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Application Note 154

S-Parameter Design

Introduction

The need for new high frequency solid state circuit design lechniques has been
recognized both by microwave enginecrs and circuit designers. These engineers are
being asked to design salid state circuits that will operale at higher and higher
frequencies.

The development of microwave transistors and Hewletl-Packard's nelwork
analysis Instrumentation sysiems that permil complele network characlerizalion
in ﬂ;: microwave [requency range have greatly assisled these cngineers in their
work.

The Hewletl-Packard Microwave Division's lab staff have developed a high
frequency circuit design seminar to assist their counlerparls in R&D labs through-
out the world. This seminar has been presented in a number of lacations in the
United States and Europe.

From the experience gained in presenting this original seminar, we have devel-
oped a four-part video tape “S-Parameler Design Seminar.” While the technology
of high frequency circuit design is ever changing. the concepls upon which this
technology has been built are relatively invariant.

The content of this “S-Parameter Design Seminar” is as follows:

A. S-Parameter Design Techniques—Part 1
{Part No. 90030A586, VHS; 900300586, ¥.7)

1, "Basic Microwave Review—Parl 1"

This portlon of the seminar conlains a review of:

a) Transmission line theary

b) S-parameters

¢] The Smith Chart .

d] The frequency response of RL - RC-RLC circuits
2. "Basic Microwave Review—Part [1"

This portion exlends the basic concepts 1o:

o) Scaltering-Transfer or T-paramelers

b) Signal flow graphs

c) Voltage and power gain relationships

d) Stability consideratlions

B. S-Parameter Design Techniques—Pari 11
{Part No. 90030A600, VHS; 300300600, %7}

1. "S-Parameter Measurements™
In this portion, the characleristics of microwave transistors and the nelwork
analyzer instrumentation system used lo measure these characleristics are
explained.

2. “High Frequency Amplifier Design”
The theory of Constant Gain and Constant Noise Figure Cizcles is developed
in this portion of the seminar. This theory is then applied in the design of
three actual amplifier circuits.

The style of this Application Note is somewhat infarmal since it Is a verbalim
transcript of these video tape programs.

Much of the material contained in this seminar, and in this Application Nate,
has been developed in greater delail in standord elecirical engineering textboaks,
or in other Hewlett-Packard application notes.

The value of this Application Nole rests in its bringing together the high fre-
quency circuit design concepts used today in R&D labs throughout the world.

We are confident that Application Nole 154 and the video taped “5-Parameter
Design Seminar” will assist you as you continue to develop new high frequency
circuil designs. :



Chapter 1

Basic Microwave Review -1

Introduclion

This Nrst portion of Hewlett-Packard's S-Parameter
Design Seminar introduces some fundamental concepts
we will use in the analysis and design of high frequency
nelworks,

These concepts are most useful at those frequenties
where distributed rather than lumped parameters must
be considered. We'll discuss: (1} Seattering or
S-paramelers, (2) Vollage and power gain relationships
as well as (3) Stability criteria for two-porl networks
in terms of these S-paramelers, and (4) Review the
Smith Chart,

Netwark Characlefization

S-parameters are basically a means for chwmclerizing
n-port networks. By reviewing some tmaditianal net-
wark analysis metheds we'll understani why am addi-
tional method of network characterizatinn is TIEOERGTS
al higher frequencies.
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A two-port device (Fig. 1) can by drwribed Ty v uum-
ber of parameter sets. We're all familiar with the H, Y,
and Z-parameter sels (Fig, 2). All of dhese neotwark
parameters relate total vollages wmd 4otal Turrnnts at
each of the two ports, These are the metwart wurisbles,

Y-Prxramelers

1= }'uwn"*" fl:vz
I =y Vi + 2.V,

H-Parameters

Vi=h,I,+ hy, V;
I: e h1|1| -+ h._r_: 1'I-r_n-

Z-Parameters

Vy=2z,I, + z.b.
Vi=z,1, + Zoic

Figure 2

The only difference in the parameter sets is the choice
of independent and dependent variables. The param-
eters are the constants used to relate these variables,

To see how parameter sets of this type can he de-
termined through measurement, let's focus on the
H-parameters. Hy, is determined by selting Vs equal lo
zero—applying a short circuit to the output part of the
network. Hy, is then the ratio of V, to I,—the input
impedance of the resulting network. Hyz is determined
by measuring the ratio of V, to Ve—the reverse valtage
gain—with the input port open circuited (Fig. 3], The
imporlant thing to note here is that both open and short
circuits are essential for making these measurements.
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Figure 3

Meving lo higher and higher frequencies, some proh-
lems arise;

1. Equipmenl is not readily available to measure 1g-
tal voltage and fotal current at the porls of the
network.

2. Shorl and open circuits are difficull to achieve
over a broad band of frequencies.

3. Active devices, such as transislors and tunnel di-
edes, very often will not be short or open circuit
stable.

Some method of characlerization is necessary te over-
come these problems. The logical variables to use at
these frequencies are traveling waves rather than total
voltages and currents.

Transmission Lines

Let's now investigale the properties of traveling
waves. High frequency systems have a source of power.
A porlion of this power is delivered to a load by means
of transmission lines (Fig. 4).
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Voltage, current, and power can be considered to be
in the form of waves lraveling in both directions along
this transmission line. A partion of the waves incident
on the load will be reflected. It then becomes incident
on the source, and in lurn re-reflects from the source
(if Zx # Z,). resulting in a standing wave on the line.

If this transmission line is uniform in cross seclion,
it can be thought of as having an equivalent series im-
pedance and equivalent shunt admittance per unit
length [Fig. 5).
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A lossless line would simply have a series inductance
and a shunt capacitance, The characteristic impedance
of the lossless line, Zo. is defined as Z, = VLIC. At
microwave frequencies, most transmission lines have
a 50-ohm characteristic impedance. Other lines of 75,
90, and 300-ohm impedance are often used.

Although the general techniques developed in this
seminar may be applied for any characleristic imped-
ance. we will be using lossless s0.-ohm transmission
lines.

We've seen that the incident and reflected voltages
on o transmission line result in a standing voltage wave
on the line,

The value of this total voltage at a given point along
the length of the transmission line is the sum of the
incident and reflected waves at that point [Fig. Ba).

a) V, = Eln-'.‘ + Eﬂ'ﬂ.

b I, = E_Lns_'r;__ﬂgﬂ.ﬂ-
Figure &

The tolal current on the line is the dilference between
the incident and refllected veltage waves divided by the
characteristic impedance of the line {Fig. Gb).

Another very useful relationship is the refllection co-
efficicnt, T, This is a measure of the quality of the im-
pedance match between the load and the characteristic
impedance of the line. The reflection cocfficient is a
complex quanlity having a magnitude, tho, and an
angle, thela {Fig. 7a). The belter the match belween the
load and the characteristic impedance of the line, the
smaller the reflected voltage wave and the smaller the
reflection coclficient.

a) Fr=p 0

= Eren,
Eine.
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Figure 7

This can be scen more clearly if we express the
reflection coefficient in terms of load impedance or load
admittance. The reflection coefficient can be made equal
to zero by selecting o load, Z.. equal to the characteris-
tic impedance of the line (Fig. 7b).

To facilitate computations, we will often wanl o
normalize impedances 1o the characleristic impedance
of the transmission line, Expressed in terms of the re-
flection coefficient, the normalized impedance has this
form [Fig. B).

Z
In = Ei:
_i+T
1-T
Figurc B

S-Paramelers

Having briefly reviewed the properties of transmis-
sion lines, let's insert a two-port network into the line
{Fig. 8). We now have additional traveling waves that
are interrelaled. Looking at E,z, we see that it is made
up of that porlion of Eiz reflected fram the oulput port
of the nelwork as well as that portion of Ey that is
transmitted through the network. Each of the other
waves are similarly made up of a combination of lwo
waves.
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Figure 9

It should be possible to relate these four traveling
waves by some parameler sel. While the derivation of
this parameter set will be made for lwo-porl networks,
it is applicable for n-porls as well. Lel's start with the
H-parameter set [Fig. 10).

H-Parameters

V,=h,l, + hy:V:
I;= hy,l, + h::V:

Figurc 10
Vi=E,+ Ea V;=E;:+ Ep
It - E” ;qEr! I: = Eu — EI".I
Lo
Figure 11

By substituting the expressions for tolal vallage and
tolal current (Fig. 11) on a lransmission linc into this
parameter set, We can rearrange these equations such
that the incident traveling veltage waves are the inde-
pendent variables; and the reflecied traveling vollage
waves are the dependent variables (Fig. 12).

E" = f” {h) Eu + i‘l.' (hi Eﬂ
Er‘ == r” {h} E" + r:-_r {h} Elg

Figure 12

The functions [;;, f=; and fys, fz: represent a new
set of nelwork parameters relating lraveling voltage
waves rather than tatal vollages and total currents. In
this case these functions are expressed in terms of
H-parameters. They could have been derived from any
other parameler set.

It is appropriate that we call this new parameter sel
“scaltering patameters,” since they relate those waves
scatlercd or reflected from the network to those waves
incident upon the network. These scatlering parameters
will commonly be referred to as S-paramelers.



Let's go one step further. 1f we disih luth sides of
these equations by V/Z,, the characteristic impedune
of the transmission line, the milationship weill mat
change. [t will, however, give ur.a thange v vamnibius:
(Fig. 13]. Let's now define the new varighhes:
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Figure 13

Notice that the square of the mogitauiis 27! thoes: mow
variables has the dimension of power. " wm ithen the
thought of as the incident power on pozi wne. Jhy F ar
power reflected from port one. These new waves .con
be called traveling power waves sother dhan ttrnrviilingg
voltage waves, Throughout this sz, wire wiill smyply
teler to these waves as traveling wavern

Looking at the new set of equations ' i litlie mare
detail, we see that the S-parameter mulitie stheae finuy
waves in this fashion (Fig. 14).

hl = Sn a, + E-r-.f'ﬂq.
b; “Sn iy +S:_;'ﬂ¢,

Figure 14

S-Parameter Measaremem

We saw how the H-parameters nre memourel, Tuvi
now sce how we go about measuriyg the Siparamelere
For Syi. we lerminate the output port rat dhe metwoek
and measure the ratio b, te a, (Fig. 15). Texmbwiting tthe
cutput port in an impedance equal to the dhumactetisiic
impedance of the transmission line s wapuivitlent sty
selting a: = 0, since a traveling wave iingidert a dhii
load will be totally absorbed. Sy, .ds the input mfMainr,
coelficient of the network, Under #the simee cawniitians
we can measure Sy, the forward trircsmimilon dhrnugh
the network. This is the ratio of b: 1o &, “Fig. 20} THiis
could either be the gain of an amplifier (@ e st
tion of o passive nelwaork,

sll.l__'El

a,

dp =l

Figure 15

Sy = 2
£l a1

ar=n

Figure 16

By terminating the input side of the zetwwmd, we et
4y = 0. Sz, the output reflection coefficiern, gmd S,q. the
reverse transmission coefficient, ean then be measived
[Fig. 17).
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# muestion often arises aboul the terminalions used
wihen measuring the S-parameters, Since the lransmis-
s#ion dine is terminated in the characteristic impedance
of the line woes the network port have to be matched
itn that impedance as well? The answer is no!

