RF amplitier system design

A simplified CAD approach to
analyzing lumped elements

Solving a key problem in power amplifier design with
modern CAD tools and approaches,

By Andrey V.
Grebennikov

The parameters of power amplifier
design can be a problematic issue
in the designing of matching circuits.
In spite of numervus papers regard-
ing different matching circuit configu-
rations or their design methods, such a
problem remains real and interesting.
To solve Lhis problem successfully
ard in a timely fashion, it is necessary
to choose the most effective matching
circuit configuration to satisfy the
given requirements. Ideally, it requires
only fine tuning in the practical design.
“ching circuit technique comimonly
sesents both a theoretical analysis
(to define the appropriate matching
cireuit configuration), and the ability
to calculate its parameters in a practi-
cal fashion (to minimize final tuning).
We will survey all of these aspects and
examine the matching circuit design
with lumped elements (based on the
sirple analytical equations to caleu-

late the circuits elements for L-, -
and T-transformors). The main idea
lies in the introduction of quality fac-
Lors to evaluate bandwidth and circuit
elements. In addition, plotting the
quality factor's circles on Smith charts
substantially simplifies the final
design by making it explicit and clear.

In this case, the useful principle of

equal quality factors allows only one
Q-circle to speed up the matching pro-
cedure for multiple section matching
circuits. Such circuits generally consist
of low-pass or high-pass sections. The
matching principles are demonstrated
by the examples of two power ampli-
fiers: a narrow-band, 300 MHz, hipolar
10 W amnplifier and a broadband, 142
to 174 MHz, 150 W, metal-oxide semi-
conductor field effect transistor (MOS-
FET) amplifier.

Basic equations

The lumped matehing circuits in the
form of {a) L~transformer, (b) n-trans-
former and (¢) T-transformer shown in
Figure 1 have proven to he most effce-
tive in their implementation of Lhe
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Figure 1. Lui'hped matching circuits of L ,n and T transformers
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Figure 2. Impedance series equivalent circuit.
22 www.rfdesign.com

amplifier circuit design. The simplest
matching circuit is the matching cir-
cuit in the form of the I-transformer.
It is convenient to analyze the trans-
forming properties of this matching cir-
cuit by using the equivalent transfor-
mation of the parallel BX circuit into
the sericg one.

Let B, and X, be the active and reac-
tive parts of the eomplex impedance Z,
= (X, R /(R,+X,) of the parallel circuit,
and R, und X, be the active and reac-
tive parts of the complex impedance Z,
= (JXR,/(R4jX,) of the series cirenit
presented in Figure 2. As a resull,
these two circuits arc equivalent at
some frequency if 2, = Z,, .e. when:

X . RiiX,
REe xRy X

R, +jXi=
{1

The solution of equation (1} can be
wrillen in the form of Lwo (ollowing
expressions:

=Rl + Q/) (2)

X=Xl Q") 1)
where @ = |AX |70 = | X, ] /R, is the
qualily factor equal for both the series
and parallel circuit.

Consequently, if the reactive imped-
ance X, = -X {1 + @% is connected to
the series cireulf R,X, it compensates
the reactive impedance of the equiva-
lent parallel circuit. The input imped-
ance of the obtained two-porl network

—
Figure 3. Input impedance of the two-port network
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Figure 4. Matching circuits and relevant eyualions.

presented in Figure 3 will only be
resistive and equal to R ;- As a result,
one can transform, at the given fre-
quency, the resistance R, into the
other resistance R,. It is sufficient to
connect a two-port L-transformer with
the oppesile signs of the reactive
impedances X, and X, and with the fol-
lowing parameters:

R
X1 5 1= R, and 4)
. R
et

between them.

