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Abstract

Introduction. A method for designing power amplifiers for use in the transmitting channels of X-band transceiver
modules is investigated. The design process was aimed at optimizing the relationship between the basic amplifier
characteristics, including the operating frequency band, output power level, output linearity, high harmonics sup-
pression, etc.

Aim. Investigation of a method for designing an X-band UHF power amplifier, which is capable of optimizing the
relationship between its main characteristics.

Materials and methods. Theoretical calculations were combined with experimental studies into the design of a UHF
power amplifier. The stages of the design process are described in detail, including major ideas, principal circuits,
and strip circuits. Evaluations were conducted using the Keysight ADS high frequency circuit simulation tool.
Results. A method for designing X-band UHF power amplifiers on the basis of a close combination of theory, simu-
lation, and experimental adjustment was described in detail.

Conclusion. A prototype of an X-band PA was developed; an approach to developing a methodology for manufac-
turing, measuring, and testing X-band PAs is described.
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Introduction.  Ultra-high-frequency (UHF)
power amplifiers (PA) are indispensable compo-
nents in the transmitting channels of modern radio
engineering systems, such as multi-function radio
navigation systems based on digital phased antenna
arrays [1, 16]. Success in creating high-performance
power amplifiers (WPAs) with a sufficiently wide
frequency band is determined by a combination of
calculation methods, optimal circuitry, rational de-
sign, and advanced active device technology. More-
over, these components are closely intertwined and
cannot be considered in isolation. The quality of
PAs is determined by their basic characteristics,
including the operating frequency band, output
power level, gain, power added efficiency (PAE),
nonlinear distortion (ND), etc. [2, 3]

Numerous works have described approaches to
the design of UHF PAs capable of simultaneously
ensuring (or weighted priority) the above charac-
teristics [2—4, 8—11, 14]. Some typical approaches
include those based on:

— application of some special mods (or their
combinations) of the amplifier element in order to
ensure the selected PA characteristics [4-9, 11];

— a response to each independent characteristic
to be developed and ensured by the corresponding
in-dependent circuit [12];

— a general analysis of the theory and method-
ology, as well as technical requirements of systems
capable of establishing the relationship between
the UHF PA characteristics. This approach is aimed
at providing solutions to ensure the maximum ob-
jective functionality of the entire system [10].

According to [3], the former two approaches
provide relatively simple solutions to the require-
ments set for UHF PAs. This particularly concerns
the second approach. However, such products are
frequently characterized by a complex design,
large size, high production costs, and the difficulty
of technical maintenance.

In this work, rather than proposing a new ap-
proach, we carry out an in-depth study and specifi-
cation of a design method based on the third ap-
proach, which can be conventionally referred to as a
design method based on theoretical calculations
combined with experimental adjustments. The es-
sence of this approach is illustrated by an example
of UHF PA design in the X-band.

The paper is organized as follows. First, we
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present an approach to designing an X-band UHF
PA that optimizes the ratio between its important
parameters. Then we describe the design process
and investigate the developed system. Finally,
some conclusions are drawn.

The process of designing an X-band UHF PA.

Input specifications. The input specifications
for PA design are presented in Tab. 1.

Tab. 1. Input specifications for design PA

Ne Input specification Value
1 Frequency range, GHz 8.9...9.8
Output power at
2 compression point 36
1dB Byg,dBm
3 Power gain, dB 11
4 PAE, % ~40

The design process includes the following
steps: selection of an amplifier element; circuit se-
lection and setting the static operating point; estima-
tion of load/source impedances; impedance match-
ing circuit design; voltage divider circuit design,
etc. The basic expressions for theoretical calcula-
tions can be found in the design materials published
as recommendations. Care should be taken to en-
sure optimal matching of the main characteristics of
the amplifier based on not only theoretical state-
ments, but also experimental adjustments.

Selection of the amplifier element.