To see why, let's laok once again at the netwark
anmeshed [in the transmission lne [Fig. 18). If the load
impedoance is equal to the characteristic impedance of
tthe e, any wave traveling toward the load would be
‘totally absorbed by the load. 1t would not reflect back
o ithe nmwork. This sets az = 0. This condition is
complutely independent from the netwark's oulput

‘imprdance.
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Figure 18

Z

Multiple-Part Networks

S fur we have just discussed two-port networks,
"These aonoepts can be expanded to multiple-port net-
winrks. T wimraclerize a three-port network, for exam-
iple, nine parameters would be required (Fig. 19]. S,
ithe input reflection coefficient at port one, is measured
thy ‘terminating the second and third ports with on im-
pedance .equal o the characleristic impedance of the
line at Hhese ports. This again ensures thal a: = a, = 0.
We mnuld go through the remaining S-parameters and
meanute them in a similar way, once the other two ports
are properly terminated.

h,f *u,
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Figure 19



What is lrue for two- and three-porl networks is
similarly true for n-porl networks (Fig. 20). The number
of measurements required for characlerizing these more
complex networks goes up as the sguare of the number
of ports. The concepl and method of parameter meas-
urement, however, is the same.
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Figure 20

Let's quickly review what we've dane up 1o this
point. We started off witha familiar netwark parameter
set relating tolal voltages and total currenls at the porls
of the network. We then reviewed some transmission
line concepts. Applying these concepts, we derived o
new set ol parameters for a two-port network relating
the incident and reflected traveling waves at the net-
wark poris.

The Use af S-Paramelers

To gain further insight into the use of §-parameters,
let's sce how some typical netwarks can be represenled
in terms of S-paramelers.

A reciprocal netwark is defined as having identical
transmission characteristics from porl one 1o port 1wo
or from port lwo to port one [Fig. 21). This implics that
the S-parameter matrix is equal lo its transpose. In the
case of a twa-port network, 5,2 = Sa.

o —o
0y — Reciprocal i _bf_
by "'c_ Network - i,
S=5
S,=5;
Figure 21

A lpssless network does not dissipate any power. The
power incident on the network must be equal to the
power reflected or £ 'a,'? = X b, [* (Fig. 22]. In the case
of a two-port, |ag|* + |az)* = |by[* + |be[* This implies
that the S-matrix is unitary os defined here. Where: 1 s
the identity matrix and 5* is the complex conjugate of
the transpose of 5. This is generally referred to as the
hermetion conjugate of S. Typically, we will be using
lossless networks when we want to place matching net-
works between amplifier stoges.

D—-l—
0y — Lossless — b;
b <—__ | Network - 1,
[-588§=0
Figure 22

For a lossy netwark, the net power reflected is less
than the net incident power (Fig. 23} The difference is
the power dissipated in the network, This implies that
the statement | — $* 8 is positive definite, or the eigen.

values for this matrix are in the left half plane so that
the impulse response of the network is made up of de-
caying exponentials.

] _—
4 —b Lossy — b,
b, ~~— Network —-—

Ilbyf? < Zlaf
[-5*5>0
Figure 23

Change in Reference Plane

Another useful relalionship is the equation for chang-
ing reference planes. We often need this in the measure-
ment of transistors and other active devices where, due
to device size, it is impractical to attach RF connectors
to the actual device terminals.

Imbedding the device in the transmission line struc-
ture, we can then measure the S-parameters at these
two planes [Fig. 24). We've added a length of line, ¢,
1o porl one of the device and another length, #2, to port

lwao.
& L |
Device ™ p——

el ——

] . =
byt —— hul S | Under | a—, —-— et
! Teal
Measurement Measurement
Plane-1 Plane-2
S =S
whete: o H ]
& - LJ ‘,.,a.]
Figure 24

The S-parameter matrix, S', measured at these two
planes is related lo the S-parameler matrix of the de-
vice, S, by this expression. We've simply pre-multiplied
and posl-multiplied the device's 5-parameter matrix by
the diagonal matrix, ¢ .

To sce what's happening here, let's carry through the
multiplication of the Sy term. It will be multiplied by
¢ —i twice, since ay travels through this length of line,
¢, and gets reflected and then travels through it again
[Fig. 25]. The transmission lerm, 8%, would have this
form, since the input wave, a,, travels through & and
the transmitted wave, bz, through &2 From the meas-
ured S-paramelers, S, we can then determine the
S-parameters of the device, S, with this relationship
{Fig. 26].

0= 5, et

S;. - S_I gt 4

Figure 25

S=d-1 5

Figure 26



Analysis ol Nelworks Using S-Paramelers Im %

Let's now look at a simple example which will A
demonstrate how S-parameters can be delermined
analytically,
- ReZ
o . 0 I : =
N - v —a b, 1=0zxjx
by -— -+ 4, Impedance Plane
O ——)
Figure 27
Using a shun! admittance, we sce the incident and Im 2, reia=!
reflected waves at the two ports (Fig. 27]. We first A 2+l .
normalize the admittance and terminate the network in =1
the normalized characieristic admittance of the system 2=0+jx
. Fig. 28a). This sels a: = 0. S;,, the inpul reflection ReZ
coeflficient of the terminated newwork, is then: (Fig, 28h). s 7z >
To caleulate Sz, lel's recall that the tolal valtage at . 1 1=0-jx
the input of a shunl element, a, + by, is equal 1o the r=0=jx '=0crr
total vollage at the output, a2 + b, (Fig. 28c). Since the
network is symmetrical and reciprocal, S.. = S,, and Impedance Plane Reflection
S12 = Sz We have then determined the four S-param- Coefficient
eters for o shunt element, Plane
al
o Figure 23
a, N I = b, Let's pick out a few values in this normalized plane
y 1 and see how they map into the I plane. Let z = 1. In
b, —a— -—p.= 2 50-ohm system, this means 2 = 50 chms. For this
o L - value, |T| = 0, the center of the T plane.
T We now let z be purely imaginary; i.e., z = ix where
¥= Yﬂ"ya x is allowed to vary from minus infinity to plus infinity.
Since ' = (jx — 1) /(jx + 1), |T'| =1 and its phase
l=—v: —v angle varies from 0 to 360°, This traces oul a circle in
b} S, = T¥y, yv+5 the I' plane (Fig. 29b). For posilive reactance, jx posi-
¥r ¥ tive, the impedance maps into the upper half circle. Far
negalive reaclance, the impedance maps into the lower
e} g, — b, _ o, +b, =1—=—2 half circle. The upper region is inductive and the lower
LA T [ a, R ¥+ 2 region is capacitive,

Now let's look at some other impedance values. A
conslant resislance line, going through the point z = 1
on the real axis, maps into a circle in the I' plane. The
upper semicircle represents an impedance of 1 + jx,
which is inductive; the lower semicircle, an impedance
The Smith Charl af 1 — jx or capacitive [Fig. 30].

Another basic tool used extensively in amplifier de.
sign will now be reviewed. Back in the thirties, Phillip
Smith, a Bell Lab engineer, devised a graphical methad
for solving the oft-repeated equations appearing in
microwave theory. Equations like the one for rellection
cocfficient, T = [Z — 1) /(Z + 1]. Since all the values in Impedance Heflection
this equation are complex numbers, the tedious task of Plane ‘—‘T‘f‘"'"‘
solving this expression could be reduced by using Iz ane
Smith's graphical technique, The Smith Charl was a N
natural name for this technique.

This chart is essentially a mapping between lwo
planes—the Z or impedance plane and the T" or reflee-
tion coefficient plane. We're all familiar with the im- -1
pedance plane—a rectangular coordinate plane having
a real and an imaginary axis. Any impedance can be
plotted in this plane. For this discussion, we'll normal-
ize the impedance plane to the characteristic impedance
[Fig. 20a), Figure 20

Figure 28
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The constant reactance line. -+ j1, also maps into the
I* plane as a circle. As we approach the imaginary axis
in the impedance plane. ' approaches the unit radius
circle. As we cross the imaginary axis, the constant
reactance circle in the " plane goes outside the unit
radius circle.

If we now go back and leok at z real, we see at
z=—1,T= . When zis real and less than ane, We
move oul loward the unil radius circle in the I' plane.
When the real part ol z goes negalive, T' continucs
along this circle of infinite radius. The enlire region
oulside the unit radius circle represents impedances
wilh negative real parts. We will use this fact laler
when working with transislors and other active devices
which often have negative real impedances.

In the impedance plane, constant resistance and con-
stant reaclance lines intersect, They also cross in the I’
plane. There is a one-lo-one correspondence belween
points in the impedance plane and poinls in the I’ plane.

“The Smith Chart can be completed by continuing 1o
draw other constant resislance and reaclance circles
{Fig. 21].

Figure 31

Applicalions of the Smilh Chart

Let's now try a few examples with the Smith Chart
to illustrate its usefulness.

1. Conversion of impedance lo admillance: Convert-
ing a normalized impedance of 1 + 1 to an admitlance
can be accomplished quite easily. Lel’s first plot the
point representing the value of z on the Smith Chart
[Fiz. 32]. From these relationships, we sec that while
the magnitude of admittance is the reciprocal of the
magnitude of impedance, the magnitude of T is the
same—hut its phase angle is changed by 180°. On the
Smith Chact, the | vector would rotate through 180°.
This point could then be read off as an admittance.

"’Ez.-l-l

1Tl = [T

Figure 32

We can approach this impedance lo admitlance con-
version in another way. Rather than ratale the T vector
by 180°, we could rotale the Smith Chart by 180° [Fig.
33]. We can call the rolated chart an admittance chart
and the original an impedance charl. Now we can
convert any impedance lo admittance, or vice versa,

direetly.

Figure 33



2, Impedances with negative real parts: Let's now
take a look at impedances with negative teal parts.
Here again is a conventional Smith Chart defined by
the boundary of the unit radius cindle. If we have an
impedance that is induclive with a negative real part,
it would map inle the T plane oulside the chart (Fig. 34).
One way lo bring this point back ento the chart would
be to plot the reciprocal ef T, rather than T itsell. This
would be inconvenient since the phase angle would mot
be preserved. Whal was a map of av énductive imped-
ance appears 1o be capacitive,

Figure B4

If we plot the reciprocal ol the somplex conjugale af
I, however, the phase angle is preserved. This value
lies along the same line as the ariginal I, Typically in
the Hewlett-Packard transistordata sheets, impedances
of this type are plotted this way,

There are also compressed Smith Charts available
that include the unit radius chart plus a greal deal of
the negative impedance region. This chart has a radius
which corresponds to a refllnction coclficient whose
magnitude is 3.16 [Fig. 35).

