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ABSTRACT In this paper, we design a power amplifier for this network protocol to combat the Doppler
effect caused by the high-speed movement of network nodes and the rapid signal fading failure caused by the
long-distance transmission of network nodes, and to extend the communication distance between network
nodes, to realize the long-distance transmission under the high-speed movement of network nodes. The
overall design of the power amplifier for bi-directional transmission structure, power amplifier transmitter,
and low-noise amplifier receiver is used in a four-stage cascade current series negative feedback structure
mode, where the signal transmitter selected RFPA5208 and MAX4003 chip, the signal receiver selected
TQP3M9037 and SKY 16602 chip. The above overall design enables the self-assembled nodes to ensure
stable topology and achieve long-spacing transmission even in the high-speed mobile state. The test results
show that the output power is 41.5dBm-44.3dBm, the gain is 44dB-45dB, and the noise is 1.6dB when
the frequency band range is 2.4GHz-2.5GHz. The experimental results show that when the self-assembling
nodes maintain the relative speed of 214km/h, the longest transmission distance of the point-to-point of the
amorphous flat terrestrial wireless self-assembling network reaches 16300m, and the longest transmission
distance of the point-to-point of the amorphous flat air-to-ground wireless self-assembling network reaches
25100m. The power amplifier designed in this paper has good application value. It provides an individual
research basis for future research on the framework of a low-altitude economic fly-by-wire network.

INDEX TERMS Amorphous flat, air-to-ground wireless ad-hoc network system, 4G/5G bidirectional power
amplifier, long-distance transmission of nodes, self-organizing network nodes move at high speed.

I. INTRODUCTION

With the phasing out of 3G [1] equipment, 4G [2] equipment
continues to be updated, 5G [3], [4] systems are widely
deployed, and 6G [5], [6] technology continues to break
through. Users have higher demands on today’s wireless
communication systems [7], [8], [9]. Achieving long-spacing
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wireless signal transmission while maintaining the high-
speed movement of self-assembled wireless nodes has
become a research hotspot and a complex problem.

The above problem is now decomposed into two issues:
(1) High-speed movement of self-assembling wireless
nodes [10], [11], [12], [13], [14], [15]. (2) Long-distance
transmission of self-organizing wireless nodes [16], [17].
Whether problem (1) or problem (2), the premise is that
the wireless nodes should form a self-organizing structure.
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This fundamental work can only be implemented by the
routing protocol of a self-organizing network [18], [19].
This paper uses CC2530 [20], [21] self-organizing network
chip to realize the self-organizing structure of nodes, which
uses 802.15.4 (Zigbee) self-organizing network protocol
[22], [23], which enables multiple wireless nodes to form a
self-organizing network structure automatically. Immediately
after, for problem (1), the high-speed movement of wireless
self-networking nodes can currently be achieved by both
software and hardware, and the software side can improve
the threshold of the wireless networking node movement
speed by changing the routing protocol of the wireless self-
networking nodes, which in turn can achieve high-speed
movement. The hardware side can be achieved by adding a
very stable high gain antenna [24], [25], [26] or by adding
a power amplifier [28], [29] at the RF output [27] that is
suitable for this self-organizing wireless node. For problem
(2), it would be a great idea to use the currently existing
cellular networks [30], [31] and Wi-Fi self-assembling
networks [32], [33], [34] as the basis for the study of the long-
spacing transmission of wireless networking nodes. Still,
both of them have insurmountable problems and difficulties.
For example, although the spectrum efficiency [35], [36],
[37] is high and widely used when cellular network signals
are transmitted, it is a fixed network centered on towers,
which requires long-time planning and construction and
consumes a lot of human and material resources. Another
example is Wi-Fi self-assembling network. Although simple,
convenient, and stable transmission, its propagation distance
is short, and it is not widely used in the application of long-
spacing transmission of nodes, and the current theoretical
research is biased. In summary, the design of matching
power amplifiers is a good entry point based on the existing
networking nodes or network protocols. Currently, research
on power amplifiers focuses on output power [38], [39],
linearity [40], [41], efficiency [42], [43], and wide bandwidth
[44], [45]. Most of the power amplifiers in the market are
single amplified transmissions, with the focus limited to low-
noise amplifiers or power amplifiers, i.e., the open-loop effect
[46], [47], mainly for 802.11.b/g/n protocols [48]. In addition,
the current research on self-assembling wireless networks
primarily focuses on terrestrial wireless self-assembling
networks. Air-ground self-assembling networks are currently
mainly applied in the simulation stage and have not been
widely put into practical applications.

The framework of an amorphous flattened air-ground
self-organizing network system [49] adopted in this paper
(whose overall network protocol is adapted to allow the
self-organizing nodes to transmit at a certain distance at
a certain speed), a 4G/5G bidirectional power amplifier
applicable to this network architecture and protocol is
designed, which enables the self-organizing wireless nodes
to achieve long spacing transmission despite high-speed
movement. It has The power amplifier has good application
value. This paper provides some primary conditions for
the higher requirements faced by wireless communication
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transmission. Also, it provides some basis for future research
on the framework of low-altitude economic fly-by-network.
However, there are still some shortcomings, such as how
to integrate the wireless self-assembling network nodes and
power amplifiers to form a whole is still a problem that needs
to be optimized.