Due to the opposite sigms of the reae-
tive impedances X, and X,, two possi-
ble circuit configurations of the L-
transformer with the same transform-
ing properties can be realized (scc
Figure 4). A simple and important
expression follows from equation (4),
which allows direet and fast caleulat
ing of the parameters of the L-irans-
formers, The equation is:

= %
(5)

whore C = ), L = L, arc for the match-
ing circuit in Figure 4 (a) and L = L,
C = €, arc for matching circuit in
Figare 4 (b).

The matching vircuils in the furm of
{a) the n-transformer and (b) the
T-transtormer can be realized by the
appropriate connection of two L-trang-
furmuers as is shown in Figure 5. By
r ns of each L-transformer, the

cances R, and R, are transformed
tu wome intermediate resistance R,
These values are Ry < (&, It,) for
n-transformer and the value of R >

24

(12}, R,) for Ttransformer. Taking into
account the two circuit configurations
of the L-transformer presented in
Figure 4, it is possible to realize the
different circuit configurations of such
two-port transformers where X, = X,” +
Ay n Figure b (a) and X, = X" X,"/(X,
+X,”) in Figure 5 (b).

Filtering properties

The matching eircuits in the form of
the L—transformer loaded on the resis-
tance R, can also be considered as the
parallel resonant circuit prescnted in
Figure 6. The series inductance and
resistance are the frequency-depen-
dent functions in the following form;

Bi=Ry'= R+ ), and

Ly=LA1+Q %)
(6)

where (= wl/R,. As a result, the res-
onant frequency of this equivalent par-
allel resonant circuit is determined
from the following equation:

L (k)
LoCo | Ly

Under the small values of @, wider
frequency bandwidth (but simultane-
vus poor oul-of-band suppression) also
characterizes such a matching cireuit.

=2 f. =
(7

Figure 5. Matching circuits developed by con-
necting two L transformers.

However, under the large values of Q,
the frequency bandwidth substantially
reduces. For the case of R(/R, = 10,
which corresponds to the condition of Q
2 3, the frequency handwidth 2AF and
out-of-band suppression factor F, can
be evaluated by the same formulas as
for a parallel resonant cireuit |11;

240f = /—, and I = Q%n* -1)
9 ®)

where [, is the operating frequency on
which |Z,| = R, and n is the harmonic
number (Figure 7 shows the frequency
behavior of the input impedance mag-
nitude of the parallel resonand eircuit
Zi|).

To avoid parasitic low-frequency
oscillations and to increase the level of
the harmonic suppression it i3 neces-
sary to conncel an additional LC,
series circuit with the resonant fre-
quency equal Lo the operating (requen-
cy of the power anplifier (see Figure
8).

Efficiency

The efficiency of such a transformer,
Ty, 1s determined by the ratio of P /P,
P, is the power at the input of the
transformer, F| 1s the load transformer
puwer. 1t ean be readily shown that for

o *

O

Figure 6. A parallel resonant circuit resulting from loading the L transformer on A,
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Figure 7. Frequency plot of the input impedance for the parallel resonant circuit.
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G that enly two
elomonts, as
well as sim-
ple tuning,
can be imple-
R, | moented. For
larger values
of @, Q> 10,
it is possible

to use cas-

Figure 8. L, and G, series circuit for parasitic osciflation prevention.

an L—transformer with ncgligible loss-
es in the capacitor, the efficiency is cal-
culated from the following equation:

9

where (},, is the inductor quality fac-
tor. From equation (9) it follows that
with the inerease of ¢, the efficiency of
the transformer decrcases. The analy-
sis of equations (4} and (5) shows that
for the given resistances K, and K,
each parameter of L-transformer can
have only one meaning. As a result, it
is difficult to simultaneocusly satis{y
such contradictory requirements as
efficicney, frequency bandwidih and
out-of-band suppression.

It is advisable to use two-port
L-transformers, in narrow-band power
amplifiers, as the interstage matching
circuits. This applies where the

irements to the out-of-band sup-
pae-sion and efficiency are not so high,
rather than for the matching circuits
in the output stages. In this case, the
main advantage of such a design is

26

caded con-

L-transform-
crs that allow wider ficquency band-
width and transformer cfficiency.

