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ABSTRACT In this paper, an approach for the practical design of broadband amplifiers in hybrid technology
is presented. It is based on the use of non-uniform transmission lines to implement impedance matching
networks, which are synthesized exploiting the powerful optimization tools available in the most common
computer-aided design software packages. The versatility of the proposed technique makes it suitable for the
design of a wide variety of broadband amplifiers. Furthermore, it is easily implementable in most microwave
simulators and allows a considerable design time reduction, since it can be applied in a systematic way
and avoids the use of external tools. To validate the technique, it is applied to the design of a low noise
amplifier using a single encapsulated transistor. A prototype was implemented, providing 10-dB flat gain
from 1 to 12 GHz, noise figure under 2.5 dB, and acceptable input and output matching, which agrees with
the simulation data.

INDEX TERMS Broadband amplifiers, impedance matching, non-uniform transmission lines, hybrid

integrated circuits, circuit optimization.

I. INTRODUCTION

The design of broadband amplifiers working in the
microwave and millimeter wave frequency bands has been
widely treated during the last decades. On the one hand, Low
Noise Amplifiers (LNA) are usually based on distributed
topologies including several feedback transistors in which
RLC networks are used to flatten their frequency response
and to provide adequate impedance terminations [1]-[7].
Although these techniques provide very good results regard-
ing the gain flatness, noise figure and impedance matching,
they are only suitable in MMIC implementations. Further-
more, there is a great number of applications in which the
custom design of the receiver front-end stage is required to
limit the noise power, to facilitate the integration with the
following stages, or to reduce the system cost, among many
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other causes. In that case, the LNA design usually comprises
encapsulated transistors and input and output matching net-
works, which strongly conditions its performance.

On the other hand, considering Power Amplifiers (PA),
they usually include broadband ladder impedance matching
networks [8]-[14], which are obtained by interconnecting
several transmission line sections with different characte-
ristic impedance in the lowest microwave frequency band,
or using transmission line segments connected with bond
wires at higher frequencies. This approach presents some
practical problems. In the first case, the radiation from the
discontinuities may cause parasitic coupling and unwanted
feedback phenomena, with an impact on the circuit stability.
In addition, in the latter case, there is not a systematic design
procedure, but it is usually based on the designer know-how.

This work presents an approach to design custom broad-
band amplifiers in hybrid technology, using discrete tran-
sistors. The proposed technique is based on the use of
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well-known Non-Uniform Transmission Lines (NUTL) to
implement the required broadband impedance matching
networks, and exploits the powerful optimization tech-
niques available on the most common CAD packages.
During the last years, a number of works describing
analytical methods [15] to synthesize NUTL based broad-
band impedance matching networks [16], [17], ultra wide-
band filters [18], electromagnetic bandgap structures [19],
and pulse shaping devices [20] with applications in med-
ical imaging [21], have been presented. Despite the good
reported results, the main drawbacks of these techniques are
the necessity of the in-house implementation of the synthesis
algorithm, the restriction of the line shape variation imposed
by the considered method and the fact that, when using
the resulting structures as a part of a more complex circuit,
a global optimization of the system using CAD tools is still
required.

On the other hand, to partially overcome the previously
cited disadvantages, the possibility of directly synthesizing
NUTL structures together with the circuit in which they
are included, has also been described in the technical lit-
erature, with applications in the design of multi-harmonic
DC-bias networks [22], [23], and in the optimization of
multi-functional circuits based on harmonic [24], synchro-
nized [25]-[28] and high efficiency [29], [30] oscillators.
References [22]-[30] show that the key feature of the NUTL
structures is the possibility of accurately controlling their
input impedance over a relatively large frequency range
located around different frequency points, which provides
high design flexibility. In this way, the reported struc-
tures should be considered as multi-band instead broad-
band networks. From a practical point of view, the direct
synthesis of the NUTL structures together the rest of
the circuit considerably reduces the design time and
complexity.