Il. OVERALL FRAMEWORK STRUCTURE AND CORE
PARAMETERS

A. OVERALL FRAME CONSTRUCTION

First, referring to the literature [50], [S51], [52], [53],
[54], [67], the model for long-range transmission of signals
from amorphous flattened wireless self-assembling nodes in
free space can be obtained as shown in the equation (1).

_ PGG,A?

L= 1
(4rd)* L )

In equation (1), P, is the power received by the wireless
self-networking node. P; is the power transmitted by the
wireless self-networking node when it is the signal source.
G; is the antenna gain at the signal transmitting end of the
wireless self-organizing node. G, is the antenna gain at the
signal-receiving end of the self-assembling wireless node. 4
is the wavelength. d is the communication distance between
network nodes. L is a constant. If the antenna gain at the
transceiver is fixed, equation (1) is rewritten as equation (2).

Py
d?
Inequation (2), A1 is a constant. And the overall framework

structure of the long-distance transmission of self-assembled
nodes is shown in figure 1
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FIGURE 1. Long-range transmission framework of amorphous flattened
air-to-ground wireless self-organizing network nodes.

From figure 1, it can be seen intuitively that the control
center sends out relevant control commands and transmits the
command signals to the users through the relay complemen-
tary blind transmission of the joint relay nodes (including the
ground relay nodes and the air relay nodes), finally achieving
the purpose of long-distance communication. Secondly, as the
self-assembled network nodes move at high speed, which
will inevitably produce the Doppler effect, then there are
references [55], [56], [57], [58], the energy consumption
model of the self-assembled network nodes in the process

VOLUME 11, 2023



Z. Wang et al.: Power Amplifier Design for 25.1 km Long-Distance Transmission

IEEE Access

of moving at high speed can be obtained as shown in

equation (3).
Py

Pr=tr- 3)

In equation (3), P, is the power received by the signal host

network node. P; is the energy emitted by the source network

node. d is the communication distance between the network

nodes. « is the path loss index. Then, the final power received

by the node with the messaging host network is shown in
equation (4).

Py =P —BP— P — P “®

In equation (4), P,y is the final power received by the signal
host network node. P; is the energy emitted by the source
node. f is the power loss factor. Py is the possible power loss
of each network node. P; is the other possible power loss. The
overall framework structure of the self-organizing network
node for high-speed mobility is shown in figure 2

Airborne self-organizing network
nodes move at high speed

Transmitter

Ground-based self-organizing
network nodes move at high speed

Control Center

FIGURE 2. High-speed mobile transmission framework of amorphous
flattened air-to-ground wireless self-assembly nodes.

Figure 2 shows that the control center sends out relevant
control commands and transmits the command signals to the
air network nodes and the ground network nodes through the
transmission nodes. The comprehensive equation (1-4) can
be seen that when the antenna gain of the transceiver end of
the amorphous flattened air-to-ground wireless self-assembly
network system is fixed, for the long-distance transmission
in the high-speed mobile state of the wireless self-assembly
network node, the power received by the wireless self-
assembly network letter host node is inversely proportional to
the square of the communication distance, and is proportional
to the transmitting power size of the wireless self-assembly
network signal source node, then there is in order to In
order to achieve the purpose that the wireless self-organizing
network nodes can maintain long-distance transmission even
in the high-speed mobile state, it is necessary to increase
the power of both the transmitting end of the signal source
and the receiving end of the signal host node, so that the
high-gain bidirectional power amplifier conforming to the
amorphous flat wireless self-organizing network protocol
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should be connected to each networking node. Therefore,
how to design a high-gain bidirectional power amplifier that
meets the requirements is the focus of this paper.

B. FOUR-STAGE CASCADED NEGATIVE CURRENT
FEEFBACK CIECUIT MODEL

The 4G/5G bi-directional power amplifier designed in this
paper has an overall bi-directional transmission structure. The
forward transmission is a PA (power amplifier), intended to
amplify the transmit power of the source networking node
and enhance the signal transmission strength. The reverse
transmission is LNA (low noise amplifier), designed to
receive and amplify the signals from the joint relay network
nodes (including the ground relay network nodes and the air
relay network nodes). Both PA and LNA adopt a four-stage
cascade structure, and each stage is configured with a current
series of negative feedback. This paper uses the PA as an
example for theoretical performance analysis, and the LNA
can be analogous. Among them, the block diagram of the
four-stage cascade structure of PA is shown in figure 3.

FIGURE 3. Block diagram of the four-stage cascade structure of PA.

From figure 3: The output voltage of the amplifier circuit’s
pre-stage is the post-stage’s input voltage, as shown in
equation (5).