1. Based on the input specifications, we pre-
liminarily selected an MMIC transistor, which is a
TGF2977-SM transistor based on a high electronic
mobility technology (HEMT) manufactured by the
Quorvo company as a UHF amplifier element with
a broadband. The main parameters of TGF2977-
SM are presented in Tab. 2 [17, 18].

Tab. 2. The main parameters of TGF2977-SM

Ne Input specification Value
1 Frequency range, GHz DC=+12
Output power at compression point
) putp p p SW
3dB Py, W
. . 13|,
3 Linear power gain, dB /=9.4Gz
PAE at compression point 3 dB
4 o =250
By %
5 Operating Voltage, V 32
6 Capable of working in both pulsed and
continuous mode
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a
Fig. 1. Actual representation («) and the QFN functional pin assignment (b) of TGF2977-SM

The accuracy of the selected transistor model
was verified using the Keysight ADS high-
frequency circuit simulation tool [19, 20].

Fig. 1 shows the actual representation (a) and
the QFN-type functional pin assignment (b) of
TGF2977-SM.

2. According to [18], the model for the
TGF2977-SM element, referred to as HMT-QOR-
TGF2977-SM-01, is a large-signal non-linear model
whose parameters are extracted from a large-signal
model. This data is mapped against scatter matrix

measurements [S] and load data of a large Load
and Pull signal in the range 6...11 GHz. Fig. 2, a

shows the HMT-QOR-TGF2977-SM-01 reference
plane. Fig. 2, b demonstrates the element pins (after
packaging) for data output (by Keysight ADS high-
frequency circuit simulation tool).

3. Validation of the large signal model is of
particular importance in UHF PA design, since this
model allows the characteristics of the amplifier to
be accurately determined. This process is carried

»
QONvo

TGF2977-SM

a

N/C N/C N/C N/C

ERERERE

njel 1] [ 12| n/c
—

Ve.RFIN| 2 e {11 |y, RFOUT
N/C:E _E V5, RF OUT
v S (5] we

st fef |7 8
N/C N/c N/C N/C

out using load and source pull measurements [19].
The validation process is performed under the
condition: =9 GHz; voltage drain-source

Vps =32V; current flowing through drain-source
Ips =25mA; the characteristic impedance of 15Q
and room temperature 25 °C. The output power (at

the compression point of 3 dB) and PAE for the
HMT-QOR-TGF2977-SM-01 model and for the ac-
tual component TGF2977-SM are shown in Fig. 3.

The sets of source and load impedance values
used to perform simulations based on the model
and actual measurements are as follows:

Zg =27.849— j 42.543;
Zs, =31385+ ] 22.690;
Zs, =10.806+ j0.743;
Zp, =15.190+ j 11.058;

Zp, =10421+73.104,

]
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Pout 5 dBm
PAE, %

Fig. 3. Output power (at the compression point of 3 dB) and PAE results for the model (red) and for the actual element (blue)

Tab. 3. The optimal impedance of the model
and of the real PA element at the f;

Optimum Maximum Optimum
Types | impedance for capacity, impedance PAE ., %
power, Q dBm for PAE, Q
Model 11.5-3.3 37.8 9.5-j2.8 523
Real .
12—-;23 . 6.9- /1.8 .
PA J 36.9 J 51.4

The data from Fig. 3 is used to determine im-
pedances at f, of the model and actual PA ele-

ment (component) as shown in Tab. 3.
Circuit selection and setting of the static oper-
ating point.

1. In order to simplify the design and to ease
measurement and adjustment procedures when
scaling the production process, we selected the
circuit diagram of a single amplifier based on the
TGF2977-SM transistor with a common source
(CS) to provide the gain ratio and output power.

2. The selection and setting of the operating
point for the UHF PA circuit is usually carried out
based on the characteristics of components provided
by the manufacturer. However, for the majority of
new generation components, manufactures determine
the optimal mode of their operation, rather than sta-
tistical characteristics. Thus, experimental measure-
ments can be carried out based on the analysis of
calculation and simulation results. Following the
recommendations of the manufacturer, the setup pro-
cedure for TGF2977-SM in the AB mode is as fol-
lows: set up Vg =4V; set up the current limit of

Ipg~30mA; power supply Vpg=32V; make
adjustments slowly to Ipg—25mA; set up the
pulse current limit of /ppg ~ 500 mA.