Figure 35

In the rest of this seminar, we will see how easily we
can canverl measured rellection coclficient data to im-
pedanee information by slipping a Smith Chart everlay
over lhe Hewletl-Packard network analyzer polar
display.

3. Frequency respanse of nelworks: One final paint
needs to be covered in this briel review of the Smith
Chart and that is the [requency response for a given
netwaork. Let's look at a network having an impedance,
z = 0.4 + jx [Fig. 36). As we increase the frequency of
the input signal, the impedance plot for the network
moves clockwise along a constant resistance circle
whose value is 0.4, This generally elockwise movement
with increasing frequency is typlcal of impedance plots
on the Smith Chart far passive networks, This is essen-
lially Foster's Reaclanee Theorem,

Figure 36

If we now look al another circuil having a real part
of 0.2 and an imaginary part that is capacitive, the im-
pedance plot again moves in a clockwise direction with
an increase in {requency.

Another circuit that is often encounteted is the tank
circuil. Here again, the Smith Chart is useful for plot-
ting the frequency response [Fig, 37). For this eircuit
al zero frequency, the inductor is a short circuit, We
sfart our plot at the point, 2 = 0. As the frequency
increases, the inductive reactance predominates. We
move in a clockwise direction. At resonance, the im-
pedance is purely real, having the value of the resistor,
If the resistor had a higher value, the cross-over point
at resonance would be farther to the right on the Smith
Chart. As the lrequeney conlinues to increase, the re-
sponse moves clockwise into the capacitive region of
the Smith Chart until we reach infinite [requency.,
where the impedance is again zera,



Resonances

Due to
Parasitics

In theary, this complete response for a tank circuit
would be a circle. In praclice, since we do not generally
have elements that are pure capacilors or pure induclors
over the entire frequency range, we would see other
little loops in here that indicate other resonances. These
could be due to parasilic inductance in the capacitor
ar parasitic capacitance in the induclor. The diameler
of these circles is somewhat indicative of the Q of the
circuit. Il we had an ideal tank circuit, the response
would be the outer circle on the Smith Chart. This
would indicate an infinite Q.

Hewlett-Packard Application Nele 117-1 describes
ather possible lechnigues lor measuring the Q of cavi-
ties and YIG spheres using the Smith Chart. One of
these techniques uses the fact that with a tank circuit,
the real part of the circuit equals the reactive parl at
the hall-power points, Let's draw twe arcs conneeting
these points on the Smith Chart [Fig. 38}, The centers
for these arcs are al =j1. The radius of the arcs is VI

Figure 38

We then Increase the frequency and record ils value
where the response lies on the upper are. Continuing lo
increase the frequency, we record the resenant fre-
quency and the frequency where the respanse lies on
the lower are. The formula for the Q of the circuit is
simply fo. the resonant frequency, divided by the differ-
ence in frequency belween the upper and lower half-
power points, Q = fo/al.

Summary

Let's quickly review what we've seen with the Smith
Chart. It is a mapping of the impedance plane and the
reflection coefficient or T plane. We discovered that
impedances with positive real parts map inside the unit
radius circle on the Smith Chart. Impedances with nega-
tive real parts map outside this unit radius circle. Im-
pedances having positive real parts and inductive
reactance map inlo the upper half of the Smith Chart.
Ehlu;se with capacitive reactance map into the lower

mll.

In the next part of this 5-Parameter Design Seminar,
we will continue our discussion of netwerk analysis
using S-parameters and Mow graph techniques.



Chapter 11
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This second portion of Hewletl-Packard's Basic Mi-
crowave Review will intreduce some additional con-
cepls that are used in high frequency amplifier design.

Scaltering Transfer Paramelers

Let's now proceed lo a set of nelwork parameters
used when easeading netwarks, We recall that we de-
veloped the S-porameters by defining the reflected
waves as dependent variables, and incident waves as
independent variables [Fig. 39a). We now want to re-
arrange these equations such that the input waves a;
and by are the dependent variables and the outpul
waves a2 and be the independent variables. We'll call
this new parameler set seattering transfer paramelers
or T-parameters (Fig. 3ab),

al
i, . E'Port — b:
b, =— Network - g,
[ — —
b, ] = [SII Su] [u,]
b, | 8. 85l Loy
b, ] =t Tu] [ﬂz]
L [ﬂl. Ty Tzl Lby
Figure 13

The T-parameters can be developed by manipulating
the S-parameler equations inlo the appropriate form.
Nolice that the denominator of each of these terms is
S:| {Fig. -IU_I.

[ S8,8,;-5,8,5,]
[Tu TI1:| - 8. S,
TII Tu —_ E"-_:I' l
L a1 Si! o
"Li Tl'l I'I':I'J' Tl2 T?I 1
S|| S|:i| = TJ: Tﬂ
Su S 1 ~ Ty
_T'JJ T‘H.' J
Figure 40

We can also find the S-parameters as a [unction of
the T-parameters.

While we defined the T-parameters in a particular
way, we could have defined them such that the oulput
waves are the dependent voriables and the input waves
are the independent variables. This alternate definition
can resull in some problems when designing with active
unilateral devices [Fig. 41).

Figure 41

Using the alternate definition for the transfer param-
cters, the denominator in each of these lerms is S,
rather than S. as we saw carlier.

Working wilh amplifiers, we olten assume the device
to be unilateral, or S;2 = 0. This would cause this alter-
nate T-parameter set 1o go 1o infinity,

Both of these definitions for-T-paramelers can be
encountered in praclice, In general, we prefer to define
the T-parameters with the output waves as the depend-
ent variables, and the input waves as the independent
varinbles,

We use this new set of transfer parameters when we
want to cascade networks—twae stages of an amplifier,
or an amplifer with a matching netwark for example
(Fig. 42a). From mensured S-parameler data, we can
define the T-parameters [or the twe networks, Since the
outpul waves of the first netwaork are identical to the
input waves ol the second network, we can now simply
mulliply the lwo T-parameler matrices and arrive at o
sel ol equalions for the overall network [Fig. 42b].

al [ ao—— o —
a, —e by —= —e=n; —= by
T . T .
b, ~—-— n; =4— == b -
[ — o ——%

U]l ] ene [ - (7 2] 6]
bt [5] =[]

. b-] - [Tn Tn] [Tl'u T-'r] [HJJ
L [nl Ty T LTy Tiil b2

Figure 42

Since matrix multiplication is, in general, not com-
mutative, these T-parameler matrices must be multi-
plied in the proper order. When cascading networks,
we'll have to multiply the matrices in the same order
as the networks are connected. Using the altermate
definition for T-parameters, previously described, this
matrix multiplication must be done in reverse arder.

This transfer parameter set becomes very useful
when using computer-aided design techniques where
matrix multiplication is an easy task.



Signal Flaw Graphs

1f we design manually, however, we can use suill
another technique—signal flow graphs—to follow inci-
dent and refiected waves through the networks. This is
a comparatively new technique for microwave network
analysis.

A. Rules

we'll follow certain rules when we build up a net-
work flow graph.

1. Ench variable, a;, 8, by, and b: will be designated

as o node.
2. Each of the S-parameters will be a branch.
3, Branches enter dependent variable nodes,
and emanale fram the independent variable nodes.

4. In our S-parameler cqualions, the refllecled waves
b, and bs are the dependent variables and the
incident waves a, and a: are the independent
variables.

5. Each node is equal to the sum of the branches

entering il.

Let's now apply these rules to the two S-parameler
equations [Fig. 43a). The first equation has three nodes
—by, 8y, and as By is a dependent nede and is con-
nected 1o a, through the branch Sy, and o node a:
through the branch Syz. The second equation is con-
structed similarly, We can now overlay these lo have
a complete Now graph for a two-port network (Fig. 43b).

a) 4,
SIl
b,
b, = S, a, + S,; S: ™
b,= 8. a, + 5. n;
o, h_-!
S.’I
S.;
ay
k) Complete Flow Graph for 2-Port
a, 8§, b
- O o=
SH S;g
- Cr -
Si: a;
Figure 43

The relationship between the traveling waves is now
casily seen. We have a, incident on the network. Part
of it lransmits through the network la become part of
be Parl of it is refllected to become part of by, Mean-
while, the a. wave enlering port two is transmitted
through the nelwork to become part of by as well as
being reflected from port two as part of be By merely
following the arrows, we can tell what's going on in
the netwark.

This technique will be all the more useful as we
cascade networks or add feedback paths.

B. Application of Flow Graphs

Let's now look at several typical nelworks we will
encounter in amplifier designs, A generalor with some
internal voltage source and an inlernal impedance will
have a wave emanaling from it. The flow graph for the
generator introduces a new term, b. [Fig. 44). II's de-
Fined by the impedance of the generator. The unils in
this equation look peculior, bul we have o remember
that we originally normalized the traveling waves lo
\/Z.. The magnitude of b. squared then has the dimen-

sion ol power.
Z, b, 1 b
D b .
v, {i} Il;
- g
a
b, = v, V7,
Z,+1Z,

For a load, the flow graph is simply T, the complex
reflleclion coelficient of the load [Fig. 45).

Figure 44
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3 r,
b —-—
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Figure 45

When the load is connecled 1o the generator, we see
a wave emanating from the generctor incident on the
load and a wave reflected back to the generater from
the laad (Fig. 48]

Z, b, 1 b al
- & b'
Figure 46

To demanstrate the utility of flow graphs, let's embed
a two-port netwark belween a source and a load. Com-
bining the examples we have seen, we can now draw
a flow graph far the syslem [Fig, 47).

Figure 47



We can now apply the tule known as Mason’s rule—
or as it is often called, the non-louching loop rule—to
salve lar the value of any node in this network. Before
applying the rule, hawever, we must first define several
additional terms.

A first order loop s defined as the product of the
branches encountered in a Journey starting [rom a node
and moving in the direction of the arrows back to that
ariginal node. To illustrate this, let's start at node a,.
One first order loop is S,,I".. Another first order loop
is 57150, Il we now slart al node a., we find a
third first order loop—SzT... Any of the olher loops
we encounter is one of these three first order loops.

A second order loop is defined as the product of any
two non-touching first order loops. Ol the three first
order loops just lound, only 5,47 and $.1.. do not
touch in any way. The product of these lwao loops
establishes the second order loop dar this netwaork,
More complicaled networks involving Teedback paths,
for example, might have several second order loaps.

A third order loop is the product ol any thoee mon-
touching first order loops, This example does maot have
any third order loops but again meen complicated net-
works would have third order loops and even highe
order loaps.

Let's now suppose thal we are interested in the
value of by. In this example, b, is the auly independent
variable since its value will delermine the value of
each of the ather varinbles in ‘8e metwork. By, there-
fare, will be a funclion of b.. To dewrsmine by, we first
have 1o identily the paths leading from b. v by, Fol-
lowing the arrows, we see two paths—(3] S and [2)
S54TS51s.