1 transtormers

Beveral vl the most widespread and in-
practice two-port -transformers with
the design [ormulas are presented in
Figure 9 {2). The w-transformers are
widely used as output matching cir-
cuits of high-power amplifiers in class
B operation. This is so that one can dif-
ferentiate the fundamental voltage
drain or colleclor waveform from the
appropriate harmonic suppression,
They are also convenient to usce as
interstage matching circuits in low-
power and medium-power amplifiers.
This works when it is necessary o pro-
vide the fundamental voltage wave-
forms at the drain or collector of Lhe
previcus transislor and al the gate or
base of the next transistor. In this case

the input and cutput capacitances of

these transistors can easily be taken
into account in the matching circuit
elements C| and C,,. Finally, use of the
m—transformers can be work for high-
efficiency class B operation when it is
necessary to provide the appropriate
capacitive output load transistor

www.ridesigh.com

nections of

impedance.

T-ransformers

Some of the matching cireuit config-
urations of two-port P-transformers,
with the analytical formulas to ealeu-
late the puramcters of each trans-
former, are given in Figure 10 [2]. The
T-transformers are usually used in
high-power amplificers both as
input/interstage und output matching
circuits. Choosing a high value of the
inductance L, wili provide the current
waveform at the input of the fransistar
with a small value of the input resis-
tance that will be close to a sinusoidal
waveform.

Bipolar UHF narrow-band PA
design

A lumped matching circuit tech-
nigne will he illnatrated throngh the
design of o 10 W, 300 MHz, bipolar
amplifier with a supply voltage of 12.5
V providing a gain of at least 10 dB.

First, sclect an appropriate active
device. The correct device allows both
simplilication of the circuit design pro-
cedure by using the matching circuit
with minimum clements and satisfac-
tion of the specified requirements. For
example, the above-mentioned require-
ments can be provided with n—p-n sili-
con Lransistors intended lor transmis-
ston applications in class A, B, or C,
VI and UHF ranges.

The manufacturer usually states the
values ol the complex input and vutput
impedances or admitlance at the nomi-
nal operation point on the data sheet
for the deviee. Al Lhe operating [re-
quency of 300 Milz, Z, =<1.3 + j0,9; €2
and Y, = {150 - 370) m&. In this case,
Z,, s expressed as o series combinalion
of inpul transistor resistance and
inductive reactance whereas Y, is rep-
resented by a parallel combination of
output resistance and inductive reac-
tance, This means that for a chosen
operating {requency, the influence of
the series parasitic collector lead
inductance prevails over the influence
ol the parallel colleclor capacitance.
The sunt of Lhese gives a total indue-
Live reaetunee of Lhe cquivalent output
cireuit for the active device. To match
series input inductive impedance to
the standard 80 L& inpuat source imped-
ance, it is advisable to use a matching
circuit in the form of a T-transformer
(see {ipure 10-b). As a result, the com-
plete input network, including input
device impedance and a matching cir-
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Figure 9. Common two-port networks and related equations.

cuit, is presented in Figure 11. At the
operating frequency of 300 Mz input

inductance will be approximately 0.5 o] :A-l— =30 pf
nH. leRl

First, define a value of the quality O
factor @, This is necessary in order to Li+ b= dulln e M = L= 4.0 nH
calculate the parameters of the matich- @
ing circuit and caleulated as:

and
. R
Q2> —1::71 6.1 oo Q=@

are as follows:

R (14+Q )

Consequently, a value of &, must be

Figure 10. Common matciung clrcults with relalod equations.

naling the low (requency parasitic
oscillations in the case of a multistage
powor amnplifter.

