a (9] d' A A Aad a d U
mauﬂm‘sﬂauﬂamwaaﬂmsmmn‘sﬂaummua@m“vﬂmwu

VNIMAINNNDINYTHIUNIzNENTEITTVURVION

N\
71

N
5 \II’lllll‘\\\ &
g 1dInAluladd?

R4

a a Jd n: I U 4! = [y a 2 A
Inentinus i uaiurtiavesmsanmnmunangasiSaygininssumansguitudia
) )
91331380358 NIANUIAN
a U = =
unInenaunalulaggsns

Umsanu 2562



FEEDBACK TECHNIQUE FOR REDUCING REVERSE

INTERMODULATION IN RF POWER AMPLIFIER

FOR FM BROADCASTING

A Thesis Submitted in Partial Fulfillment of the Requirements for the
Degree of Doctor of Philosophy in Telecommunication
Suranaree University of Technology

Academic Year 2019



a [ 3 a ad a d v o
maiamsideunduieaamsinasisadune suegatuluszuuvensiig
ANuIINgTMSUnszEdIss U HIdN

Y
@ A

a o a v oa a J 1< U &
wnanedoma luTadgsus eyl ldiivineinusatuiidudiunilsvosmsdin

</ A o a
munangaslsyangugiadin

a a 4
AULATIUNITTDUINNUNUS

AW

a A o % 4
(A3.090A 219AD1I51IRN)
JsLHIUNTTUMS

~

)
= 2 O > 2 R
S e il

[ 4
. A9.99895A NBINT)

S a a A
75 (9197150015 INeTNUT)

mﬂﬁiaﬁw?fﬁﬁﬁ)
~

unl

N >
Nise WQ%’%’]iﬁf}ﬁ)

"mm

\\
0'79 1ag|nn[u(aﬂa€" .

o W é
(e, 5.9. 95.152 Tomd Madad)

N\

N\

NTIUNITT
o ! o »
(57. 9.9. A9.0UATT 51?114‘1]5:?(111’1!) (5F. AT.NIFAT 909)

a J a ) [ o ¥ a A Jd
5®Qﬂ‘ﬁﬂ1i‘UaNWEJ"J‘H'Iﬂ']iLLﬂ%WQluTﬂ'Q'IIJHJuﬁ'lﬂﬂ ﬂﬂ!ﬂaﬁ'luﬂ’mﬂ?ﬁ'lﬂiiuﬁ’lﬁﬁi



Jayg Hugar : maiiansdeunduiienaniaifeiiisasumesvegaduluszuy
veroidanudingdmiunszndoeszuuieidy (FEEDBACK TECHNIQUE
FOR REDUCING REVERSE INTERMODULATION IN RF POWER AMPLIFIER
FOR FM BROADCASTING) 810158711341 : §awmans1nsd as.Saasss noam,

168 Y111

Tamsuniuszundea1sniso s n1901MAs 21 I1UA3 0 TUAUADIHAIVYUMS

k) Y v ]
Junianudunatutosnsaluilag i mmcﬂwaﬂmmmﬁmmmﬁmmnﬁmﬁ

a =Y < 9 a R I [ Py 9
IngnizaretdoassuueWdn 9 anmaaad ruiluosrsynedyyrian v

UszanTnngendneesvenedyay

[ a A v 4
anvldilugadunadeduanandhnilaouBen llsuniuszuudemsesresmeemald

v
=

Indiu i i daa o vesaaiaingh 1

=

awnsauns ldsaotiangdu | g : muwN“lumﬁmwaunammwuwﬂﬂm

2

‘UEJ”IEJﬂﬁNﬂ’]’IiJﬂ’JVlEJVﬂGB

Q

ASINSAS LHARSID (D" ﬁﬂ’mﬂﬂi“‘mmﬁﬂﬁu‘ﬂﬂ
wmamaqmmm‘wmmu

mvlﬁme]w;mmmau"lﬂ 180

v o

DI LD ﬁ/{khjﬂﬂﬁﬂm N Ejfﬂﬁx‘]ﬂ’ﬂila VUUIATUS L‘INﬂch’i

q

ﬁmmmmm&@ﬂ@wmgmu mﬂwi t a&mﬂmmmmquﬂ%

Lﬂﬂuﬂﬂ”lﬁﬂ@uﬂﬂﬂﬂuuﬁl @Qﬁmme@uLﬂ@ﬁNﬂﬂlﬁ%uiﬂTﬂU
[~} v @ a 4

75.72 dBc !Lﬁﬂﬂiﬁlﬁuj'lﬁ'm'liﬂﬁﬂ q;mﬂmaummuﬂgm%u 41.62 dB LN?JWIEHJﬂ‘U'N%iﬂIfJ']ﬁI

Faanuaaadndlsaudun i

U39 Anssu Insauungy MoiloFiinAny 3{"‘/{’

v
A A

o o~
Wnsdinwn 2562 MeiloF¥o013eNINY_ D).