To demonstrate the viability of using NUTL based net-
works as practical broadband impedance matching networks,
a broadband LNA which simultaneously provides 10 dB
gain, noise figure less than 2.5 dB, and acceptable input and
output impedance matching from 1 to 12 GHz was designed
and implemented. First, the frequency dependent optimum
impedance terminations are determined using the classical
small signal approach. Next, the matching networks based on
NUTL are synthesized in an optimization process which can
be implemented in most commercial CAD software packa-
ges. Finally, a global optimization is carried out over the
whole circuit. Due to its versatility and generalist charac-
ter, the method can be easily extrapolated to be applied in
the design of broadband power and multi-stage amplifiers,
or adapted to other frequency limits, which will depend on
the characteristics of the active device and on the suitability of
using hybrid technology on the considered frequency range.
To the best knowledge of the authors, this is the first time
that NUTL structures synthesized through CAD optimization
tools are used to design practical broadband amplifiers in
hybrid technology.
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The paper is organized as follows. In section II, the topo-
logy of the amplifier and the design method are described.
Section III is devoted to the global optimization and fine
tuning of the circuit using full wave methods. Finally, in
sections IV and V, implementation aspects and experimental
results are presented.

Il. TOPOLOGY AND DESIGN

A. TOPOLOGY

The topology of the broadband LNA is schematized in Fig. 1.
It is based on a single encapsulated ultra low noise pHEMT
transistor. The Avago ATF36077 transistor was selected
because it provides low noise figure in combination with
moderate gain, and there is available a very good simulation
model. The transistor works in common source mode and
it is DC-biased with a drain voltage V; = 2 V and gate
voltage V, = —0.15 V, which provides a drain current
I; = 15 mA. The DC-bias signals are connected to the
transistor through two identical RF chokes, with an approx-
imate inductance value Lchoke =~ 12 nH and estimated self
resonant frequency fsrr above 14 GHz. A 50 €2 resistor Rchoke
is added in series with the gate RF choke for low frequency
stabilization purposes. Another resistor R; = 20 2 is series
connected with the transistor drain to improve the stability
of the circuit. The reference planes at which the frequency
dependent S parameters of the transistor are calculated are
indicated in Fig. 1.

Rchoke

Ve
TS5
T
Output matching
Z, Input matching 4'l ! network Z
network r
l"ml, out,f

FIGURE 1. Topology of the amplifier. The reference planes at which the S
parameters are evaluated are indicated with dashed lines.

B. CALCULATION OF THE OPTIMUM LOADS

In a first design step, the input and output optimum loads
which simultaneously provide the required gain, noise fig-
ure, and input and output impedance matching, are selected
using the conventional small signal approach [31]. They are
defined in terms of their associated reflection coefficients
Lins and Ty g, respectively, and calculated at discrete fre-
quency points, covering the range between 3 and 13 GHz,
with 2 GHz step.

The procedure is illustrated, at f = 7 GHz, in Figure 2.
First, the output load I, 7 over the power gain circle G, =
10 dB was selected. Next, the circle containing the input
impedance values set f‘in,7(F0u,,7) that provide a maximum
input voltage standing wave ratio VSWR;, = 1.5 when the
output reference plane is loaded with the value of I',,,,; 7 is cal-
culated. Finally, the value of I';, 7 which provides minimum
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FIGURE 2. Selection of input I';, 7 and output I'yy 7 reflection
coefficients, at 7 GHz, as a trade off between gain, noise figure and input
and output impedance matching.

noise figure is selected over the previously calculated circle,
and the amplifier output VSWR is estimated. The input and
output stability circles are located around the border of the
Smith Chart, due to the effect of the drain resistor, and they
are not shown for the sake of the representation clarity. With
the particular selection of I',,; 7 and I, 7 indicated in the
figure, the amplifier is expected to provide a power gain
G, = 10 dB, noise figure NF < 2 dB, input VSWR;;, < 1.5
(8511 < —14dB) and S < —10dB, atf = 7 GHz.