Uor =Up,
Uox = Ups (5)
Uops = U4

Then there is a four-stage amplifier circuit with voltage
amplification, as shown in equation (6).

fJI _U1 .U12 _ U U
=Ay1 Ay -Ays - Ays (6)
And,
4
Ay =[TAu )
i=1

From equation (7), the voltage magnification of the four-
stage amplifying circuit is equal to the product of the voltage
magnifications of the various stages of the amplifying course
that compose it. For the first stage to the fourth stage, the
amplification of each step should be when the input resistance
of the next stage is used as the load. The four-stage amplifying
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circuit’s input resistance should be the first stage’s input
resistance, as shown in equation (8).

R; = Rj; ()

The output resistance of the four-stage amplifying circuit
should also be the input resistance of the first-stage amplify-
ing circuit, as shown in equation (9).

Ro = Ro1 9

From the above analysis, it can be obtained that the
amplification of the four-stage amplification circuit at all
levels are: AUl, AUZ, AU3, AU4, then there are corresponding
logarithmic amplitude-frequency characteristics and phase-
frequency characteristics as shown in equation (10).

. 4 .
201g [Ay| = X 201g [Ayi]

. i=1 (10)
g = 21 i

1=

Next, without considering the essential design factors,
assume that the four-stage power amplifier circuit designed
in this paper has the same frequency response, as shown in
equation (11).

Ayl = Ayz = Ayz = Aus
= Aum2 = Aums = Aum4
fur=/f2=J3 =fi4
Jr1 = fu2 = fuz = fua

In equation (11), AU indicates the circuit amplification.
Aypm denotes the IF voltage gain. f; indicates the lower cutoff
frequency. fy indicates the upper cutoff frequency. Then there
is the IF voltage gain of the whole four-stage circuit, as shown
in equation (12).

201g |Ay| = 201g |Aumi - Aumz - Aums - Aumal

Aumi

(11)

= 801glAym1l (12)
When f = f11, we can get equation (13).
Ayt = Ay, Ay, = A
vl =AuL1 Av2 = AuL (13)
Ayz = Ayrs, Aus = Ay
And,
_ [Aumi |
\Aurt| = [Ava| = ﬁﬂ (14)
\AuLs| = [Aura| = %
And,
201g |Ay| = 801g|Apmi| — 801g V2 (15)

In equation (15), When the amplifier gain drops by 6 dB,
and since both AU1, AUz andAU3, AU4 produce an additional
phase shift of +45°, then Ay produces a different phase shift
of +180°. Similarly, when f = fy1, the other phase shift
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is —180° for the same 6 dB drop in gain. This is followed
by an analysis of the designed four-stage power amplifier’s
upper cutoff frequency and lower cutoff frequency. First, for
the lower cutoff frequency, substitute A y; in equation (7) with
the expression for the low-frequency amplification Ay;; and
take the mode, as shown in equation (16).

_ li[ |AUMi’

Ave| = - (16)
1+ (%)
When f = f11, we can get equation (17).
. ! |AUMi|
Al = | ——— 17
|Aur | E 7 (17
And,
4 f 2
[T1+ (ﬁ) =2 (18)
i=1 f

The simultaneous squaring of both sides of the equa-
tion (18) leads to equation (19).

(=) ()

1+2[1+ f“ } [

In equation (20), 0|:1 +( )i| is a higher-order

fL1 :|:2 20)

infinitesimal of [l + (f]ﬁ—') :|, So since ’% < 1, then,

we haveo |1 + (f“) J — 0, which can be neglected. Then
)

we can get equation (2

fo D fR

Referring to the literature [59] and correcting the relevant
parameters, we can obtain equation (22).

>R

Next, for the upper cut-off frequency, the same can be
obtained by substituting an in equation (7) with the expression
for the low-frequency amplification b and taking the modulus,
as shown in equation (23).

o li[ |AUM1'|
()

21

(22)

lAun| = (23)
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When f = fy, then we can get equation (24).

. ! |AUMi|
|AUH|=1'[7 (24)
i=1
And,
4 f 2
)1+ f) _ 25)
i=1 !

The simultaneous squaring of both sides of equation (25)
yields equation (26).

CEN-G)
x(l+ %) )(1+ %))22 6)

The approximate expression of equation (26) is equa-

tion (27).
1\2 G /1)\2
() -2@)

Referring to the literature [59] and correcting the relevant
parameters, we can obtain equation (28).

111 1\?
=)

Then the upper and lower limit frequencies of the four-
stage amplifier circuit with the same frequency are shown in
equation (29).

27

(28)

lfH ~ 0.455f11 29)

fL =22

The above are theoretical calculations, and the specific
passband also needs to select the relevant chip module
for comprehensive analysis. In addition, To suppress the
zero-point drift (Q-point drift) phenomenon generated by
the capacitor inductor in the high-frequency circuit in this
4G/5G bidirectional power amplifier, a current series negative
feedback circuit is further added to each stage of the amplifier
circuit in figure 3, and the designed circuit block diagram is
shown in figure 4.

FIGURE 4. PA circuit block diagram.