The next step is o find the non-touching toops with
respect to the paths just found. Here, the puth S,; and
the first order loop, STy, have e oaodes or brmcher
in commen. With this condition met, we zan call S5
a non-touching loop wilh respect te the path Sy,

The other path, 8418 touches all of the network's
first order loops, hence there are no non-Anuching loops
wilh respect 1o this path. Again, in more complex net-
works, there would be higher order non-touching loops.

Let's now look at the non-touching loop nule itself
(Fig. 48). This equalion appears ln be rather wminons
at first glance, but once we go throagh M term by term.
it will be less awesome, This mie detrrodaes the ratio
of two varlables, a dependent to an indejrndent vari-
nhltt:. (In cur example, we are interested in the ratio b,
ta b..)

T e Pl — XLy + L2y =, )+ Pyl —ZLA0Ye . .,
1 =ILD+ I —-ZL3+ . ..

T

Fl=

Figurc 48

P, Py, etc., arc the various paths connecling these
variobles.

This term, XL{1)"", is the sum ol all first order loops
that do not touch the first path between the variables.

This term, ZL{2)'Y, is the sum of all sccond order
loops that do not touch that path. and so on down the
line,
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Mow, this lerm, ZL{1)'%, is the sum of all first arder
loops that do nol touch the sccond path,

The denominator in this expression is a funclion of
the network geometry, It is simply one minus the sum
ol all first order loops, plus the sum of all second order
loops, minus the third order loops, and so on.

Let's now apply this non-touching loop rule 1o our
network (Fig. 49). The ratia of by, the dependent vari-
oble, te b., the independent variable, is equal 1o the
first path, 5,1, mulliplied by one minus the non-touch-
ing first order loop with respect to this path, IS,

S”_{l - I‘J.F_"H] -+ B“rLSHIII —
1-— [5..1". + Szrrl. + Sllri.sllrl] + SI-IFIS‘J‘IFL

b
b,
Figure 49

The second path, S27:Sz, is simply multiplied by
one since there are no non-louching loops with respect
lo this path.

The denominalor is one minus the sum of first arder
lnops plus the second order loop.

This concludes aur example. With a little experience
drawing Now graphs of complex networks, you can see
how this technique will Tacililate yeur netwaork analy-
iz In fnct, using the flow graph technique, we can
now -derive several expressions for power and gain
that are of interest to the circult designer.

First of all, we need 1o know the power delivered to
n lond. We remember thal the square of the magniludes
of the incident and rellecled waves has the dimension
of power. The power delivered to a load is then the
difference between the incidenl power and the re-
fiecled power, Py = la® — [b

The power available from a source is thal power
delvered to a conjugately matched load. This implics
that the reflection coefficient of the load is the conjugate
of the source refllection coeflicient—T." = 15,

b, 1 b 1
r, r,*

- 1

Figure 50

Looking at the Now graph describing these condi-
tions [Fig. 50, we see that the power available from the
source is:

Pasa=|b[F=]aF
Using the flow graph lechniques previously described,
we see that:

b b b.T"

o o aE T



The power available from the source reduces to
{Fig. 511: i

Figure 51

We can alsa develop voltage and power gain equa-
lions that will be useful in our amplifier designs using
these Now graph techniques. For a two-port netwark,
the vollage gain is cqual to the total voltage at the
output divided by the lotal voltage at the input,

ﬂ: + I:I-_c-
A= oy + by
If we divide the numerator” and denominalor by b,
we can relate cach of the dependent variables ol the
syslem 1o the one independent variable [Fig. 52a). Now
we have four expressions or four ratios thal we can
determine from the non-touching loop rule.

) A by
A hj b‘l = S‘tlrr..+s:|
YTa b -804 841 - Sph + 5418,
b, b
b) b,
=

Figure 52

We can simplify this derivation by remembering that
the denominator in the expression for the non-touching
loop rule is a function of the network geometry. It will
be the same for each of these ratios, and will cancel
out in the end. So we only need to be concerned with
the numeralors of these ratios.

Let's trace through a couple of these expressions to
firm up our understanding of the process (Fig. 52b). A
is connected to b, through the path SyTy. All first
order loops touch this path, so this path is simply mult-
plicd by one. B. is connected to b. through the path 5.
All first order loops also touch this path. A, is con-
nected lo b. directly, and there is one non-touching
loop. §s=l'r. We have already determined the ratio of
by to b., so we can simply write down the numerator of
that expression. We have now derived the voltage gain
of the two-port network.

The last expression we wish to develop is that for
transducer power gain. This will be very important in
the amplifier design examples contained in the final
section of this seminar. Transducer power gain is de-
fined as the power delivered to a load divided by the
power avoilable from a source,

PH'H
——

G = ...

We have already derived these twa expressions.

G = Jb2i =Tl
YTbF /= iT])
What remains is lo solve the ratio b: 1o b, (Fig. 53a).
The only path connecling b, and bz is Sz, There are
no non-touching loops with respect to this path. The
denominator is the same as in the previous example:
gne minus the first order loaps plus the second order
loop. Taking the magnitude of this ratie, squaring and
substituting the result yields the expression for trans-
ducer power gain of a lwo-porl network (Fig. 53b].

al E: = S_-|
bs 1-5,I,- Sel — 5,5, I+ Sllrlsurl..

B IS = N - I
T {1 — 5,1 = Sul'J — 845,001

Figure 53

Necdless to say, this is not a simple relationship since
the terms are penerally complex quantities. Calculator
or computer routines will greatly facilitate the circuit
designer's tosk.

Laler, when designing amplfiers, we will see that we
can simplify this expression by assuming that the am-
plifier is a unilateral device er 5,2 = 0. In general, how-
ever, this assumplion cannot be made and we will be
forced lo deal with this expression.

One of the things you might want to do is lo optimize
or maximize the transducer gain of the network. Since
the S-paramelers at one frequency are constants de-
pending on the device selected and the bias conditions,
we have to lurn our atlention to the source and load
rellection coelficients.

Stability Considerations

To maximize the lransducer gain, we must conju-
gately match the input and the outpul. Before we do
this, we will have 1o look at what might happen to the
network in terms of stability—will the amplifier oscil-
late wilh certain volues of impedance used in the
matching process?

There are lwo traditional expressions used when
speaking of stability: conditional and unconditional
stability.

& netwark is conditionally stable if the real part of
Z.. and Z.,, is greater than zero for some positive real
source and load impedances at a specific frequency.

A nelwork is uncondilionally stable if the real part of
Z,. and Z.., is greater than zero for all pesitive real
source and load impedances at a specific frequency.

It is important to note that these two conditions apply
only at one specific frequency, The conditions we will
now discuss will have to be investigated at many fre-
quencies to ensure broadband stability. Going back to
our Smith Chart discussion, we recall that positive real
source and load impedances implies:

[T "and 1" 21

12



o= T

Figure 54

Let's look first at the condition where we want to
conjugately match the network to the load and source
to achieve maximum transducer gain [Fig. 54). Under
these conditions, we con say that the network will be
stable if this factor, K, Is greater than one {Fig. 55).
Conjugately matched conditions mean that the reflec-
tion coefficient of the souree, T., is equal to the con-
jugate of the input reflection coefficient, T

Tr,=r."
I, is equal to the conjugate of the output refllection
coclfficient, I'..,

N,=T.."

1+|S 5._-—5+5= I:_|S||l:_[S-E=
K= [RLSF) 1= 4l > 1
2|S,:(ISu|

Figure 55

A precavlion musl be mentioned here. The K faclor
must not be considered alone, If we were operaling
under matched conditions in order to achieve maxi-
mum gain, we have to ask ourselves: (1] What effect
would temperature changes or drifting S-parameters of
the transistor have on the stability of the amplifier?
(2} We would also have to be concerned with the effect
on stability as we substilute transistors into the cir-
cuit. [3) Would these changing conditions affect the
conjugate match or the stability of the amplifier? There-
fore, we really need to consider these other conditions
in addition te the K factor.

Looking at the input and output reflection coefficient
equalions, we see a similarity of form (Fig, 56). The
only difference is that Sy, replaces Sy and Ty, replaces
T

e

b 5.5 .I"i
Fin= ﬂ—]' =8, + 1 _' S‘.:ql";_

SO E _ S8l
Fow = H:—Su'*' 1=5,l
Fipure 56

If we set this equation, 'T',,.1, equal to ane, a bound-
ary would be established, On one side of the boundary,
we would expect

||-|” !
On the other side, we would expect
[T

13

Let’s first find the boundary by solving this expres-
sion [Fig. 57). We insert the real and imaginary values
for the S-parameters and solve for Iy,

S59,,1
— 4 —_— L)
|rl.l| s‘n 1 Si‘:rt. 1

Figure 57

The salutions for 'y, will lic on a circle. The radius
of the circle will be given by this expression as a func-
Hon of S-parameters (Fig. 58a).

a)

) S,IS“
radius = r, = ||su|= - |a1=|

b) (5;; — AS}))*
[S:|* — |A)F
where: A = 5,8, — S§,.8,,

center = Cp =

Figure 58

The cenler of the cirele will have this form (Fig. 58b).
Having measured the S-paramelers of o lwo-port device
at one frequency, we can calculate these quantities.

Il we now plol these values on a Smith Chart, we
can delermine the locus uf]ull values of T, that make
[ Tw]=1
This cirele then represents the boundary (Fig. 59). The
arca elther inside or outside the circle will represent

a stable operating condition.

I'L on stability circle yields
ir‘ul =1 ~

[1

Figure 59

Ta determine which area represents this stable oper-
ating condition, let's moke Z,, = 50 ohms, or I, = 0.
This represents the point at the center of the Smith
Chart. Under these conditions,

i1 =18y,



Lel's now assume that S, has been measured and
jts magnitude is less than one. T'y.'s magnitude is also
less than one. This means that this point, I, = 0, repre-
sents a stable operating condition. This region (Fig. 60)
then represents the slable operating condition for the
entire netwaork.

I', on stability circle yields
ICinl =1 ™,

Figure G0

If we select another value of T, that falls inside Lhe
stability circle, we would have an input refleclion co-
elficient that would be greater than one and the network
weuld be potentially unslable.

If we only deal with passive loads, that is, loads
having a reflection coefficient less than or cqual to one,
then we only have to stay away from those I'i's that
are in this region (Fig. 61) lo ensure stable operation for
the amplifier we are designing. Chances are, we should
also stay away from impedances in the border region,
since the other factors like changing temperalure, the
aging of the transistors, or the replacement of transis-
tors might cause the center or radius of the stability
circle 1o shift. The impedance of the lvad could then
fall in the expanded unstable reglon, and we would
again be in trouble.

For Passive Loads
|r,_| = 1

Figure 61
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1f, on the other hand, | Su | >1, with Z;, = 50 @, then
this area would be the stable region and this region the
unstable area (Fig. 62).