Note that the particular selection of I';; s and I'y,, s repre-
sents a trade-off between gain, noise figure, and input and
output impedance matching of the amplifier. If it were not
possible to meet the design specifications, the value of I, 7
would have to be modified and the procedure repeated,
or even the maximum value of VSWR;, increased.

In order to determine the frequency dependent behavior
of the input and output matching networks, the described
procedure is repeated for all the considered frequency points.
The selected values of input and output reflection coefficients
are shown in Fig. 3, at frequencies from 3 to 13 GHz, with
2 GHz step. The lines connecting the highlighted points do
not represent valid values, but they help to understand the
representation.

C. SYNTHESIS OF THE IMPEDANCE

MATCHING NETWORKS

Once that the optimum reflection coefficients I', r and Iy 1
at each considered frequency point are selected, the broad-
band matching networks based on NUTL can be synthe-
sized. During the last years, some algorithms to obtain the
width modulation function from the previously known fre-
quency response [15]-[20] have been developed. However,
in this work, a design approach directly implemented over
the CAD software is used. The shape of the non-uniform
transmission line is synthesized taking advantage of the
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FIGURE 3. Set of selected input [';, s and output I'y; f reflection
coefficients, compared with those provided by the AWMML after the
optimization process. The traces connecting the highlighted points do not
represent valid values.

powerful optimization tools available in most commercial
microwave CAD software packages, avoiding the use of
external in-house developed synthesis algorithms and, thus,
increasing the flexibility of the method while reducing the
design time.

The structure of the impedance matching networks, which
can be seen as a transmission line whose width varies along
its longitudinal direction, is shown in Fig. 4. The circuital
implementation is composed of N trapezoidal shape short
transmission line sections connected in series. In this work,
N = 150 was selected. In the case of using microstrip trans-
mission lines, most of commercial CAD software packages
include an acceptable model of the trapezoidal shaped seg-
ment line. If other technologies are considered, or the model
is not accurately implemented, it can be easily defined by the
user, increasing in this way the versatility of the technique.
Each base element is defined by its length AL, left hand side
width Wil , and right hand side width Wi’, with i the number of
the element, varying from 1 to N. The left hand side width of
each base element is forced to be equal to the right hand side
width of the immediately previous one Wil = W/ |, toensure
a smooth variation of the shape.

W =W

|
W |
En (out),f N ZL
AL
+«-— =N AL————

FIGURE 4. Structure of the Arbitrarily Width Modulated Microstrip Line
and optimization setup.

To start the optimization process, all the elements
are initialized with the same width. Thus, at this point,
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a conventional transmission line with arbitrary length is
obtained. One of its two terminals is loaded with the sys-
tem reference impedance, usually Zj ) = 50 2. At the
other terminal, the frequency dependent reflection coefficient
Cin(our),r 1s evaluated. The goal of the optimization process is
to obtain a NUTL whose input reflection coefficient is equal
to those calculated in the previous design step (I'i r or Iy 1
depending on which structure is being optimized), at the
considered frequency points. The optimization variables are
all the width parameters {W,.’, Wl.l}, and AL. The parameter
Wy is set equal to the width of a conventional transmission
line with characteristic impedance Z, = 50 €2, and fixed.
Figure 3 represents the frequency dependent input reflection
coefficients I'j; s and Loy s of the input and output mat-
ching networks, respectively, after the optimization process,
together with the previously calculated goal values, showing
very good agreement between them. The shape of the two
matching networks is schematized in Fig. 5.

=—_ 3
O

< 48.2 mm »

FIGURE 5. Shape of the input (below) and output (above) impedance
matching networks after the optimization process. The left hand side
terminal is the one connected to the corresponding transistor port.