In figure 4, A,1,...,Aus denote the amplifier circuit
of the 4G/5G bi-directional power amplifier, respectively.
Fy, ..., Fq represent the current negative feedback circuit
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corresponding to the 4G/5G bi-directional power amplifier’s
amplifier, respectively. Next, the PA circuit block diagram in
figure 4 is analyzed. And first defined as follows, let Q; be
the circuit input, Xf be the circuit feedback, and QiO be the
net circuit input. Then, as shown in equation (30).

Qio = Qi — Xp1 — Xp2 — Xp3 — Xp4

The amplification of the primary amplifier circuit in
figure 4 is shown in equation (31).

_ Qol Qoz Qo3 Qo4

(30)

A== 22 22 =2 (31
Qo Qi Qo Cio
The feedback coefficient is shown in equation (32).
. X Xp Xr3 X
e A KA S N e (32)

The amplification of the negative feedback amplifier
circuit is shown in equation (33).

_ Qol Q02 03 04 (33)

The loop amplification of the above circuit is shown in
equation (34).
Xfl 'sz ‘XfS 'Xf4
S\ 4
o)
In summary, equation (35) is further obtained.

AF _ QOl . Q()Z . Q03 : Qo4 L A (35)
- - o . . . 4 —_—— O
(Qio + Xr1 - Xp2 - Xp3 - Xpa) L+ AF

Ap -F = (34)

For further simplification results, please refer to the litera-
ture [67], which this paper will not describe in detail. Through
the analysis of the simplified results in the literature [67],
when a four-stage cascade amplifier circuit introduces a four-
stage current series deep negative feedback, the magnitude
of the circuit amplification almost depends on the design of
the matching feedback network circuit, independent of the
primary amplifier circuit, i.e., the selected chip module is
essential, but how to design the matching circuit with it is
more important. The next step is to create the corresponding
primary matching circuit for the selected chip module. The
basic matching circuit block diagram of one of the core
components, PA and LNA, is shown in figure 5. Taking PA
as an example, the primary circuit schematic is shown in
figure 6. The overall core circuit schematic of PA and LNA
is shown in figure 7.

From figure 5, the control center sends out the wireless
self-assembling node control command signal as the initial
signal source, and the initial signal source is input to the
power amplifier through the RF input interface, and then
input to the PA through the RF single knife double-throw
switch control to realize the signal amplification of the
signal source. The filter filters the amplified signal to filter
other irrelevant interference noise. Finally, it is controlled by
RF single-die double-throw switch again, and the antenna
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PA DC Bias Circuit
—»’»- BPF

.
— RF
b Duplexer (s
LNA DC Bias Circuit

Y e

LNA Matching Circuit

[

Power

Detection

TTL Function

Implementation

GaN Device Power-up and
Power-down Timing Control

FIGURE 5. Block diagram of the primary matching circuit of PA and LNA.

Power Amplifier Status,
Temperature, Output and Power
Detection

sends the signal to the target signal host node. At the same
time, the signal received from the antenna to the host node
is controlled by the RF single-drop switch and input to
the Berkeley packet filter for noise filtering. The filtered
signal is fed to the LNA, which amplifies the weak signal.
The amplified signal is again controlled by the RF single
knife double-throw switch and sent to the wireless self-
configuration node via the RF input interface, which is finally
fed back to the computer control center. Thus, through the
above structure power amplifier achieves the signal source
node to the signal host node signal complete two-way loop
transmission process. The above-structured power amplifier
thus achieves comprehensive bi-directional feedback of the
signal from the host node. The power detection and timing
control modules are connected to the outputs of the PA and
the LNA. Among them, the power detection module is used
to detect the signal filtered by the filter to get the power
amplifier’s status, temperature, and output power. The timing
control module implements the TTL function and performs
timing control.

U1 IRFout

GND1

FIGURE 6. Basic circuit schematic.

As can be seen from figure 6 and figure 7: The RFPA5208
chip is used as the core of the PA to amplify the signal
source signal. After the source signal enters the PA through
the RF input interface, it is amplified by the RFPA5208 chip
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NL27WZ04

RFin " RFPA5208 T|
C1 ’7 |
C

R4 12 GND5

TQP3M90

FIGURE 7. The overall core circuit schematic of PA and LNA.