The function of cach element for
visual effcet can be traced on the
Smith chart in Figure 12. The easiest
and most convenicnt way to initially
plot the traces of the matching circuit
clements is to initially plot the traces
of @, und ¢, Then Lhe trace of indue-
Lance L must be plotted until it inger-
seels wilh the @, cirele. The trace of
capacitance C, should be plotted until
it interseels with the @, circle.

larger than 6.1. In this example we
“oose a value of @, = 6.5. This allows
alizing the 3 dB level bandwidth by
“the following: 300 MHz/6.5 = 46 MHz.
As a result, the value of &, will be
equal to 0.35 and the values of the

parameters of input matching eircait

28

it should be noted that such a
TAransformer is widespread in practi-
cal matching eircuit design. This is due
to their simplicity and convenicnce in
tuning.

Furthermore, a small value of series
capacitance, €|, contributes to elimi-

www.rfdesign.com

A similar design philosophy cun be
applied to the design of the output
matching cireuil shown in Figure 13.
Howaever, tuking into account the pres-
ence of paraliet output inductance, it is
advisabie to use a matching circuit in
the form of the m—Lransformer shown
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circuit is given by:

Q- R - 047
Wl

Rsource = R1
1L is necessary to make sure that a
value of L, allows matching to a 50 Q
J load impedance by the following:

Figure 11. Complete input netwark circuit.

in Figure 9 (c). The output resistance, 1s the saturation voltage, P, is the Q= f—Ei(l-f-le)—l =28>25
collector capacitance and lead indue- output power, and X (substantiated T

tance, (the influence of which beconies approximately from the measurement

significant at the higher frequencies)  results: B, =1/015=6.7Q, avalue of  As u result, the values of the other two

can represent device output impedance L, is approximately equal to 7.6 nH. output matching circuit elements will
in a common case. The output resis- The value of the gquality factor Q. be as follows:
tance can be analytivally vvaluated by: that is necessary to caleulate the para-
meters of the matching cireuit is as fol- 0
¥ lows: Ca= =31 pl*, and
R = [‘fru had ‘Vrnunf _ : G)Rz p
Y - o Ra(Qe—
e Q>\f1€z | g Le=D) oon
2 w— =1 =44 ‘
©Veey =630 R w@d+Q:)
21')11111.
At the same time, the value of the A stopping capacitor that performs

where V; is the supply voltage, V.. quality fuctor Q1 of the deviee’s output DC supply decoupling can be connected

—

Figure 12. Smith chart with parameters frem Figure 11.
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MOSFET VHF broad-
band high power
amplifier design

For broadband ampli-
fiers, a lumped matching
cireuil Lechnique will be
demonstrated using a 150
W amnplifier with V, of 50
V, an operating bandwidtlh
of 132 to 174 MHz, and o

B2 = Rigay

Figure 13. Allernative ou{put matching circuit.

after a T-transformer, with a suffi

ciently high value of its capacitance, to
avoid influencing the matching circuit
design process. Alternatively, it can be
used in series with the inductance Loy
to form a series-resonant circuit as
shown in Figure 8. The Smith chart of
Figure 14 presents the output circuit
design.

It is necessary lo transform the out-
put admittance Y, to the outlput
impedance Z,,,. The trace of inductance
L, must be plotted as far as its inter-
secting point with the @, circle.

gain of more than 10 dB.
These requirements can
be realized by using a
high power, vertically-diffused melal
oxide semiconductors (VDMOS) tran-
sistor designed for large signal umplifi-
er applications in the VHI band. The
center bandwidth frequency f, is
defined as: /, = V132 ¢ 174 = 152 MHz.
For this operating frequency the
manufacturer states the [ollowing val-
ues of thie complex input and output
impedances: Z,, = (0.9 -j1.2) Qand Z,,
= (1.8 + j2.1) {2 Iu this case both Z;,
and Z,, are expressed as a scries com-
bination of input or oulput resistance
and capacitive or inductive reactance.

To achieve the required bandwidth,
low—£) matehing eirenits should he
used, which provide for the reduction
of in-band amplitude ripple and
improving input voltage standing wave
ratio (VEWR) The value of a quality
lactor for 3 dB level bandwidth must
bo less than € = 152/(174 - 132) = 3.6.
As a result, it is convenient to design
input and oulpil, matehing eirenits by
using the simple L-transformers in the
form of low-puss and high-pass filter
seclions, with a conslant vatue of @.