IIl. AMPLIFIER GLOBAL OPTIMIZATION

After synthesizing the input and output matching networks,
the frequency response of the whole amplifier was evaluated.
The result is represented in Fig. 6, showing that the circuit
meets the initial requirements only around the frequency
points that were taken into account in the optimization pro-
cess. Therefore, a second optimization step is required. In this
case, the goals are expressed in terms of the S parameters of
the amplifier:

S1u(f) < —6(dB)
$2(f) < —10 (dB) (D
$21(f) > 10 (dB)

where f is evaluated at discrete points between 3 and 13
GHz, with 0.5 GHz step. Again, the optimization variables
are the geometrical parameters that define the shape of the
matching networks. The frequency response of the amplifier
after this second optimization step is superimposed in Fig. 6,
together with that obtained after the first one, which was
performed over the two isolated matching networks. As can
be observed, the goals expressed in (1) are satisfied and
the circuit presents an acceptable performance in terms of
stability, gain and input and output impedance matching.

A. FINE TUNING OF THE MATCHING NETWORKS
The circuital model of the short length trapezoidal trans-
mission line segments implemented in the CAD software
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FIGURE 6. Frequency response of the amplifier after the global
optimization (second step, superscript '), compared with that obtained
after the optimization of the isolated matching networks (first step,
superscript °).

packages provides a relatively good estimation of their behav-
ior, but it does not take into account effects as the inter-
connection between them, or the electromagnetic coupling
phenomena that can appear between sections of the same
structure, depending on its shape. Therefore, despite the cir-
cuital model allows the direct and fast optimization of the
NUTL, the effects which are not considered could have a
negative impact on the circuit performance.

To solve this problem, the frequency response of the two
matching networks was calculated in a more accurate way
using a full wave electromagnetic solver based on the Method
of Moments (MoM) technique. Figure 7 compares the behav-
ior of the amplifier obtained with the circuital model and with
the MoM technique, predicting that the frequency response
of the manufactured prototype, which is expected to be sim-
ilar to that obtained with MoM, will appreciably degrade,
reducing the bandwidth and the gain. Thus, the impedance
matching networks have to be modified in order to achieve
that their MoM frequency response match that obtained with
the circuital model after the two step optimization and, hence,
leading to the desired behavior of the implemented prototype.
To do that, an easily implementable procedure, specially
suited to the NUTL characteristics, was developed. Taking the
circuital implementation of the NUTL as reference, its actual
nominal length L = L,,, is modified until its frequency
response is as close as possible to that obtained with the
MoM technique. Let us assume that the necessary length
modification is 8 and, hence, the length after this stepis L' =
Lyom + 81. Next, a new NUTL schematic model is created,
with length L” = L,,,, — 81, keeping constant all the width
parameters. If the value of §/ is small enough, which occurs
when the circuital model is acceptable, the MoM frequency
response of the new structure will match that of the origi-
nal circuital model. Since the calculation of the correction
factor &/ is performed over the circuital model, a reiterative
rescaling of the electromagnetic model (MoM) is avoided,
which results in a reduction of design time. The frequency
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response of the amplifier after the correction is superimposed
in Fig. 7, showing the validity of the proposed correction
method, because of the agreement between the corrected elec-
tromagnetic and the initial circuital models. Finally, the value
of I'j, s, evaluated before and after the correction, is repre-
sented in Fig. 8. From the similarity between the two traces,
it can be concluded that the noise figure of the of the amplifier
will not be appreciably degraded.

15
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FIGURE 7. Influence of the electromagnetic effects that are not taken into
account in circuital models on the circuit performance, and frequency
response of the amplifier after correcting the impedance matching
networks.

---- Before corr. — After corr.

FIGURE 8. Tj, ¢ before and after the fine tuning of the matching
networks.

IV. IMPLEMENTATION

A prototype was implemented on Arlon 25N substrate, with
nominal dielectric constant &, = 3.38, tand = 0.0025, and
thickness 7 = 0.75 mm. This substrate was selected because
it provides a good trade-off between cost and variation of
losses with frequency, and due to its mechanical rigidity.
The circuit was structured through a laser ablation procedure,
which is able to accurately reproduce the shape of the opti-
mized matching networks. Two end-launch SMA connectors,
with maximum working frequency f,,x = 27 GHz, from

19674

Southwest Microwave were used as coaxial interface with
the measurement equipment. A picture of the implemented
prototype is shown in Fig. 9.