and finally output from the RF output interface. Capacitors
C1 and CS5 isolate the DC circuit at the RF input and work
of the chip RFPA5208, respectively. Capacitor C4 provides
RF ground for filtering spurious low-frequency signals. The
TQP3M90 and SKY 16602 chips are combined in the LNA
to process the received network signals. The TQP3M90 chip
is used to amplify the received signals from other nodes that
are not sensitive to the network. The antenna transmits the
received signals from other networking nodes through chip
SKY 16602 to the RFIN side of the TQP3M90 chip, which is
then amplified and processed by chip TQP3M90 and output
from the RFOUT port. The capacitor C8 and RF choke L2 are
connected in series as RF ground to filter the spurious signals
together. L2 is used to suppress the transmission noise of VHF
signals or the interference of radiation noise. RF choke L.1 RF
ground for suppressing transmission noise or radiation noise
interference of VHF signals. Capacitor C7 is used to isolate
the DC circuit at the RF output of chip TQP3M90. Resistors
R1 and R2 are connected in parallel to form a hostile feedback
circuit network, which provides a stable output current.
Resistors R1, R3, and R4 are connected in series to provide
the required voltage feedback signal. NL27WZ04 chip, as a
high-performance dual inverter, can significantly reduce the
current load on the input driver, and its TTL-compatible
output can improve the switching noise function. The signal
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amplified by chip RFPA5208 passes through a first-stage
circuit, followed by a second-stage circuit, processed by chip
NL27WZ04 dual inverter, and RF grounded by a third-stage
circuit. The first stage is a parallel circuit with resistor RS and
capacitor C9. RS forms a negative feedback circuit network to
provide stable output current, and C9 provides RF grounding
and filters out spurious signals. The second stage circuit is a
parallel circuit with resistor R6 and capacitor C10: R6 forms
a negative feedback circuit network to provide stable output
current, and C10 also provides RF grounding to filter low-
frequency signal noise interference. The third stage circuit is
a series circuit with resistor R7, resistor R8, voltage regulator
diode D1, and a parallel circuit with R9 and capacitor C11.
R7, RS, and R9 form a negative feedback circuit network to
provide a stable output current, C11 provides RF ground to
filter out spurious signals, and D1 ensures that the voltage
remains constant. In contrast, the current varies over a wide

range.
Then there is the power amplifier top design PCB layout,
as shown in figure 8.

FIGURE 9. Bottom PCB layout.

The PCB layout of the power amplifier bottom layer design
is shown in figure 9.

In addition, the physical diagram of the power amplifier
designed in this paper for an amorphous flat-space wireless
self-assembly network is shown in figure 10.

FIGURE 10. Power amplifier physical drawing.
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Ill. SIMULATION ANALYSIS

This simulation uses ADS2020 software for simulation. The
simulation band is set to 1-3GHz, the center frequency
is 2.45GHz, and the simulation step is set to 10MHz.
Then there are related simulation diagrams as shown in
figure 11-figure 18. One of the LNA-related simulation
diagrams is shown in figure 11-figure 14.

0

& m1
’/ freq=2.450GHz
20+ m1 B(S(1,1))=-23.212
§N< 404 m2
T 1 freq=2.450GHz
QD m2 dB(S(1,2))=-62.543
oo -60
T T i
-80*/"/\
-1004——— T
10121416 182022242628 3.0

freq, GHz
FIGURE 11. Return loss at input and output of LNA.
As shown in figure 11, when the center frequency

is 2.45 GHz, the return loss at the input and output of the
LNA is —23.212 dB and -62.543 dB, respectively.

. 80

: ] m3
freq=2.450GHz
60*N B(S(2,1))=48.04

== 40+

1 B m4
AN o] freq=2.450GHz
QB ] dB(S(2,2))=-15.191
oL
-20

B B e B T A SRR
10121416 182022242628 3.0
freq, GHz

FIGURE 12. Insertion loss at the input and output of LNA.

As shown in figure 12, the insertion loss at the information
and work of the LNA is 48.045 dB and —15.191 dB,
respectively, when the center frequency is 2.45 GHz.

se 70
4 m5
60 freq=2.450GHz
1 m5 MaxGain1=48.188
50
£c u m6
(‘g E 40 i
X% 30 NFmin=0.470
= 1
20
10
1 mé
0

LS R N EL ELN LN BN B
10121416 1.8 2022 24 26 2.8 3.0
freq, GHz

FIGURE 13. Noise gain and maximum gain of LNA.

As shown in figure 13, when the center frequency is
2.45GHz, the maximum gain is 48.188dB, and the noise
is 0.47dB. To make the designed power amplifier with
generality, when testing its stability, the test frequency is set
to 1GHz-3GHz, as shown in figure 14.

As shown in figure 14, when the center frequency is
2.45 GHz, the stability factor is 2.665 > 1, ensuring that
the power amplifier’s low-noise amplified receiver is stable
in the operating band range. The other PA-related simulation
diagrams are shown in figure 15-figure 18.
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wn

7] m7
4 freq=2.450GHz
4 StabFact1=2.665)
8 34 m7
w |
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10121416 1820222426 28 3.0
freq, GHz

FIGURE 14. Stability coefficient of LNA.

0 firt
ADS i m1
freq=2.450GHz
-20 B(S(1,1))=-8.65!
—_~ - m2
gz v ]
- dB(S(1,2))=-69.839

B 60 m2

-120

7T T 7T
10121416 18 2.0 22 24 26 2.8 3.0
freq, GHz

FIGURE 15. Return loss at the input and output of PA.

As shown in figure 15, when the center frequency is
2.45 GHz, the return loss at PA input and output is —8.659 dB
and —69.839 dB, respectively.

