameters.

40kQ
I
_L 20kQ
[} AWV
+
V]_ 1 MF ™~
o

Figure 18.100  For Prob. 18.52.

Section 18.7

18.53 What isthe y parameter presentation of the circuit in
Fig. 18.101?

I nterconnection of Networ ks

Figure 18101

In the two-port of Fig. 18.102, let y1, = yo1 = 0,
Y11 =2mS, andy, = 10 mS. Find V, / V.

For Prob. 18.53.

18.54

60 Q

v

300 Q

Figure 18.102  For Prob. 18.54.

18.55 Figure 18.103 shows two two-portsin series. Find

the transmission parameters.

1Q

S~

Figure 18.103

For Prob. 18.55.

Two-Port Networks 84|

18.56 Obtain the i parameters for the network in Fig.
18.104.

Figure 8.104  For Prob. 18.56.

18.57 Determinethe y parameters of the two two-portsin
parallel shown in Fig. 18.105.

50

j100

30Q j20Q

j10 Q
T‘]

For Prob. 18.57.

Figure 18.105

*18.58 Thecircuit in Fig. 18.106 may be regarded as two
two-ports connected in parallel. Obtain the y
parameters as functions of s.

20 1F
2:1 o
[ ] L]
20
1H
O O
Figure 18.106  For Prob. 18.58.
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*18.59

*18.60

18.61

*18.62

PART 3 Advanced Circuit Analyses
For the parallel-series connection of the two Section 18.8 Computing Two-Port Parameters
two-portsin Fig. 18.107, find the g parameters. Using PSpice
I, 18.63 Use PSpiceto compute the y parameters for the
- circuitin Fig. 18.111.
2,=25Q [ 9% g
l1 2;,=20Q 200 400
—_— 27, =5Q o A MWV o
+ 2,b=10Q
A :I V, 10Q 30Q 50Q
- 21, =50Q
21,=25Q o o
Zy = 25Q _
22=30QL o Figure 18.111  For Prob. 18.63.
: 18.64 Using PSpice, find the i parameters of the network
Figure 18107 For Prob. 18.50. in Fig. 18.112. Tekew = 1 rad/s,
A series-parallel connection of two two-portsis
shown in Fig. 18.108. Determine the z parameter 1F 10
representation of the network. /
I1 o) o
TR L
127 2
hyy = —4 2Q 1H
hy,=1S +
v [ v .
! h =160 2 Figure 18.112 For Prob. 18.64.
hqis =
hy, = -1 18.65 Use PSpice to determine the z parameters of the
- h,=05S circuitin Fig. 18.113. Takew = 2 rad/s.

Figure 18.108  For Prob. 18.60.

Find the transmission parameters for the cascaded
two-ports shown in Fig. 18.109. Obtain Zj, = V1/I1
when the output is short-circuited.

1Q 1Q 1Q 1Q

1Q 10

(e, O

Figure 18.109  For Prob. 18.61.

Determine the ABCD parameters of the circuit in
Fig. 18.110 asfunctions of .

(Hint: Partition the circuit into subcircuits and
cascade them using the results of Prob. 18.35.)

1H 1H
o A11A 7T o

1Q =—1F 1Q =1F
O O
Figure 18.110  For Prob. 18.62.

18.66
18.67
18.68
18.69

10 5o O025F
O— WMWY mwwvw—i| o
2H g 4Q §
O O
Figure 18.113  For Prob. 18.65.

Rework Prob. 18.7 using PSpice.
Repeat Prob. 18.20 using PSpice.
Use PSpice to rework Prob. 18.25.

Using PSpice, find the transmission parameters for
the network in Fig. 18.114.

1Q

ty, T

VO
%Q 2
O

Figure 18.114  For Prob. 18.69.