Research and Design of an X-band UHF Power Amplifier

Estimation of load/source impedances. An esti-
mation of optimal source and load impedance values
is performed separately by the source/load pull tech-
nique.

1. The load impedance is implemented by the
load-pull technique in the ADS as shown in Fig. 4,
a. The PA is designed considering the requirement
of high performance. Therefore, it is necessary to
estimate impedance at the f; frequency and at

adjacent frequencies in the operating frequency
range of the system. At 2nd and higher harmonics,
impedance estimation is aimed at reducing the
power loss across them. However, according to
[2], when the PA element is set to the AB mod, the
power loss at the 2nd harmonic is much larger than
that of the other higher harmonics. Therefore, the
determination of the load impedance at harmonics
higher than the 2nd order can be omitted. Howev-
er, in order to ensure a uniform quality during
mass production and its adjustment, we added a
pseudo short circuit for the 3rd harmonic in the
output impedance matching circuit. In Fig. 4, b,
lines show the level of output power and PAE for
the diagram presented in Fig. 4, a. It can be seen
from Fig. 4, b that the optimal load impedances at
the center and neighborhood frequencies for the
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Fig. 4. Load-pull simulation diagram in ADS (@) and the level of output power and PAE in the Smith diagram ()
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Fig. 5. Source-pull simulation diagram in ADS («) and the level of output power and PAE in the Smith diagram (b)

output power level and PAE are nearly identical at

Zrz ~(9.6-j4.1)Q. //' .
2. The source impedance was determined for the /’ Zp g, =013+ j67.5Q

maximum value of PAE. In terms of the model, the

source impedance is a complex conjugate of the input /

impedance of the PA element, estimated such that the / Zy5; =045+ j15.08Q

reflected power loss at its input is minimized. The /
source impedance was optimized using the source pull /
technique as shown in Fig. 5, a. Fig. 5, b presents the /
contour lines of the output power and PAE. Since the I'[
output power level is determined as the target parame- |
|
l
|
\

ter, the optimal source impedance is selected at the

maximum power of Zg r ~(28 - /96)<Q.

3. The determination of impedance values for \‘ Zsss =0.3-/7.97Q
high harmonics is carried out both at the source and A
load sides using the load-source pull technique. Fig. 6
presents the results of estimating the source and load
impedance at the 2nd and 3rd harmonics.

Fig. 6. Estimation results of the source and load impedance
atthe 2nd Zg, . and 3rd harmonics Z; 5, Z; 3/
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Fig. 7. Input (red) and output (blue) reverse loss
characteristics of an ideal PA

Since these values fall into the boundary re-
gion of the Smith diagram, then, according to [13,
14], the phase difference between the instantane-
ous value of the current and the voltage will vary
within the limits +90°. As a result, the power loss

at higher harmonics will be suppressed.

To further confirm that optimal source/load im-
pedances match, the input/output reverse loss of the
PA requires verification. Fig. 7 presents the results of
determining the input (red) and output (green) char-
acteristics of the reverse loss of an ideal PA.
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Design of an impedance matching circuit.
Impedance matching circuits are used to convert
impedances into optimal source and load imped-
ances in order to ensure minimal losses.

1. Fig. 8 shows the strip circuit (a) and the layout
circuit (b) of the input impedance matching circuit.

At the strip circuit level (Fig. 8, a), the ideal paths
will be converted to strip paths on the Rogers high
frequency material RO4003C, for which the layout of
the input impedance matching circuit is shown in Fig.
8, b. According to [2, 14, 15], to evaluate the quality of
the input impedance matching circuit, the insertion
loss characteristic of the following form can be used

1-fsuf* |
521

In this case, based on the measured results of

IL=101g

Si11, S»; and the above expression, the obtained
IL~031...028dB|,_g |y, is acceptable for

the X band design.