Figure 62

To ensure that we have an unconditionally stable
candition al a given frequency in our amplifier design,
we must be able to place any passive load on the nel-
work and drive it with any source impedance without
moving into an unstable condition.

From a graphical point of view, we want lo be sure
that the stability circle falls completely oulside the
Smith Charl, and we want to make sure that the inside
of the stability circle represents the unstable region
(Fig. 63). The area oulside the stability circle, includ-
ing the Smith Chart, would then represent the stable
operating reglon,

Jicwr - nl =1
181 < 1

Figure 63



Ta satisly this requirement, we Tust emsure that the
magnitude of the vector, Cp, the distanoe from the
center of the Smith Chart 10 the center of the stability
circle, minus the radius of the stability circle, r,, is
greater than one. This means that the closest point on
the stability circle would be outside the unit radius
circle ar Smith Chart.

To ensure that the region inside the Smilh Chart
represents Lhe stable operating condition, the inpurt or
outpul impedance of the network ‘must have a renl part
greater than zero when the network is termimmed in
50 ohms. For completeness, we must also add the mut-
put stability circle to gain a better understanding of
this concept. This means that the magnitude of S1 and
Ss2 must be less than one. .

One word of caution about stability,

S-parameters are typically measured at wone par-
ticular frequency. The stability ciccles ase drawn for
that frequency. We can be sure tthat the amaplifien awill
be stable at that frequency, but ~will it ostillale at xome
other frequency either inside wr outside the frequency
range of the amplifier?

Typically, we want to investigate wtability aver o
broad range of frequencies and construct wtabiliy  cin
cles wherever we might suspect agroblom SAmwn here
are the stability circles drawn for three different fro-
quencies [Fig. 64). To ensure stability betwasen . ond
f3, we stay away from impedances in this fehotod)iarea,
While this process may sound tedinus, ave to hame inme
notion based on experience winrte momething oy et
us into trouble,

Figure 64

Stability is strongly dependent on the |S;2! 'Su
product (Fig. 65]. | 5| is o gencrally decreasing fune-

tion of frequency from fp on.
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Figure 65

[ 812 | is an increasing function,

Looking at the | S,z2| | Sz | product, we see that it in-
weases below lg. Nattens out, then decreases at higher
freguencics,

N is in this Nat region thal we must worry about
instabilily,

On the other hand, if we synlhesize elements such
@5 inductars by using high impedance transmission
lines, we might have capacitance rather than induclance
at higher frequencies, as seen here on the Impedance
Phase plot (Fig. 66). Il we suspect thal this might cause
ascillmtion, we would investigate stability in the region
where the induclor is capacitive. Using tunnel diades
having negalive impedance all the way dawn to de, we
would have 1o invesligate stability right on down in
frequency to make sure that oscillations did nol oceur
outside the band in which we are working.

an®

Frequency

Phase

-90°

Figure 66



Chapter 111

S.Paramecter Measurements

The material presented in this program is a continua-
tion of Hewlett-Packard's video tape S-Parameter De-
sign Seminar.

S.Paramelcrs

A. Their Impartance

Microwave transistor technology Is continually push-
ing maximum operaling frequencies ever upward. As
a result, manufacturers of transistors are specilying
iheir transistars in lerms of S-parameters. This affects
two groups of design engincers—ihe transislor circuil
designer musl now switch his thinking from the well-
known H, Y, and Z-paramelers in his circuit design lao
the S or scatlering paramelers.

The microwave engineer, since transistor technology
is moving into his frequency domain, must now become
conversant with transistor terminology and begin 1o
think of opplying transistors to the circuits he works
with.

In this lape we will:

1. Review the S-parameler concepl.

2. Show the resulls of typical 5-parameter measure-

ments of a 12 GHz transisloz

1, Demaonstrale the network angtyznr syslem used in

these measurements,
B. Review ol S-Parameters

The [unction of network analysis s %o completely
charactarize or describe a network so ave'll knosw haw
it will behave when slimulated by some signal. For a
twa-port device, such as transislors, we can completely
describe or characlerize it by establishing a sel of equa-
tions that relale the voltages and currenls at the two
ports [Fig. 67} :

1, I
+V 2.Port . V: +
: Network 2
i — e —

V= hali + h:V:
I; = hyl, + h::V;

Figure 67

a)

b)
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In low [requency transistor work, one such set of
equations relales total voltages across the poris and
total current inta or out of these ports in terms of H-
paramelers. For exnmple,

=V
b= lv. =0
These parameters are obtained under either open or
short circuit conditions.

At higher frequencies, especially in the microwave
domain, these operating condilions present a problem
since a short circuit laoks like an inductor and an open
circuit has some leakage capacitonce. Often, if the nel-
work is an active device such as a lransistor, it will
oscillate when terminated with a reactive load.

1t is imperative that some new method for character-
izing these devices at high [requencies has 10 be used.

Z,

—0
2.Port
Metwork

. .
El,-ﬂm/\/

E.—;-——-—f_\_/

Gen. Z

S
E,.—-—f\}

Ey =—N\_

Figurc 68

If we embed our two-port device inte a transmission
line, and terminate the transmission line in ils char-
acteristic impedance, we can think of the stimulus
signol as o traveling wave incident on the device, and
the response signal as a wave reflecting from the device
ar being transmitted through the device (Fig. 68]. We
can then establish this new set of cquations relating
these incident and “scattered” waves (Fig. 69a): Ey
and Es, are the vollages reflected from the 1st and 2nd
ports, E;, and Ez are the voltages incident upon the
1st and 2nd poris, By dividing through by V/Z., where
Z. is the characterislic impedance of the lransmission
line, we can alter these equations to a more recogniz-
able form {Fig. 60b). Where, for example, | by [ = Power
reflected from the 1st port and |y [ = Power incident
on the 1st port.

E" e SHE“ + SuE"
E; = S,E, +5.E,

b, = 8,0, + 5;:0,
bg & Sﬂu: -+ Su“g

where by = f—% and ay=

S

Figure 63



5y; is then equal to by fa; with a; = 0 or no incident
wave on port 2. This is accomplished by terminaling
the output of the two-port in animpedance equal to Z..
C. Summary

S;; = input tefleclion coefficient with the output

malched.

5;, = forward transmission ooefficlent with the oul-

put maiched.
This is the gain or attenuation of the network.

S:; = output reflection coefiicient with the input

malched.

5,2 = reverse transmisslon coefficient with the input

matched.

To the question “Why are S-parameters important?™
you can now give several answors:

1. S-parameters are determinei -with resistive lermi-
nalions. This obviales the dlifficulties involved in
obtaining the broadband mpen and shorl circuit
conditions required for the™, Y, and Z-parameters.
Parasitic oscillations in aptive devices are mini-
mized when these devices are terminaled in re-
sislive loads.

Equipment is available far dotermining S-param-
elers since only incident mnd refllecled voltages
need to be measured.

2

*

2

Characterization of Micrewaree Transistors

MNow that we've briefly reviewed S-parametes $hooty,
let's look at some typical iransistor paramelers. There
are three terms often used thy wzmmsistor circuit de-
signers (Fig. 70):

1. [, or the {requency at which #e short circuit cur-

rent gain is equal to one;

2, f, or the frequency where [ Sz | = 1 or the power

gain of the device, | Sy *. expressed in dB is zero;

3. T, or the [requency where the maximum avail-

able power gain, Guwa, of the drzice is equal o
one. Frs, 15 also referred tto s the maximum Yre.
quency of oscillation.
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Figure 70 .

To determine f, of a transistor connected n a com-
mon emitter configuration, we drive the base with a 50.
ohm voltage source and terminate the collector in the
50-ohm characleristic impedance. This results in a gain
versus frequency plot that decays at about 6 dB per
octave at higher frequencies.

Due to the problems involved in obtaining true short
circuits at high frequencies, the shert circuit current
gain | hee| cannot be measured directly, but can be de-
rived from measured S-parameter data. The shape of
this gain versus frequency curve is similar to that of
| $21 F and, for this example, [, is slightly less than [..

Fua: i85 determined after conjugately malching the
voltage source to the transistor input, and the transistor
autput to the characteristic impedance of the line. The
resulting gain is the maximum available power gain as
a function of frequency. It is higher than | Sy [* because
ol impedance matching at the input and output. With
proper impedance malching techniques, the transistor
is usable abave I, in actual circuit design.

S-Parameters of Transistors
A. Inlroduclion

Let's now shift our atlention 1o the aclual S-param-
cters of a transistor. We'll look ot transistors in chip
form and alter the chips have been packaged. The ad-
vantage of characierizing the chip is that you will get a
better qualitalive understanding of the transistor. How-
ever, fixtures to hald these chips are not readily avail-
able. Most engincers will be using packaged iransistors
in their R&D work. There are fixlures available [or char-
acterizing packaged transistors, and we will demon-
strato these later on (Fig. 71). The bias conditions used
whez obtalning these Iransistors’ parameters connected
as commmon emitler: Ve, = 15 V and I. = 15 mA.

B. 5; of Common Emitler

The input reflection characteristic, Su, of the chip
transistor seems to be [ollowing a constant resistance
circle on the Smith Chart [Fig. 72). At lower frequen-
cies, the capacilive reactance s clearly visible and, as
the frequency increases, this reactance decreases and
the resistance becomes more evident, A small induc-
tance is also evident which, for this example, resonates
with the capacitance at 10 GHz.



Figure 72

An equivalent circuit can be drawn that exhibits such
characleristics [Fig. 73). The resistanoe comes fram the
bulk resistivities in the Iransistor’s bose region plus
any conlact resistance resulting from making cannec-
tions 1o the device. The capacitance is duc mainly to
the basc-emitter junclion. The inductance results frem
the emilter resislance being referred back to the input
by a complex £ at these high frequencies.

5y, —= C!

Input Equivalent Circuit (Chip)

Figure 73

If you characterize the same chip transistor after
packaging, the input refleclion characteristic again
starts in the capacitive reactance region at lower fre-
quencies and then maves into the inductive reactance
region at higher frequencies [Fig. 72). Anather equiva-
lent circuit explaining this characleristic can be drawn
(Fig. 74). Package inductance and capacitance contrib-
ute to the radial shift inward as well as to the exten-
sion of the 8,y characteristic into the upper portion of
the Smith Chart.

So—

Cph:
e

Input Equivalent Circuit {Package)

Figure 74

C. 5. of Common Emilter

The output refllection coclficient, S, is again in the
capacilive reactance portion of the Smith Chart (Fig.
75). If you overlay an admittance Smith Chart, you can
see Lhat this characteristic roughly lellows a constant
conduclance circle. This lype ol characleristic repre-
senls a shunt RC type of equivalent circuit where the
angle spanned would be controlled by capacitive cle-
ments, and the radial distance from the center of the
Smith Chart would be a function of the real parts
(Fig. 76).