To match the series input capacifive
impedance to the standard 50 Q input
source lmpedance, it is necessary to
use three filier sections (sece Figure
15). At the operating frequency of 152
MEHz the inpul capacitance needed is
approximately 873 pF. At the center
frequency, to compensate for this
capacitance, ¢onnget, 1n scrics, an
inductance of 1.3 nH.

'To simplily the matcehing desigh pro-
cedure it is udvisable to cascade L-
transformers with a constant value of
€. Although the requirement of a con-

Figure 14. Smith chart supporting the circuit of Figure 13.

34
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L Litl CTETTTTTTTT matching circuit design using a stan-
2 g P j dard Smuth chart. So, after calculating

| a value of @, it is necessary to plot a
constant @ cirele on the Smith chart,

<
N g . : i . Next, cach element of input matching
source = R I ; circuit can be readily determined (see
i l l """"""" Figure 16).

To maich the serics eutput induetive
- impedance to the standard 50 @ load

Figure 15, Multiple filter section far impedance matching. impedance, use two (iter seclions (see
Figure 17). At the operating frequency

stant @ s not strictly necessary, this which gives the values of ft, =13 Q of 152 Mz, the output inductance will
provides a convenient guide for both and £, = 3.5 Q for Resource = £, = 50 be around 2.2 nH. This inductance can
analvtical caiculation of matching eir- £ and By, = 0.9 Q. Consequenlly, the be used as a part of L-transformer in
cuit parameters and Smith chart quality factor of each L-transformer is the form of a low pass filter section. In
graphic design. equal to a value of @ = 1.7. The values this case, the condition of equal Q gives

In this case, for the input matching of the eloments of the input matching the following ratio for an cutput
circuit, the following ratic can be writ- ¢ircuit using the furmulas given in matching cireuit :
ten as; Figure 4 are calculated as follows:

R R R Ly =31 nH, C, =47 pF, L, = 6.2 nH, %: f’

=it Cy - 187 pF, Ly = 1.6 nH, C, = 509 pF. U

RI} RH Rm

The case of a constant @ simplifies a and using the following values: R, =

Figure 16. Smith chart detailing behavior of the circuit of Figure 15.
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95Q, Bu=R,=50Qand R, = 1.8
{2, Consequently, a quality factor of
each L—transformer is equal to @ = 2.1,
which is substantially smaller than a
value of @ for 3 dB level bandwidih.
Now it is necessary to check the valuc
of the series inductance of the low pass
section. This value must exceed 2.2 nH
for correct matching procedure. The
appropriate calculation gives the value
of total series inductance L, + L, as
approximately 4 nli. As a result, the
values of the elements of the output
matching cireuit are s follows:

L,=18nH, C, =231 pF, C;=52pF, L,
=25 nH.

The output matching circuit design
using a standard Smith chart with a
constant @-circle is shown in Figure
18,

Conclusion

The matching circuit design tech-
nigue with lumped elements is based
nn simple analytical equations that
caleulate the circuits elements for L-,

- and T-transformers.

This technique presents a simple
approach to designing matching cir-
cuits, successfully and efficiently, by
using the most effective matching cir-
cuil configuration and requiring mini-
mal fine-tuning in practical design.

Plotting of the quality fuctor circles
on a Smith chart simplifies the final
design by making it expilicit and clear.
Additionally, it wus proposed a useful
principle of quality factors that allows
limiting to one Q-circle. The procedure
also quickens the matching procedure
for multiple-scetion matching cireuits,
which consist of Jow pass or high pass
sections.

The matching principles were
demonstrated using narrow-band UHF
bipolar power amplifier and broadband
MOSFET high power amplifier, both
analytically and by Smith chart.
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