2. Fig. 9 shows the strip circuit (¢) and the
layout circuit (b) of the output impedance match-
ing circuit.

Voltage
| division circuit

Transistor

.............

Matching ‘ S
b

Fig. 8. Strip circuit of the input impedance matching at the ideal level (@) and layout circuit (b)

Adiost 3 Matching f
L/4 couted i
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1 I e o T ey E |:>
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a
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Adjust 2 fo .
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b

Fig. 9. Strip circuit of the output impedance matching at the ideal level (@) and layout circuit (b)
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The output impedance matching circuit is de-
signed similarly to the input impedance matching cir-
cuit, which is responsible for transmitting a signal
from a source with an impedance of
Zr £ ~(9.6—j4.1) QQ (which is the optimal load

impedance of the input impedance matching circuit of
the PA element) to a load with an impedance of 50 Q
at the frequency f = f; =9.4 GHz, while reducing
the power loss at the 2nd and 3rd harmonics.

Fig. 9, a shows that there will be an open-circuit
transmission line from the PA element side with the
length A/4 at frequencies 2/, and 3 f; coupled in
parallel with the main transmission line. The lengths
of the main transmissions (series connection) can be
adjusted such that, at the coupling points, a net reac-
tance element will be formed to suppress the 2 f;, and

3 fo harmonics. After that, one open-circuit transmis-
sion line and two serial lines will be used to perform
power matching at the f;, frequency.

Fig. 10 shows that the insertion loss character-
istics of the output impedance matching circuit,
depending on the frequency, demonstrate accepta-
bly small values. At the f frequency, the inser-
tion loss IL has a value 0.42dB, thus basically
satisfying the design requirements.

1

0.8

m 0.6
o
5

0.4

0.2

0 | | | |
9.0 9.2 9.4 9.6 9.8

f, GHz
Fig. 10. Insertion loss characteristics
of the output impedance matching circuit

10

Design of a voltage divider circuit.

1. Similarly to any radio electronic circuit, the
voltage divider circuit of an PA performs the function
of supplying DC power to establish the operating
point of the active element and suppresses the RF sig-
nal to avoid loss and bad interference to a DC source.

2. According to [12], the voltage distribution
for the circuits working in the X band, which was
applied in this study, will use a conical open-
circuit transmission and the A/4 path segments as

L1
Subst="MSub1"

W=0.2 mm
L=2mm
I MTEE_ADS
Tee2
Subst="MSub1"
W1=0.2 mm
W2=0.2mm
Stub2 I W3=02mm
Subst="MSubT" ¢ iy
Wi=0.1mm TL_12
L=2.19 mm £} Subst="MSub1"
Angle=70 W=0.2 mm
y - L=2.35 mm {1}
Curve3 I
Subst="MSub1" A
W=02mm g o
Angle=90 / )*'—'_‘:l_"’{ MCURVE
Radius=0.5 mm MLIN Curve2
TL14 Subst="MSub1"
I Subst="MSub1" W=0.2mm
MLIN W=02mm Angle=30
TL15 L=1.58 mm {1} Radius=05mm
Subst="MSub1"
W=02mm
L=0.5mm
B — 1
|
MLIN MTEE_ADS MUIN
TL6 Tees 17
Subst="MSub1 Subst="MSub1" Subst="MSub1"
W=0.42mm W1=0. mm W=0.42 mm
L=2mm W2=0.8 mm L=2mm
W3=0.8 mm

Fig. 11. Schematic diagram of the strip circuit
of the voltage divider circuit

a short circuit capacitor (instead of pass capacitor)
at the f frequency as shown in Fig. 11.

The results of measuring and testing the quality
of the voltage divider circuit through the parameters

Sy1 = —(0.061...0.046)dB  and S;; ~-50dB

show its basic correspondence to the set require-
ments for an X-band PA.

3. The coupling capacitor used in the design
has the code GIM0225C1C1R2BB01 with the

parameters C~(1.ZiO.l)pF|f:10MHZ 20 GHz’

Sp1=-0.03dB[., S ~—437dB|. suitable

for the design purposes.