As shown in figure 16, when the center frequency is
2.45 GHz, the insertion loss at the PA input and output is
55.115 dB and —7.296 dB, respectively.

e 80 3
7 freq=2.450GHz
607\_/\“'3\ LB(S 2,1)):55,11J
—_~ il m4
] 40 ] freq=2.450GHz
N dB(S(2,2))=-7.296

o9 207

m
ToT 0 m4

_20;\/""‘/\/~

A0
101214 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

freq, GHz

FIGURE 16. Insertion loss at the input and output of PA.

w2 100 m5
1 req=2.450GHz
80 axGain1=57.09

- 1 m6
cS 604 m5 req=2.450GHz|
=5 NFmin=0.574
& ]
Z3 40
= ]
20
1 m6
0 —_

™7
1.0 1214 16 1.8 2.0 22 2.4 2.6 2.8 3.0
freq, GHz

FIGURE 17. Noise gain and maximum gain of PA.

As shown in figure 17, when the center frequency is
2.45GHz, the maximum gain is 57.090dB, and the noise
is 0.574dB. To make the designed power amplifier with
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generality, when testing its stability, the test frequency is set
to 1GHz-3GHz, as shown in figure 18.

e 12 ] 7
freq=2.450GHz
10+ StabFact1=1.873)
8,

StabFact1
o
|

m7,

0+
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

freq, GHz

FIGURE 18. Stability coefficient of LNA.

As shown in figure 18, when the center frequency is
2.45 GHz, the stability coefficient is 1.873> 1, which ensures
that the power amplifier’s power amplification band is stable
in the operating band range. The actual test diagram is shown
in figure 19.

FIGURE 19. The actual test diagram.
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FIGURE 20. Test result 1.

As can be seen from figure 19, @ indicates the signal
generator. @ shows the pre-distortion linear power amplifier.
® indicates the bidirectional power amplifier designed
in this paper. @ indicates the attenuator. ® means the
spectrum meter. The relevant test data results are shown in
figure 20-figure 24.

The relevant comparison results are shown in Table 1 and
Table 2.

From Table 1 and Table 2, it can be intuitively seen
that the 4G/5G bi-directional power amplifier designed in
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FIGURE 21. Test result 2.
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FIGURE 22. Test result 3.
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FIGURE 23. Test result 4.

this paper is far ahead of other power amplifiers in the
literature regarding output power and output gain, with
excellent performance. It is experimentally verified to support
self-assembling wireless nodes to maintain long-spacing
transmission even during high-speed movement. However,
there are still some shortcomings, such as comparing with
the literature [64], [65], [66], it can be found that the power
amplifiers in the literature have lower operating voltages,
but their output power and output gain are more objectives.
Another example is comparing with the literature [62], [63],
it can be found that the power amplifier in the literature can
still provide efficient output power and output gain in the low
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FIGURE 24. Test result 5.

TABLE 1. Comparison of performance between PA designed in this paper
and PA in other literature.

Ref[60] | Ref[61] | Ref[62] Ref[38] Ref[67]
Working 33 3.6 33 33 33
voltage/v
Working
frequency/GHz 24 2.4 2.4 2.4 2425
Output 20 18.8 29.7 235 30.1-30.6
power/dBm
Gain/dB 17.7 214 9.6 26.8 25.4-25.9
Applicable,
Whether it is ;t :;Sﬁ?;
applicable for Applicable, pecti
j application
the long- ithasa
. . value and
distance specific h
.. o as done
transmission application long-
and high-speed value but ong
distance
movement of no no no has not .
transmission
amorphous flat done .
. experiments
air-to-ground relevant .
. to verify
Ad-Hoc experiments .
. (without
network to verify hich-speed
ZigBee nodes g1-SP
movement
experiments)

TABLE 2. Comparison of performance between PA designed in this paper
and PA in other literature.

Ref[63] | Ref[64] | Ref[65] | Ref[66] | This work
Working 33 18 05 1.98 3.6
voltage/v
Working
frequency/GHz 24 24 >4 24 2423
Output 277 218 123 1478 41.5-43.4
power/dBm
Gain/dB 28 15 none 19.75 44
Whether it is Sultal?le o
C long-distance
applicable for transmission
the long- and high-
distance speed
transmission mo\f’ement
and high-speed has been ’
movement of no no no no verified b;
amorphous flat relevanty
air-to-ground experiments,
Ad-Hqc and has
network ZigBee particular
nodes application

voltage state. The above two comparison results show that the
4G/5G bidirectional power amplifier designed in this paper
still needs further efficiency improvement.
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IV. EXPERIMENTAL TEST ANALYSIS

This test experiment includes high-speed movement and
long-distance transmission of amorphous flattened air-
ground wireless self-assembled network nodes. Firstly, the
high-speed mobile test: includes one airborne network node
and one vehicle-mounted ground network node so that
the vehicle-mounted network node and the UAV airborne
network node move in opposite directions to form the relative
speed maximization and test the network topology. The test
environment is shown in figure 25, the aerial self-grouping
node is shown in figure 26, the vehicle-mounted ground
self-grouping node is shown in figure 27, and the relative
movement experiment test is shown in figure 28.

FIGURE 25. Experimental field.

FIGURE 26. Airborne self-organizing network nodes.

The experimental data of self-assembled network nodes
moving at high speed are shown in table 3, and the
relationship between the rate of self-assembled network
nodes and the topology of the self-assembled network is
shown in figure 29.