Figure 75

c: R..;
— 1

Output Equivalent Circuit (Chip)

Figure 76

The output rellection coefficient of the packaged
transisler is again shifted radinlly inward pnd the angle
spanned is extended. From an equivalent circuil stand-
paint (Fig. 77), you can see that we have added the
package inductance and changed the capacitance. This

= added inductance causes this parameter 1o shift away
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from a constant conductance cirele.

Lysg

R,

8, —

o
Output Equivalent Circuit {Package)

Figure 77



. S: of Comman Emitler

The forward transmission coefficient, Si,, that we
have seen before when discussing [, exhibits a voltage
gain value slightly greater than 4 or 12 dB at 1 GHz
and crosses the unity gain cirele between 4 and 5 GHz
(Fig. 78). The packaged transistor exhibits slightly less
gain and a unily gain crossover al around 4 GHz.

Figure 78

In an equivalent circuit, we could add a current
source as the element giving gain to the transistor [Fig.

76).
C
O
Core @Emvw }Gn
1 .
¢

Figure 79
E. S,; of Common Emilter
Since a fransister is not a unilateral device, the re-
verse transmission characteristic, Sz, will have some
finite value in chip form. On a polar plot, the §;= char-
acleristic approximates a circular path {Fig. 80).

b Rn‘u b’

Packaged
34\ g Device

Figure BD
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If you were 1o plot |Si2| on a Bode Diagram. you
would see a gradual buildup at about dB/oclave at
low frequencies, a leveling off and then ultimalely a
decay at the higher frequencics. Let's now superimpose
a Dode Plot nffsn | It is constant al frequencies below
fﬂ and then decays at about 6 dB/actave, Therefore,
the product of these two characteristics would increase
up to Ig, around 100 o 200 MHz, and remain relatively

flat uniil a break point at around the I, of the transislor
{Fig. 81).

30

20

10

Figure B1

This |Si2| |Sz:| preduct is significant since it both
represents a figure of meril of the feedback or stability
lerm of the device and it also appears in the complete
equalions for Input and output reflection coclficients,
F. Combined Equivalent Circuit

If you were to now combine the equivalent circuils

drawn up 1o this point, you could arrive at a qualitative
model that describes the transistor's operation [Fig. B2).

Measurement Demonstration

Now that you've seen some lypical transistor char-
acteristics, let's actually make several measurements to see
how simply and accurately you can make the measure-

ments that will provide you with the necessary data for
designing your circuits,

The S-parameter characterislics we have scen are
those of a Model 35821E Transistor. In these measure-

ments we will measure the transistor in o K-dise com-
man emitter package,



The slandard bias conditions are: V.. = 15 volis
I, =15mA

On the polar display with the Smith Chart overlay
inserted, the input impedance can be read off directly.
Ta ensure that we are in the lincar region of the transis-
{or, we can measure 5p; at two input power levels to
the transistor. If these readings da not change, we know
that we are driving the transistor at an pptimum power
level and the S-paramelers are truly the small signal
choracterislics. 1[ we now vary the collectar current
bias level, we note very little difference (Fig. 80].

Motes:
1o Vep =15 VI = 15ma.
2. Va=15V. L= Srma.
3. Va=5VL=15m.

-
Frequency Range: 1 to 10 GHz

Figure 90

Returning the current level to the original value, we
now decrease Ve and nate a shift of the criginal char-
acteristic. Decreasing Ve causes the epilaxial layer o
be less depleted so you would expect less capacitive
reaclance in the input equivalent circuit.

1+ ‘Ir:'h = 15‘!?;. ;f . lﬁm;_
2. Vo= 15V; L. = Sma.

2.
o Incre asing
Frequency

-
Frequency Range: 1 to 10 GHz

Figure 91

Now you can measure the output reflection coefficient
(Fig. 91}. Lel's now reduce the collector current and note
the effect on this characteristic. The radial shift outward
indicates an increase in the real part of the output
impedance. This shift is due lo the real part being inversely
praportional 1o the g, of the transistor, while the collec-

tor current is directly proportional lo g, (Fig. 82,
1
RelZou}os a
I, o

Figure 92

Lel's now return [, to 15 mA and decrease Vo You
note a radial shift inward. This shift is again related to
the depletion of the epitaxial layer. -

Lel's now turn our attention to the gain of the transistor
and depress S,, with the bias conditions back al their origi-
nal values. The forward gain of the device, 5, is now visi-
ble. This chamcteristic is also affected by varying the bias
conditlans (Fig. 83].

Increasing
Frequencies
tep = 1GHz)

\

2. Vop=5V; 1. =15,
3. v“ =15 v; ]r. = DB
—— ]

me
Frequency Range: 1 to 10 GHz

Figure 53

Let's loak now at the reverse transmission characler-
istic, Sy=. This value is much smaller than the forward
gain, 80 we will have to intraduce more test channel
gain into the system lo enable us to have a reasonable
display. This characleristic is relatively invariant to
bias changes.

One characteristic that often appears on transistor
data sheots {s the relation of power gain | Sz [ versus
collector current at one frequency. This characteristic
curve was determined at 1 GHz (Fig. 94).
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Figure 94

Allow current levels, there is a gomilun! Sinzronse, Then
the power gain characteristic flattens mut and decrenyes
at higher current levels, The bese-collector transit time
determines the Mat plateau. The high ournmt callofl i
due to 1wo effects: [1] thermal efirxtts om the: tromsistor;
(2) If we Iry to pump more cucrett ity the dlevige thao
it can handle, the base of the tzmsistar stretdhes alon-
trically. Since the clectrons move acrom the Hnme
colleclor junction at a finite Tate, the turrent donsity
increases s we try 1o pump more awamt in, undl, ut
the limil, the base has siretched o tthe willdh aff the
epilaxial layer and this will accoumnt Tor the goin going
loward zero,
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Summary

“This tape has presented an overview of S-parameler
theary and has related this theory to aclual transisior
characterization,

The remaining tapes in this S-Parameter Design Semi-
nar are devoled to high frequency circuit design 1ech-
niques using S-parameters. Conslant gain and noise
figure circles will be discussed and then used in design-
ing amilmeral narrow and broadband amplifiers.

This amplifier (Fig. 95), for example, was designed
with S-parameter dala, and operates from 100 MHz o
2 GHz with a typical gain of 40 dB and flat to within
B dB across the band. A similar amplifier will be de-
signed in the next tape.

Figure 95

The use-of these design techniques and measurement
equipmen! will also prove valuable to you in your de-
wice devdlopment,




Chapter 1V
High Frequency Amplifier Design

Introduction

In this tape. the praclical application of S-parameters
will be discussed. They will specifically be applied 10
unilateral amplifier design. This tape is o conlinuation
of the Hewletl-Packard Microwave Division's 5-Param-
eter Design Seminar. We will discuss: Transducer
Power Gain, Constant Gain and Constant Moise Figure
Circles, and then use these concepls with S-parameter
data in the design of amplificrs for the case where the
transistar can be assumed to be unilateral, ar S;= = 0.

S-Parameler Review

Before introducing these concepls, lel's bricfly re-
view S-paramelers.

Z,

o Network

R AY
b:—-f'-\_,;

ﬂ.—-,\_/
bl"'——r\..)

If: 2y =2
Figure 96

As opposed to the more conventional parameter scls
which relate talal vollages and total currents at the net-
work ports, S-parameters’ relate traveling waves {Fig.
a6). The incident waves, a; and az, are the independent
variables and the reflected waves, by and bz are the
dependent variables. The network is assumed 1o be
embedded in a transmission line system of known char-
acteristic impedance which shall be designated Z.. The
S-parameters are then measured with Z. terminalions
an rach of the ports of the network. Under these con-
ditions, 5, and Sz, the input and output reflection co-
elficients, and Sz and Sia, the forward and reverse
transmission coefficients, can be measured (Fig. 97).

I:I==ﬂ

Sn:h‘ 51.":E!
“'It_-=ﬂ n'.:.'-l1=|:!
S-.'!"‘E: 522“%

Ma, =0 Ha, =0

Figurc 97

Tronsducer Power Gain

In the design of amplifiers. we are mosl inlerested
in the transducer power gain. An expression can be
derived for transducer power goin il we first redraw
the two-port network using flow graph techniques [Fig.
a8},

The transducer power gain is defined as the power
delivered to the load divided by the power available
from the source. The ratio of bz to b, can be found by
applying the non-touching loop rule for flow graphs
f;sulling in this expression for transducer power gain

ig. 99).

2-Port Z.

h| Sr_- a:
Figure 98

PI'!
_ b = [Ty

lthl‘Iu - |r|i=]
__isafu—inpu =0

[(1-— S0 = Sl - SuSLl)

Figure 99

If we now assume the network to be unilateral, that
is, S;2 is equal lo zero, this term (S315:20wl.) drops
out and the resulling expression can be separaled Into
three distincl parts. This expression will be referred
to as the unilateral transducer power gain {Fig. 100).

- AN
ll = Su[“: 1= S;,FLF

Figure 100

The first term is related ta the Lransislor or other
active device being used. Once the device and its bias
conditions are established, Sz is determined and re-
mains invariant throughout the design.

The other two lerms, however, are not only related to
the remaining S-paramelers of the lwo-port device, Sy
and Sag but nlso to the source and load reflection co-
efficients. [t is these latter two quantilics which we
will be able to contral in the design of the amplifier.
We will employ lossless impedance transforming nel-
works al the input and output poris of the network.
We can then think of the unilateral transducer power
gain as being made up of three distinct and independent
gain terms and the amplifier as three distinct gain
blecks (Fig. 101).

Gn = 1Sul*

P} £ | VL o (1= My
" 1'- _E|II-I|" l "l 11_Sflll.|_1:
=G, g Ga . G,
=G|H ' Guon + Gion
&
G, ‘— G. -I Ge 2
I I
ry S, 5. I
Figure 101



The G, term affects the degree of mismatch between
the characteristic impedance of the source and the in-
put rellection coefficient of the two-port device. Even
though the G, block is made up ol passive components,
it can have a gain contribulion greater than unity. This
is true because an intrinsle mismalch loss exists be-
tween Z, and 5, and the impedance translorming ele-
ments can be employed 1o improve this match, thus de-
creasing the mismatch loss, and can, therefore, be
thought of as providing gain.

The G, lerm is, as we said before, related to the de-
vice and its bias conditions and is simply equal lo
1S3

The third lerm in the expression, G, serves the same
funciion as the G. term, but affects the matching at
the oulput rather than the input.

Maximum unilaleral lransducer gain can be accom-
plished by choosing impedance malching netwarks such
that I, = 5" and I', = 5qa" (Fig. 102).

1 . 1
Gq man = ms'ﬁ : 18.,f 1 - |S”12
Input Z Output Z
7. Matching Matching
o " |' c. |'cm. 2
1 1
5.* 5, Sy 5,°
O, min = 0y pay 4B = G.db + Gy mas dB
Figure 102

Canslant Gain Circles
" Let's look at the G, term now in a little more detail.
We have just seen that fer I'. = 5;,*, G, is equal to a
maximum. It is also clear that for [I',| = 1, G, has a
value of zero. For any arbitrary value of G, hetween
these extremes of zero and G, max, solutions for T,
lic on a circle (Fig. 103),

For G,=0 =< g < Gguax
1—|I,)?
EI—Ts,F
Figure 103

Itis convenient to plot these circles on a Smith Charl.
The cireles have their centers localed on the veclor
drawn from the center of the Smith Chart ta the point
51" (Fig. 104).