Results of PA design and comments.

1. Fig. 12 presents a schematic of layout of the
X band PA.

2. Fig. 13, a, b and c present the simulation
results and  experimental = measurements

Pout|f:8.9...9.8GHz; PAE']’=8.9...9.8GHZ; and

amplification factor (gain) GP| /=89..9.8GHz" On

this basis, it becomes possible to evaluate the abil-
ity to stabilize the output power level, PAE, and
gain of the designed PA when the working fre-
quency of the signal changes in the required range.

3. In order to evaluate the capability of the de-
signed PA to ensure linearity, we performed a di-
rect test measure of the signal form at its output

Research and Design of an X-band UHF Power Amplifier
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Fig. 13. Simulation results and experimental measurements

of the Rmt‘f:g,g,.,g,g anz (@ PAE‘]‘: 89..98GH (®)

and amplification factor (gain) GP‘ /=89, 9.8GHz (o)

under the load of 50 Q. In this respect, our work
differs from other research studies.

Fig. 14 shows the results of the voltage and
current signal waveforms on the drain of the PA

ouT

80 800
60— —600
>
% 40— —400 %
N %
S
20— =200
0 N 1) LA 1 Ji~do
0 20 40 60 80 100120 140160 180200 220
Time, psec
a
30, 800
400
<
¢ -
S =
—10;
—400
—201
ol L] |-800
0 20 40 60 80 100120 140160 180200 220
Time, psec
b

Fig. 14. Voltage and current signal waveforms on the drain of
the PA element (@) and on the PA load ()
element and under the load. It can be seen that the
current and voltage on the PA element are out of
phase, while they are in phase under the load. The
current and voltage across the PA element are dis-
torted due to the presence of harmonic compo-
nents, where the current is cut to the form of a
pulse in the AB mod with a flux angle greater than
90°. The current and voltage across the load, on
the other hand, have an almost complete sinusoidal
form, indicating an effective elimination of har-
monics by means of harmonic compression using

Research and Design of an X-band UHF Power Amplifier
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Fig. 15. Operating mode and working point described
on the output characteristic

the approach described when designing and cali-
brating the in/out impedance matching circuits.

4. The operating mode and working point are
described as the output characteristic of the PA
element shown in Fig. 15. Accordingly, the current

is swept to the maximum value (700mA). The var-

iation of the current is shown on the dynamic load
line. The linear range of voltage across the load is
within the range of —14.5...+14.5V.

Tab. 4 presents the basic characteristics of the
designed X-band UHF PA unit.

A comparison of the obtained PA characteristics
with those presented in Table 1 shows that the de-
signed X-band PA unit meets all the input require-
ments.

Conclusions. 1. The results of a study into the de-
sign of UHF power amplifiers working in the X band
are presented. The authors’ intention was not to pro-
pose a new design approach, but rather to clarify a

Tab. 4. The basic characteristics
of the designed UHF PA X-band

Ne Characteristics Value
Frequency band,
! GHz X
2 Range, GHz 89...9.8
3 fo, GHz 94
4 Pout, dBm 32...33
5 PAE, % 35...40
6 Gp,dB 8.5...10
7 2nd hanpomc 325
compression, dB
3rd harmonic -38.5

method that combines theoretical calculations, exper-
imental measurements, and experimental adjustments.
This approach allowed the authors to harmonize and
ensure optimization of some relationships between the
basic characteristics of the amplifier, including fre-
quency bandwidth, output power, output power varia-
tion, high harmonic suppression, and output signal
linearity. The described implementation has practical
significance in terms of simplicity and convergence
between theory and experiment.

2. The results obtained can be used to develop a
technological process and procedure for manufac-
turing X-band UHF PAs even under unfavorable
technological and economic conditions.

3. The developed X-band UHF amplifier may find
application in multifunctional electronic radio sys-
tems, such as communication, radio navigation, etc.
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