PANYA HANTULA : FEEDBACK TECHNIQUE FOR REDUCING
REVERSE INTERMODULATION IN RF POWER AMPLIFIER FOR FM
BROADCASTING. THESIS ADVISOR : ASST. PROF. RANGSAN
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REVERSE INTERMODULATION / POWER AMPLIFIER /BALLANCED RF

POWER AMPLIFIER / FEEDBAC NIQUE

FM broadcast stations ge erse intermodulation signals that cause
communication problems betwy, i i trol controllers and pilots in the Air
Traffic Control systems (AT . E power amplifier of FM broadcast
ut power and efficiency higher
IS a non-linearity that creates
intermoculation S|Ms i | - ol 'nsﬁcloselylocated the output

signal from one : g rby n. The signal travels in

the reverse dlrec% rea fler This reverse signal
togethercth stati .”l‘ n Slg% called Reverse
Intermodug‘} IM). A single-stdge class-C amphﬂe“enerates a reverse

intermoculation pr!cz&"af)"h ﬁ[u‘a&&ae propose a balanced RF

power amplifier with a feedback technique for reducing the reverse intermodulation in
the RF power amplifier of FM broadcasting systems. The feedback technique uses a
reverse signal from the nearby FM broadcast stations that are made 180 phase shift and

injected into the input of the balanced RF power amplifier. The experimental results



have demonstrated that the reverse intermodulation signals of a balanced RF power
amplifier with a feedback technique generate an intermodulation product of 75.72 dBc

which is 41.62 dB improvement from the conventional class-C power amplifiers.
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Pretative(dBc) = P.(dBm) — P;(dBm) (3-15)
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S (dBm) (a9) (s (dBm) (I09)
0.20 23.70 0.31 3.80 34.25 3.56
0.40 25.84 0.53 4.00 34.47 3.70
0.60 27.61 4.20 34.65 3.86
0.80 28.24 4.40 34.84 4.01
1.00 29.33 4.60 35.04 4.12
1.20 30.10 4.80 3523 441
1.40 30.64 .00 35.34 4.54
1.60 31.12 35.54 4.75
1.80 31.34 35.70 4.90
2.00 31 .86 35.81 5.04
2.20 35.93 5.17
2.40 36.03 5.34
2.60 36.21 5.52
2.80 %6.33 5.65
”7 5.80
6.54 6.00
36.66 6.10
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Frequency
Bias

Vcee

105.00 MHz
2.06 V

47.19V

Spectrum Setting

Span 1.00 kHz

RBW 1.00 kHz

VBW 3.00 kHz
Detector  Peak
Avg 50.00

M319N 4.6 HANITNATOUTIE 10171578 8l Mk

1

DUNA 11ANA GOPRE
(dBm) | (dBm) | (Tad) il
2370 | 3414 | 350

2584 | 3852 | 9.50 g

27.61 | 4143 | 14.58

2824 | 4219 | 2

2933 4315

30.10 | 43.90

30.64 | 446

3112 450

3134 _p45.70

31.86 12

3215 4% J4
245 | 4034 oo ACKSINA
3294 | 4729 | 7007 | 1435

e dyaIaaIn 1 (PA1) (A8)

GRS oAT1Ve10
(@Bm) | (ad) | (dB)
4756 7464 | 1436
4784 8022 | 1447
4806 | 8521 | 14.46
4838 | 9002 | 14.49
4853 | 9471 | 1441

%2 100.01 | 1457
< 105.00 | 14.50
11027 | 1461

1043 911507 | 1459
49.5 &5?9.96 14.47
6™ 12556 | 14.53
A 12037 ] 1453




Output Power (PA#1)
150
125
100

75

Output (W)

23.7 27.6 29.3 308 31.3 3@2 32.9 33.4 33.9 343 347 35.0 353

i1 (PAI)

=l.

i1

o

q.S}mB)

237 29.3 313 329 33.9 34.7 353

Input (dBm)

31J 4.27 n9MUAAIONIIVNIT YV VDINITVB T Y Y I Fafi 1 (PAD)
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Frequency 105.00 MHz
Bias 2.06 V
Vcee 4719V

Spectrum Setting

Span 1.00 kHz

RBW 1.00 kHz

VBW 3.00 kHz
Detector  Peak
Avg 50.00

{ o w 4
ﬂ’li’l\iﬁ 4.8 HANIINATOUNIAILD 1A W EI1E il Il

32.94

46.85 65.88 13.91

EAEGETLIREY a1l 2 (PA2) (A0)