Pl ____Pregmmm <

FIGURE 9. Implemented prototype. Left hand side connector corresponds
to input port.

The RF chokes used as a part of the DC-bias networks
were in-house implemented as air core coils, with 0.55 mm
core diameter, 0.02 mm wire diameter and 7.5 turns, which
provides an inductance value Lcpoke ~ 12 nH and estimated
self resonance frequency, fsrp, above 14 GHz [32], when
mounted on the circuit.

V. EXPERIMENTAL RESULTS
The implemented prototype was characterized in terms of its
frequency response, noise figure and linearity.

A. FREQUENCY RESPONSE

The S parameters of the amplifier were directly measured
through a Keysight N5247A PNA-X Vector Network Ana-
lyzer (VNA). They are represented in Fig. 10, together with
simulation data obtained when considering the MoM evalu-
ated frequency response of the corrected matching networks.
The measured bandwidth is slightly reduced when compared
with simulation data, which could be due to a reduction of
the particular fsgr value of the RF chokes, which depends
on the way they are mounted. At any case, the prototype
provides a nearly flat frequency response with 10 dB gain
between 1 and 12 GHz, §1; < —6 dB, and S2; < —10 dB
over most of the considered range. The good agreement
between simulation and measurement results demonstrates
the potential of the impedance matching networks based on

S| (dB)

FIGURE 10. Measured frequency response of the implemented prototype,
compared with simulation data. Continuous traces represent
experimental data. Dashed lines correspond to simulation data.
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NF (dB)

FIGURE 11. Measured Noise Figure, compared with simulation data. The
shaded area represent the measurement uncertainty o = +0.25 dB.

non-uniform transmission lines, and the validity of the design
methodology.

B. NOISE FIGURE

The amplifier noise figure NF was measured using the
Y-factor method [33]. A Rohde&Schwartz FSP40 spectrum
analyzer was used as measurement instrument, together with
the noise source NC346A, from NoiseCom. Since the availa-
ble spectrum analyzer has not a built-in preamplifier, an exter-
nal one was used to improve the measurement accuracy. The
selected model is the Herotek A182275. The obtained results
are depicted in Fig. 11, together with simulation data. The
measurement uncertainty ¢ was determined from the previ-
ously measured values of gain and input and output matching
(see Fig. 10), and the noise source parameters provided by
the manufacturer. It was found to be 0 = +0.25 dB in the
worst case. Simulation data was obtained by comparing the
reflection coefficient I';, ; with the theoretical noise circles.
Note that the values of I';;, s obtained through electromagnetic
simulation have to be used in order to ensure accurate results.

C. LINEARITY

The amplifier linearity was characterized through the mea-
surement of the well known figures of merit 1 dB compres-
sion point, P14p, and the Third Order Interception Point OIP3.
The obtained results are represented in Fig. 12, together with
simulation data, showing good agreement between them. The
measured values of Pjsp and OIP3 are consistent with the
topology of the amplifier, which uses only one small signal

20
15

Figures of merit (dBm)

FIGURE 12. Comparison between simulated and measured figures of
merit Py 45 and OIP3.
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transistor, with the transistor characteristics provided by the
manufacturer, and with the DC-bias point. The P45 reduction
observed at f = 2 GHz is due to the peak gain achieved
around that frequency. In the case of the OIP3, it is a classical
figure of merit that is only able to provide a rough idea about
the circuit linearity. To characterize it in a more complete
way, the output power difference between the fundamental
and the third order distortion components, AP = Pfpg—P3q,
was measured, for different values of input power P;,. The
frequency separation between the two test tones was selected
to be 10 MHz. The result is represented in Fig. 13, showing
that, when the input power is around 5 dB smaller than P43,
the power difference between the fundamental component
and the third order distortion one is bigger than 40 dB over
most of the considered frequency range.

90
70 25 dBm
e N
E -20 dBm
7 50 KO\ -15 dBm
a? -10 dBm
10 i i i i i
1 3 5 7 9 11 13
f (GHz)

FIGURE 13. Measured power difference AP = Py,,q — P53,q4 between the
fundamental and the third order distortion components, for different
input signal levels.