These circles are interpreted as lollows:

Any T, along a 2 dB cirele would result in a
G, =24dB.

Any T, along the 0 dB circle would result in a
G, = 04dB, ond so0 on,

For points in this region {within the 0 dB circle), the
impedance transforming network is such as to improve
the input impedance malch and for points in this reglon
(area outside the 0 dB circle), the deviee is further mis-
matched, These circles are called constanl gain circles.

Since the expression for the output gain term, Gy,
has the same form as that of G,, a similar set of con-
stant gain circles can be drawn for this term, These
circles can be located precisely on the Smith Chart by
applving these fermulas [Fig. 105]:

onstant Gain
G, = i el [ Y

|-l' - rnsul-'
3
Figure 1Iﬁ
d, = Sy
1= [Sy 51 — g
R, = V1—g (11— |59
1= [Su[*(L =g

g = Gi(1 — |S,|9) = GG'

G, = Gain represented by the circle.

Figure 105

1. d, being the dislance from the center of the Smith
Chart to the center of the constant gain circle
along the veclor 5"

2. R, is the radius of the circle and
3. g, is the normalized gain value for the gain circle
Gi.

Conslant Noise-Figure Circuils

Another important aspect of amplifier design is noise
figure, which is defined as the ratio of the 5/N ratio at
S/Nin
5/ out

In general, the noise figure for a linear two-port has
this form (Fig. 106a), where ra {5 the equivalent input
noise resistance of the two-port. G, and b, represent
the real and imaginary parls of the source admittance,
and g, and b, represent the real and imaginary parts of
that source admittance which results in the minimum
noise figure, Frin.

If we now express Y. and Y, in terms of refllection
cocfficients and substitute these equations in the noise
figure expression, we see once again that the resulting
equation has the form of a cirele (Fig. 106B). For a
given noise figure, F, the solutions for ', will lie on o
cirele. The equations for these circles can be found
given the parameters T, Fpyp, and r.. Unless accuralely
specified on the data sheet for the device being used,
these quantities must be found experimentally.

Generally, the source reflection coefficient would be
varied by means of o slide screw tuner or stub tuners
le obtain a minimum noise figure as read on a noise
figure meter. Fo., can then be read off the meter and the

the input 1o the S/N ratio at the output. NF =



source reflection coelficient can be determined on a net-
work analyzer.

a} 2,
Linear Z,
Two-Port
F = Foun+ 2 [(8, — 80" + (b, — bol']
b) F = Fuun = 2 [(8, = 8o + (b, = b))
Substitute Y, = {—;-% Yo= 15 [‘?’
F = Faw=dr g -—1|[l‘:‘|:1|[1-“!-:- E

To Find r,, Measure F for ', =0

ir, = [FT',-d - Frlln] J]‘_I__.[t_n_ll;ﬂt

Figure 106

The cquivalent nolse resistance, r,, can be found
by making one additional neise figure reading with a
known source reflection coefficient. If a 50-chm source
were used, fer example, Ta = 0 and this expression
could be used to calculate r. (Fig. 107).

ForT,=0
tx = [Fryms — Faunl 1+ Lof

4]0[?

Figure 107

To determine a family of noise figure circles, let's
first deline a noise figure porameter, N;:

Fi - Fmi:n. n

 — 1" =

Ny == ‘ 1+ ,|

Here, F| is the value of the desired noise figure circle
and Ty, Fpp, and r, are as previously defined. With a
value for N, determined, the center and radius ol the
circle can be found by these expressions {Fig. 108}
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Figure 108

From these equations, we sce that Ny = @ where F,
= Fumin and the center of the Foin circle with zero
radius is located at T, an the Smith Chart. The centers
ol the other noise figure circles lie aleng the T, vector.

This plol then gives the noise figure for a particular
device for any arbitrary source impedance at a par-
ticular frequency [Fig, 109), For example, given a source
impedance of 40 + j 50 ohms, the noise figure would be
5 dB. Likewise, a source of 50 ohms would result in
a noise figure of approximately 3.5 dB,
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Figure 109

Constant gain circles can now be overlaid on theze
noise figure circles [Fig. 110). The resulting plot clearly
indicates the tradeoffs belween gain and noise figure
that have to be made in the design of low noise stages.
In general, maximum gain and minimum neise figure
cannot be gbtained simullancously. In this exomple, de-
signing for maximum gain resuls in a noise figure of
about 8 dB, while designing {or minimum nolse Rgure
results in approximately 2 dB less than maximum gain.

Circles of
Constant Gain

Figure 110

The relative importance of the 1wo design objectives,
goin and noise Rgure, will dictate the compromise that
must be made in the design.

[t is also important to remember that the contribu-
tions of the second slage to the overall amplilier noise
figure can be significant, especially if the first stage gain
is low [Fig. 111). It is, therelore, not always wise lo
minimize firsl stage noise figure if the cost in gain is

1st 2nd
- Stage Stage | -
F.—1
Fuvrr.ﬂl =F, + G,
Figure 111



too greal. Very often there is 2 better compromise be-
tween first stage gain and noise figure which results in
a lower overall amplifier noise figure.

Design Examples

With the concepts of conslant gain and constant
noise figure circles well in hand, let's now embark on
some aclual design examples.

Shown here is a typical single stage amplifier with
the device enmeshed between the input and oulput
matching nelworks [Fig, 112). The device we will be

using for the design examples is a HP-21, 12 GHz
transistor.

Device Quiput Matching

Input Matching
1
Y I

50 ?{ T

01

5041

The forward gain characteristic, Sa1, of this particular
transistor was measured in the previous video tape of
this seminar, and we noted that {Sa; ® is a decreasing
function with frequency having a slope of approxi.
mately 6 dB per octave, Guia,, which is the maximum
unilateral transducer gain, is essentially parallel to the
forward gain curve {Fig. 113). This is not necessarily true
in general, but in this case, as we can see on this Smith
Chart plot, the magnitudes of S,; and S, for this device
are essentially constant over the frequency band in
question (Fig., 114). Thus, the maximum values of the
input and output matching terms are also relatively
constanl over this frequency range.

G, G,

S

Ve, Su

i
Su Iy,

Figure 112
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Figure 114

To illustrate the various cansiderations in the design
of unilateral amplificr stages, let's select three design
examples (Fig. 115). In the first example, we want to
design an amplifier slage at 1 GHz having a gain equal
ta G, mas, which in this case is 18.3 dB. No consideralion
will be given in this design to noise figure. In the sec-
ond example, we will aim for minimum noise figure
wilh a gain of 16 dB. The third example will be the
design ol an amplifier covering the frequency band from
1 to 2 GHz with a minimum gain of 10 dB and a naise
figure less than 4.5 dB.
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Figure 115

In these examples, we will assume a source imped-
ance and a load impedance of 50 chms. In general, how-
ever, lhe source impedance could be complex such as
the oulput impedance of the previous slage. Likewise,
the output load is quite often the input impedance of
a fallowing stage.

A, Design for G,

Mow in this first example since we will be designing
for Gumax at 1 GHz, the inpul matching network will be
designed to conjugate match the input impedance of
the transistor. This will provide a nel gain contribution
of 3 dB [Fig. 116).
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The cutput matching network will be used fo con-
jugately match the 50-ohm load impedance to the output
impedance of the transistor. From the measured dain
for S:: at 1 GHz, we find that this matching nelwark
will provide a gain conlribution of 1.3 dB at the output.

Since the gain of the transistor at 1 GHz with 50-ohm
source and load lerminalion is 14 dB, the overall gain
of this single stage amplifier will be 18.3 dB. The match-
ing clements used can be any rouline olement—this
includes inductors, capacitors, and transmission lines.

In general, 1o transfarm one impedance lo any other
impedance at one frequency requires two variable cle-
ments. A transmission line does, by itsell, comprise lwo
variables in that both its impedance and its length can
be varied. In our example, however, we will use only
inductors and capaciters for the matching elements.

The next slep in the design process is lo plot, on a
Smith Chart, the input and outpul conslant gain circles.
If noise figure was a design consideration, it would be
necessary to plot the noise figure circles as well. In
most cases. il is nol necessary to plat an entire fomily
of constanl gain circles. For this example, only the two
circles representing moximum gain are nceded. These
circles have zero radius and are located at S)y* and S22*
[Fig. 117}

Figurc 117

26

Te facilitate the design of the malching networks,
let's first overlay another Smith Charl on the one we
now have. This added Smith Chart is orienled ot 160°
angle with respect lo the ariginal chart. The original
chart can then be used to read impedances and the
overlaid chart te read admiliances.

To determine the matching nelwork for the output,
we slart from our load impedance of 50 ohms al the
cenler of the charl and proceed along a conslant resist-
ance circle until we arrive at the conslant canductance
cirele which intersects the point representing S::.* This
represenls a negalive reaclance of 75 ohms. Hence, the
first clement is a scrics capacilor.

We now add an inductive susceptance along the con-
slant conductance cirele so that the impedance looking
inlo the molching network will be equal to 5.2

The same procedure can now be applied at the input,
resulting in a shunt capacitor and a series inductar
(Fig. 118).

i min R o
l C,=21pf
X = j2611 —
L,=4.11h}|

-
I
I
|
!
!
I
|
|
|

|

|

| |

Y I ji==j2miig Z, = l

| Eb=13nb 3o |

L= | |

501 i |

c. | o | G, I

s30dp 0 14048 | 13348 |

| Y I S — ——]
Figurc 118

There are, of course, other nelworks which would
accomplish the purpose of matching the deviee 1o the
50-ohm load and source. We could, for example, have
added an inductive reactance and then a shunt capaci-
tor for the outpul malching.

The choice of which maiching network to use is gen-
crally a practical one. Nolice, in this example, the first
choice we made provides us with a convenienl means
of biasing the transistor without adding addilional para-
sitics to the nelwork other than the bypass capacitor.
Another consideralion might be the realizability of the
elements. One configuration might give element valucs
that are more realizable than the other.

Along these same lines, if the clement values ob-
tained in this process are oo large, smaller values can
generally be obtained by sdding more circuit elements.
But, as you can see, at the cost of added complexity.

In any case, our design example is essentially com-
plete wilh the final circuit locking like this.

So far we have not considercd noise figure in this
design example, By plolting the noise figure circles for
the device being used, we can readily delermine the
noise figure of the final circuil, which in this case is
approximately 6 dB (Fig. 119).
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B. Design for Minimum Noise Figure

Let's now proceed with the sccond design example
in which low noise figure is the design objective. This
single slage amplifier will be designed to have minimum
noise figure and 16 dB gain at 1 GHz (Fig. 120).