It can be intuitively seen in figure 29. When the relative
speed is 214km/h, the network nodes can form a stable
network topology, and the maximum moving speed is
123km/h due to the restricted moving speed of the vehicle
ground network nodes. The UAV air network nodes are
determined to move at a maximum speed of 91km/h. The
limit speed value cannot be known yet, and can only be
defined to support the network nodes to move at 214km/h
high speed. Then the self-assembled nodes were kept moving

38938

FIGURE 27. Terrestrial self-organizing network nodes.

gy

FIGURE 28. Self-assembled node high-speed mobile testing.

TABLE 3. High-speed mobile test data of self-assembled nodes.

Ground Air network Relative Network topology
network node speed speed
node (km/h) (km/h)
speed
(km/h)
1 118 91 209 Formation of stable
topology
2 119 91 210 Formation of stable
topology
3 120 91 211 Formation of stable
topology
4 121 91 212 Formation of stable
topology
5 122 91 213 Formation of stable
topology
6 123 91 214 Formation of stable
topology

at high speed, where the first step was not connected to the air
relay node, the signal source node model was “01BA,” and
the signal host receiver node model was “6600”. The point-
to-point test was conducted. The transmission distance test
data are shown in table 4, and the specific distance and the
response of the self-assembled node indicator are shown in
figure 30.

From figure 30, it can be seen intuitively that: when the
distance is 16300 meters, the indicator light of the letter host
node generally works for 5 seconds, but when the space is
16400 meters, the indicator light of the letter host node does
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FIGURE 29. Self-assembled node high-speed mobile test topology.

TABLE 4. Experimental test results 1.

No. TS?:;:;:;E“ Indicator response
1 15200 The indicator light is on for 5 seconds
2 15700 The indicator light is on for 5 seconds
3 16100 The indicator light is on for 5 seconds
4 16200 The indicator light is on for 5 seconds
5 16300 The indicator light is on for 5 seconds
6 16400 The indicator light is not on and not off

018A 1

-« r.‘ggp LY
Bt SRS

Indicator response

—.

FIGURE 30. Transmission distance and indicator response of
self-organizing nodes.

not light up, so the limit communication distance is between
16300-16400 meters, and here it is taken as 16300 meters.
Continue to keep the self-assembling node moving at high
speed, where the second step is to access the air relay node,
air relay node, and ground relay node to form a common relay
node. The air relay node is “65FD”’, the distance between the
air relay node and the source node is 130 meters, and the flight
height is 15 meters, and the relevant data are shown in table 5,
and the experimental test results are shown in figure 31.
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TABLE 5. Experimental test results 2.

No. Trz}nsm1551on Indicator response
distance/m
1 18100 The indicator light is on for 5 seconds
2 19700 The indicator light is on for 5 seconds
3 22000 The indicator light is on for 5 seconds
4 24900 The indicator light is on for 5 seconds
5 25100 The indicator light is on for 5 seconds
6 25200 The indicator light is not on and not off

Indicator response

FIGURE 31. Transmission distance and indicator response of
self-organizing nodes.

From figure 31, it can be seen intuitively that when the
distance is 25100 meters, the indicator of the letter-host
node usually works for 5 seconds. However, when the space
is 25200 meters, the indicator light of the mail host node
does not light up, so the limit communication distance is
between 25100 and 25200 meters, which is taken as 25100
meters here. Since there are few papers and data related to
the long distance between the nodes of the wireless Ad-Hoc
network in 2.4GHz amorphous flat nodes, this paper only
found relevant data about the test distance of the ZigBee
module, and the comparative results are shown in table 6.

From table 6, it can be intuitively seen that the 4G/5G
bidirectional power amplifier designed in this paper can
be said to have achieved globally remarkable results in
supporting long-spacing transmission of amorphous flattened
air-ground wireless self-organizing network nodes for the
time being, from the information collected so far. This
bi-directional power amplifier can realize the long-range
wireless transmission of 16,300 meters for the ground point-
to-point of wireless self-organizing network nodes and the
long-range wireless communication of 25,100 meters for the
air-ground integration of wireless self-organizing network
nodes after the introduction of UAVs. This paper provides
a specific research basis for the subsequent terahertz long-
range transmission and wireless charging.

V. DISCUSSION AND SPECIAL NOTES

This paper designs a bi-directional power amplifier for
long-spacing transmission of air-ground wireless networking
nodes under high-speed movement. However, it does not
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TABLE 6. Comparing the results.