Finally, in order to provide a general overview of the
described design approach capabilities, and the LNA perfor-
mance, two comparisons with previously published works
were performed. First, Table 1 summarizes a performance
comparison between the prototype presented in this work and
other LNAs recently reported. From the table, the prototype
presented in this work provides competitive results in terms
of broadband low-noise amplification in the low microwave
band. Note that, in this work, the amplifier is implemented in
hybrid technology using a single encapsulated GaAs pHEMT
transistor, whereas the cited works present MMIC implemen-
tations based on feedback transistors. Furthermore, the refe-
rences marked with (*) describe CMOS devices composed of

TABLE 1. Performance comparison between LNAs.

Ref. BW BW | Gain NF S11, S22
(GHz) | (%) | (dB) (dB) (dB)
[11(*) 2.3-9.2 120 10 4 (min.) < -10,< -10
[21(*) 3.1-10.6 | 109 15 2.5+£0.25 < —9.9,n.a.
[31(*) 24-54 71 22 2.2-3.1 < —12,n.a.
[41(*) 3.1-10.6 | 109 11 4.5-5 < —11,n.a.
[51(**) 11-39 112 23 2.1-3 < -=2,<-10
[61(**) 18-43 82 21.6 1.8-2.7 < =5,< -9
[71(**) 3.7-10.5 96 12 1.4-2 <-=9,< -9
This work 1-12.5 170 10 2.25 (max.) < =5, < =5
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TABLE 2. Performance comparison between PAs.

Ref. BW BW Gain S11, S22 | Size (mm?)
(GHz) (%) (dB) (dB) LxW
[8] 1.3-3.3 86 10 n.a. 60 x 43
[9] 1.45-2.45 51 10 n.a. 103X n.a.
[10] 0.9-3.2 112 10-14 n.a. n.a.
[11] 1.7-2.6 42 10.2-11.6 n.a. n.a.
[13] 0.2-1.8 160 12-15 n.a. 75 X 58
[14] 0.3-8 185 8.5 <=5 n.a.
This work 1-12.5 170 10 < =5 101 x 34

one amplifier stage and an output buffer, and the references
marked with (**) are relative to multistage GaAs pHEMT
devices. On the other hand, since broadband LNAs imple-
mented in hybrid technology using a single encapsulated
transistor are not commonly found, the prototype was also
compared with some broadband power amplifiers with the
cited characteristics, in order to demonstrate the potential of
the proposed approach in terms of the ratio size vs. band-
width. Power amplifiers with lowest frequency limit similar
to that of the actual prototype were selected, since this factor
strongly conditions the size of the matching networks. The
results are shown in Table 2. In this case, the comparison was
performed in terms of the working frequency, the bandwidth
and the device size, whereas parameters relative to the output
power and efficiency were not taken into account. From the
table, the proposed approach is able to provide large relative
bandwidth when considering similar lowest frequency limit,
while maintaining moderate circuit size.

VI. CONCLUSION

The viability of a new approach for the design of custom
broadband amplifiers in hybrid technology based on the use
of Non-Uniform Transmission Lines (NUTL) as practical
wide-band impedance matching networks has been demon-
strated. Furthermore, the synthesis of the NUTL shape taking
advantage of the optimization tools integrated in CAD packa-
ges, combined with the inherent flexibility of the NUTL
structures, allows the development of a systematic and fast
design procedure which is easily implementable in most CAD
packages, and avoids the use of additional external algo-
rithms. To illustrate the technique, it was applied to the design
of a broadband low noise amplifier but, due to its versatility,
it can be easily extrapolated to the design of broadband power
or multi-stage amplifiers. A prototype was manufactured
and experimentally characterized, simultaneously providing
a 10 dB gain flat frequency response, noise figure less than
2 dB, and acceptable input and output impedance matching
between 1 and 12 GHz, which is in good agreement with
simulation data.
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