Gra=0,+ G.+ Gy
G+ 14+ 0,

Goard G, are determined after input
maiching for minimum noise Ngtac i@ accomplithed

Figure 120

To accomplish the design, we first determine the in-
pul malching necessary 1o achieve minimum noise fig-
ure. Then using the conslant gaio cirdes, Gy, the gain
contribution at the input can be devermined. Knowing
the gain of the device at 1 GHz, the desired value of G,
the gain contribution of the output malching network,
can then be found. The appropriate eutput matching
network can be determined by using the constant gain
circles lor the output.

In this example a shunt copacitar and series inductor
can be used to achieve the desired impedance for mini-
mum noise figure. Referring once again to the Smith
Chart and the mapping techniques used previously, we
follow the constant conductance cirele from the cenler
of the Smith Chart and then proceed along a conslant
resistance circle (Fig. 121). Sometimes this requires sev-
eral trinls until the exact conslant resistance cirele that
intersects the minimum naise figure point is found,

Figure 121

Since we now know that the minimum noise fgure
cirele on the Smith Chart represents a specific source
reflection coefficient, we can insert this value of T, into
the formula for G, to determine the value of the Input
constanl gain circle passing through this poinl. In this
case, it is the 1.22 dB gain circle. This is 1.8 dB less than
the maximum gain altainable by matching the input.

We can now calculate the outpul gain circle as fol-
lows. The desired gain is 16 dDB. The gain due 1o the
input matching networks is 1.22 dB and the lorward
gain of the device with 50-chm source and load termi-
natiens iz 14 dB, The gain desired from the matching
network at the output is, therelore, 0.78 dB.

The oulput molching can again be accomplished by
using a series capacitor wilth a shunt inductor. Notice
that for the cutput matching there are an infinite num-
ber of points which would result in a gain of 0,78 dB.
Essentlally, any peint on the 0.78 dB cirele would give
us the desired amount of gain.

There is, however, a unique feature about the com-
bination of matching elements just sclecled. The value
of capacitance was chosen such that this point fell on
the constant conduclance circle which passes through
the maximum goin circle represented by Sg* [Fig. 122).

Figure 122



This combination of elements would skegre an output -

gain-frequency response that would be symmelric with
frequency.

if, for example, the [requency were Incrensod slightly,
the capacitive reactance and the inductive susceplance
would both decrease and the resulting impedance would
be at this point.

Similarly, decreasing the frequency would result in
this impedance. Both of these points fall on a constant
gain circle of larger radius and, henee, flower gain |Fig.
123).

Figure 123

The gain response for the culput matching. therelore,
is more or less symmetric around the emrter freguangy
{Fig. 124).
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Figurc 124

If we look al the input side, however, we have a far
different situation. With an increase in {requency, both
the capacitive susceptance and inductive reactance in-
crease, resulting in an increase in gain. When the [re-
quency is reduced. these quantities decrease, resulting
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in a lower value of gain, The gain rontribulion at
the input is, therefore, unsymmelric with respect to
[requency.

Since the overall gain as a Tunction of frequency is
the combination of the Gy, G, and Gz terms, the result-
ing galn would be reasonably symmetric about the cen-
ter frequency. (If another point on the 0.78 dB gain
circle at the oulput were chosen, the final overall gain
characteristic would be asymmetric with [requency.)

The impartant point is that the selection of the malch-
ing clements for the oulput, in this case, is not as arbi-
trary as il first appears. The final sclection must be
based nol only on the gain at a specific frequency but
alsa on the desired [requency response, The element
volues con now be calculated resulling in the clrcuil
shown (Fig. 125].
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Figure 125

From a practical standpeoint, one would not achieve
the noise figure design abjective for a number of rea-
sans. Far one thing, the circuit clements used for
malching purposes would have a certain loss associoted
with them. This resistive loss would add dircctly to the
naise figure. To keep this loss to a minimum, it is
desirable te use high-Q circuit elements and to use the
minimum number of clements necessary to oblain the
desired source impedance. Second, there will be some
contribution to the overall noise figure from the second
stage. Third, addilional degradation in noise figure
would occur because of device and element varialions
from unil to unit.

In praclice, typically %1 to 1 dB would be added from
these sources to the predicted theoretical noise figure
for a narrow band design. As much as 2 dB could be
added in the case of an oclave band design such as in
pur next example.

C. Broadband Design for Specific Gain and Noise Figure

Here, the design objective will be 10 dB unilateral
transducer gain from 1 to 2 GHz with a noisc figure less
than 4.5 dB [Fig. 126).

In this example, the input and output matching net-
works will be designed to have a gain of 10 dB at the
band edges only. The gain at 1.5 GHz will then be cal-
culaled. The response will be found 1o look similar to
this curve. Il a greater depree of fatness were neces-
sary, additional matching elements would have to be
added. We could then design for 10 dB gain at three
different frequencies, or mare if necessary. Three fre-
quencies would generally be the practical limit to
the praphical design approach we have been using.
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When matching is required at more than three [re-
quencies, computer-alded design ‘techniques are gen-
erally employed.

The schematic again looks similor 4o that which we
had in the previous iwo examples (Fig. 127).
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The design approach is 1o:

1. Match the input for the best compromise between
low and high frequency noise figure. In this case,
it is important to keep the number of malching
clemenls to a minimum for the reasons cited
carlier. It might be possible to get an additional
0.2 dB improvement in noise figure with one addi-
tional element, but the exira clement might, in
turn, add an additional insertian loss at 0.2 dB or
mare,

2, The next step is te determine fhe gain contribution

at the input as a result of the noise figure match-

ing. This then allows us lo calculate the desired
gain at the gutpul from the design objective.

The output malching elements are then selected,

completing the design,

Let's first plot $,* for 1 and 2 GHz and then plot the
points resulting in minimum noise figure for these [re-

quencies (Fig, 128).

3

' For the particular transistor measyred. We want to empha-
fize that the methodology followed in these design exam-
ples is more important than the specific numbers,
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Figure 128

To malch the input for minimum noise figure we must
first choose a combinalion of elemenls which glves the
best compromise at the two design frequencies, On the
plot we see that o shunt copacitor followed by a series
inductor will provide a source impedance such that the
noise figure will be less than 3.5 dB at 1 GHz and less
than 4.5 dB at 2 GHz' [Fig. 129). Al both frequencies we
are about as close as is practical 1o the theoretical mini-
mum noise figure for the device,

Figure 129

The constant gain circles, which intersect the points
established by the input matching network, are calcu-
lated and found to have the values 0.3 dB at 1 GHz and
1.5 dB at 2 GHz.

The desired gain due to output matching can now be
calculated and found to be —4.3 dB at 1 GHz and +0.5
dB at 2 GHz {Fig. 130},
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Figure 130

The constant gain circles having these gain values
are then plotted as shown (Fig. 131). A trial-and-error
process is followed to find the proper matching cle-
menls to provide the required outpul match at the twe
[requencies. Let's start from the 50-ohm point on the
Smith Chart and add an arbitrary negalive series react-
ance and the appropriale negative shunl susceptance to
land on the 0.5 dB gain circle al 2 GHz. We then deter-
mine where these matching elements will bring us at
1 GHz and, in this case, we fall short of reaching the
proper gain circle {Fig. 132). By increasing the capaci-
tive reaclance we find a combination that lands on both
circles and the design is complete [Fig. 133}

Figure 132

Figure 133

So far, by our design procedure we have forced the
gain ta be 10 0 at 1 and 2 GHz. The queslion naturally
arises, whal happens between lhese two frequencies?
From the matching element values already determined,
we can caleulate the matching network impedonces al
1.5 GHz and then determine the conslant gain circles
which intersect those points.

For this case, we find that the outpul gain circle has
a value of —0.25 dB and the inpul gain circle, a value
of +1 dB. The gain of the device at 1.5 GHz is 10.5 db.
Hence the overall gain of the amplifier at 1.5 GHz is
11.25 dB.

In summary form, the contribution of the three ampli-
fer gain blecks at the three frequencies can be seen
(Fig. 134). If the resulting gain choracteristic was not
suffiefently Nat, we would add an additional matching
element at the autput and select values fer this added
element such that we landed on the eriginal gain circles
for 1 and 2 GHz, but on the —1.5 dB rather than —0.25
dB eirele at 1.5 GHz. This would give us a gain lor the
amplifier of 10 dB al 1, 1.5, and 2 GHz with some ripple
in between.

AT 1.0 GHz

G, +Gu+G,=.3+14—43=10dB
AT 1.5 GHz

G, + G, + G, = 1.0+ 10.5 — .25 = 11.25 dB
AT 2.0 GHz

G+ G, +G,=15+804.5=10dB

Figure 134

If, however, we were salisfied with the first gain-
frequency characleristic, our final schematic would look
like this (Fig. 135).
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D. Multistage Design

While the examples we have jum mompleted are
single stage amplifiers, the techwiques presented are
cqually applicable to mullistage amplifier design. The
difference in a mullistage design 3s that the source and
load impedances for a given stage of the amplifier are,
in general, not 50 ohms but aee rather an arbitrary
complex impedance. In certain tases, $his impedance
might even have a negative real part,

Multistage design can be handiedl by simply shilling
the reference impedance 1o thr agpropriale point on
the Smith Chart. This is illustsoted In the following
example,

Let's now concentrale on the onatching network de-
sign between two idenlical stages [Fig. 136). For the
first stage, as we have seen, there is o gain of 1.3 4B
atlainable by malching the output lo:BDwhms. Similarly,
there is a gain of 3 dB attainable by matching 50 chms
lo the input af the second stage. e can then think of
a gain of 4.3 dB being attainable ‘wy matching the output
impedonce of the first stage to fhe inpul dmpedance of
the second stage.

O Q O —0
1st Znd
Stage Stage
[ o o —_—
G” G"" G!I Gli IGUJ GJ’:
30dB 144dB 13dB 3.0dB 14dB 13dB
S —
3.048B 14dB 4.3 dB 14.dB 1.3 dB
Figure 136

The conslant gain cireles lor the first stage output
would then be plotied on the Smith Chart [Fig. 137).
The maximum gain is now 4.3 dB. The gain clrcle that
intersects the point represented by the second stage's
Sy1 has a value of 0 48,

n

Figure 137

To design for a specific inlerstage gain, we could, as
before, add a series capacitor followed by a shunt in-
duclor—except in this case we start from the input
impedance of the sccond stage, Sy;, rather than the
50-ohm point.

The resulling interstage matching network looks like
this. As you can sce, the design of multistage amplifiers
is as casily handled as single slage designs (Fig. 138).
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Figurc 128
Summary

The measurement and design lechnigues demon-
stroled in this video-lape seminar are presently being
used by engineers in advanced R&D labs throughout the
world. When coupled with design and optimization
computer programs, engincers will have al their dis-
posal the most powerful and rapid design tools
available.
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