4 | P | e-Text Main Menu | Textbook Table of Contents | Problem Solving Workbook Contents



CHAPTER I8

18.70 At w = 1rad/s, find the transmission parameters of
the network in Fig. 18.115 using PSpice.

10
MW
10 1H
o MM 2112 o
% 1H —1F —1F
O O
Figure [8.115  For Prob. 18.70.

18.71 Obtain the g parameters for the network in Fig.

18.116 using PSpice.
@ L, 2Q 30
O O
1Q #} 2A %%Six
O O

Figure 18.116

18.72 For thecircuit shownin Fig. 18.117, use PSpice to
obtain the t parameters. Assume w = 1rad/s.

For Prob. 18.71.

j2Q
 T—
1Q 1Q 1Q
O— AW, AAMW AAM—0
H2Q = == -j20Q
[ O
Figure 18.117  For Prob. 18.72.
Section 18.9 Applications

18.73 Using the y parameters, derive formulasfor Zjp,
Zout, A;, and A, for the common-emitter transistor
circuit.

18.74 A transistor hasthe following parametersin a
common-emitter circuit:
h;. = 2640 Q, hye =26 x 1074
hpe =72, Noe = 16 1S, R, = 100kQ

What is the voltage amplification of the transistor?
How many decibels gain is this?

18.75 A transistor with
hy. = 120, hie = 2K
h,, = 1074, hoe =20 1S

is used for a CE amplifier to provide an input
resistance of 1.5 k2.

(a) Determine the necessary load resistance R; .

Two-Port Networks 843

(b) Cdculate A,, A;, and Zyy if the amplifier is
driven by a4 mV source having an internal
resistance of 600 €.

(c) Find the voltage across the load.
For the transistor network of Fig. 18.118,
hs. = 80, hie = 1L.2kQ
hee = 1.5 x 1074, hoe =20 4S

18.76

Determine the following:

(a) voltagegain A, =V, / Vi,
(b) currentgain A; = I,/1;,
(c) input impedance Zjp,

(d) output impedance Zoyt.

—

2kQ

-
ID<+ o

2.4kQ

Figure 18.118  For Prob. 18.76.

*18.77 Determine A,, A;, Zin, and Zqy: for the amplifier
shown in Fig. 18.119. Assume that
hie = 4K, hye =107
hy. = 100, hoe =30 1S
1.2kQ § 41KQ
v, 240 Q
Figure 18.119  For Prob. 18.77.
*18.78 Cadculate A,, A;, Zin, and Zgt for the transistor
network in Fig. 18.120. Assume that
hi. = 2Kke2, hye =25 x 107
hy. =150, hee =10 1S
1kQ
§ 3.8kQ
v, 0.2kQ

Figure 18.120  For Prob. 18.78.
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844 PART 3 Advanced Circuit Analyses

18.79 A transistor in its common-emitter mode is specified 18.82 Synthesize the transfer function

by
[h]_[ZOOQ 0 ] Hs) = Vo 53
100 10°S Y T 6+ 125+ 24
Two such identical transistors are connected in
cascade to form atwo-stage amplifier used at audio using the LC ladder network in Fig. 18.121.
frequencies. If the amplifier isterminated by a 4-k2
resistor, calculate the overall A, and Zj,. C, Cs
I I
18.80 Realize an LC ladder network such that ¢ I | —
s34 55
Y22 11052+ 8 s 2 o 1Q

18.81 Designan LC ladder network to realize alowpass N -
filter with transfer function

H(s) = L Figure 18.12]  For Prob. 18.82.
544 2.61352 + 3.41452 + 2.613s + 1

COMPREHENSIVE PROBLEMS

18.83 Assume that the two circuitsin Fig. 18.122 are
equivalent. The parameters of the two circuits must
be equal. Using thisfactor and the z parameters,
derive Egs. (9.67) and (9.68).

Z Z;
n
ao—] —oc
Z3
bo od
(€Y
Zy
ao ocC
ZC Za
bo od

(0)

Figure 18122 For Prob. 18.83.

Go to the Student OLC
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