Reference Working Whether to The max
frequency/GHz support high- transmission
speed mobile distance /m
Ref[68 2.4GHz Uncertain 100
Ref[69 2.4GHz Uncertain 140
Ref[70 2.4GHz Uncertain 350
Ref[71 2.4GHz Uncertain 500
Ref[72] 2.4GHz Uncertain 600
Ref[73] 2.4GHz Uncertain 800
Ref[74] 433MHz Uncertain 1000
Ref[49] 2.4GHz Uncertain 1142.1
Ref[75] 2.4GHz Uncertain 1200
Ref[76] 868MHz Uncertain 2200
Ref[77] 2.4GHz Uncertain 2200
Ref[78] 2.4GHz Uncertain 4200
Ref[79] 2.4GHz Uncertain 6020
Ref[80 2.4GHz Uncertain 6500
Ref[81 2.4GHz Support 7665
Ref[67 2.4GHz Uncertain 9600-14800
This work is
about ground 2.4GHz Support 16300
Ad-Hoc
network
nodes
This work
about 2.4GHz Support 25100
air-to-ground
Ad-Hoc
network
nodes

mention air-ground networking communication, air-ground
bi-directional relay beamforming noise interference, and air-
ground networking information collision in the paper, so we
make the following relevant special notes here.

The authors of this paper have been devoted to the research
of long-spacing transmission under the high-speed movement
of amorphous flattened air-ground wireless self-assembled
network nodes and have achieved specific research results in
collaborative beamforming of air-ground relays, optimization
of air-ground bidirectional noise balance, and virtual MIMO
non-sensitive filtering, among which the main contributions
are as follows.

(1) Z. Wang, J. Dong, J. Yu, Z. Yu, S. Lin, and K. Li,
“The Air-Ground Integrated MIMO Cooperative Relay
Beamforming Wireless Ad-Hoc Network Technology
Research That Based on Maximum Ratio Combining,”
2020 International Workshop on Electronic Communication
and Artificial Intelligence IWECAI), 2020, pp. 11-19, DOI:
10.1109/IWECAI50956.2020.00010.

Paper (1) proposes an air-ground relay collaborative
forwarding amplified beamforming model with an MRC
diversity acceptance technique at the host node and optimally
solves the problem of reducing the false bit rate as the
SNR increases by using convex optimization. Based on the
collaborative communication and MIMO system with multi-
ple antenna system gain in modern wireless communication
networks, we propose an integrated air-ground relaying and
amplifying base station platform and a more realistic solution
to the problem of correlated noise introduced by multiple
wireless self-assembling network relay nodes and signals
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from interference sources received by the relay nodes and the
host nodes, which affect the SNR of the system. The proposed
method is based on the convex optimization method to solve
the air-ground relay beamforming vector, and the signal
received at the host node is performed by MRC diversity.

(2) Wang, ZF; Yu, JG; Bi, K; Lin, SJ; Yu, Z. Research
on Long-distance Transmission of Nodes in Amorphous
Flat Air-to-ground Wireless Ad-Hoc Network Based on
Bidirectional Relay Beamforming[J] Ad Hoc & Sensor
Wireless Networks. 2022,51:41-59.

Paper (2) proposes the optimal solution strategy of signal-
to-noise ratio balance for two-way relay beamforming based
on one-way relay beamforming so that when the system faces
external noise interference, its SNR can still be in a good state
and has good balance and controllability.

(3) Zhifang Wang, Jianguo Yu, Zhiyao Wang, Shangjing
Lin. Bidirectional Robust and Fault-tolerant H,, Non-
sensitive Compensation Filter Controller based on Amor-
phous Flattened Air-to-ground Wireless Self-assembly
System[J]. ISA Transactions. 2023, 132: 508-523. DOLI:
10.1016/j.isatra.2022.05.043.

Paper (3) designs a bi-directional robust fault-tolerant non-
sensitive compensated filter controller based on the powerful
adaptive fault-tolerant control algorithm. The LMI method
enables the designed filter controller to further optimize the
fault-tolerance correction factor and the robust adaptive factor
under the regulation of the feedback matrix K so that the
system estimation error asymptotically converges to zero and
then can simultaneously solve the optimization problems
of unknown faults (including external disturbances, partial
failures of internal actuators and random interruptions) of the
self-assembled nodes and the acquisition of SNR by the self-
assembled wireless nodes.

The paper (1-3) makes more detailed explanations in the
field of relay selection analysis for an opportunistic two-hop
multi-user system in a Poisson field of nodes or multi-user
beamforming and ground station deployment for 5G direct
air-to-ground communication. This paper is a further study
based on the authors’ previous research, focusing mainly on
the study of RF power amplifiers for amorphous flattened
air-ground wireless self-assembling network systems, so not
much elaboration is made in the aspects of air-ground
self-assembling wireless network communication, etc., and
particular explanations are made here.

VI. CONCLUSION

In this paper, we designed a power amplifier to support
the long-range transmission of amorphous flat air-to-ground
wireless self-organizing network nodes during high-speed
movement. Comprehensive simulation and experimental test
verification analysis show that the wireless self-organizing
network nodes can support 25.1km point-to-point long-
range transmission at a relative speed of 214km/h when the
designed power amplifier is added to the amorphous flat
air-to-ground wireless self-organizing network system. The
research work in this paper is of great significance in that it
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can significantly reduce the cost of wireless self-organizing
network coverage while improving the node’s performance
in all aspects, but how to reduce the size and weight of the
device is still a problem that needs to be optimized. This paper
provides a specific research basis for realizing a framework
system for low-altitude economic fly-by-wire networking in
the future.
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