DUNA 11ANA BN37° DUN GRS 93 1UeNY
(dBm) | (dBm) | (Tad) i (dBm) | (dBm) | (Fad) (dB)
2370 | 3426 | 346 _': E 320 | 4707 | 7081 13.87
2584 | 3804 | 837 gy M1720 4732 7514 | 13.95
27.61 | 4004 | 133 "' 12.43 47.68 | 79.15 14.08
2824 | 4149 | 19M0 | 3 gg— 4792 | 85.58 14.03
2933 | 4250 | 0550 ;‘ o "‘ 4821 | 88.11 14.09
3010 | 433 Q\I ‘-] s %5 9379 | 14.10
30.64 g \ I 47 = 9826 | 14.16
3112 44.80 /’ﬂW 4\ \\' 10294 | 1427
3134 g 4541 / ’ I ] \ \ 40.15 §L03.78 | 1431
31.86 77 | 49.92 : 5.04 49.3&\1’376 14.33
32.15 | adfg qti'is J4.08 358 4G 11345 | 1430
3245 | 4636 | 60; 18|nﬂ‘ . Ao el | 1435




Output Power (PA#2)
150
125
100

75

Output (W)

(S
3

7 27.6 29.3 3( 329 334 339 343 347 35.0 353

(dBm)

6

237 293 313 329 339 347 353

Input (dBm)

v
(2

319 4.29 nanaAIBRI VBT YYIBVOINVTVETYYIUAIN 2 (PA2)
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Frequency 105.00 MHz
Bias 2.06 v
Vcee 4719 V

A1319N 4.10

Spectrum Setting

Span  1.00 kHz
RBW 1.00 kHz
VBW  3.00  kHz
Detector Peak
Avg  50.00

UAPRINANITNATOUY

VT VINYTY Y

NRPRIN s

¥ YEi 1

bl1aos (f0)

Tyaa PAT 182 PA2 1I015ounD

Nau01ANANA NN UUBII99T VY

DU PAIl GRIGTRGY
- w
l ‘ PA1 11ag PA2

(dB1n) (deff) Rm) (dBm) (Iad) oy
23.70 o IR 7L’ 0.04 1.20
25.84 ; 52 ‘I‘%w; , 1.13 11.89
27.61 4 ./ 39 1.23 8.46
28,04 - 1 ”Wm 234 10.79
29, 43N ’ l I |' \ \ 760 5.66
30.10 2 3390 ] 0.53 &6 5.90
30.64 Uﬂg_.,is 4420 @ 3.93 10.24
31,12 4527 i 38 3.70 8.36
31.34 45.70 45.41 0.29 3.24 6.63
31.86 46.12 45.77 0.35 4.04 7.49
32.15 46.51 46.23 0.28 5.11 8.47
32.45 46.84 46.36 0.48 5.49 8.29
32.94 4729 46.85 0.44 4.19 5.98
33.20 47.56 47.07 0.49 3.83 5.13




J
D1ANA

MAUIANANANAUYDIIT VY

BUNA PAIl PA2 GRTGTRGY
PA1 11ag PA2

33.37 47.84 47.32 0.52 5.08 6.33
33.60 48.06 47.68 0.38 6.06 7.11
33.80 4.44 4.93
34.12 6.60 6.97
34.25 6.22 6.22
34.47 6.74 6.42
34.65 7.33 6.65
34.84 6.29 5.47
35.04 6.20 5.17
35.23 7.11 5.66
35.34 7.76 5.95

Output (W)

0.2 0.6 1.0 1.4 1.8 2.6 3.0 34 3.8 4.2 4.6 5.0
Input (dBm)
{ o w 4 o
gﬂﬁ 4.31 ﬂi11"lllﬁﬂ\1ﬂ1ﬁ\1!ﬂWI‘V!GI“UEJQ'J\WT’U?JW?J W PAI1 uag PA2
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[

o {a s A [ a [ o {
MasnnudInguuuuiaud efoudyarudunalinuivrsveredygimiiiniiuusg

9 o

(%

v o w v @
YA 6 IAAETD IRMAIgIga 250 Tad Tonswenedayam Yszu 16.8 dB

90" Hybrid Power

Combiner

1 Total
3 ’ OouUTPUT

ia o
ANYLTTUTATUY

L.oad e e B i 3-dB quadrature

a5 f]uudmlure P - hybrid couplers
hybrid couplers A 4 4 #2
#1 )

5092

OoUTPUT

[

= o od g X Y {
317 4.33 1995810 agmummmucmnﬁﬂwuclmma gU

G
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Frequency 105.00

Bias 2.06

Vcee 47.19

MHz
A\
A\

Spectrum Setting

Span 1.00 kHz

RBW 1.00 kHz

VBW 3.00 kHz
Detector  Peak
Avg 50.00

Q131N 4.1

UAPINANITNATDUVANINIIY

o w {a d
EJmmmmﬁmqgmumamm (919)

Buna CRET CERL dunA PIANA SAT1V0
(dBm) | (dBm) (i) ; (@Bm) | (dBm) | (ad) | (dB)
2370 | 3521 | 4.60 : ﬂ 5097 | 16263 | 16.72
2584 | 40.03 | 13.09 _A’ 14.19 510417294 | 1677
27.61 | 4241 22. 14.80 514418014 | 16.79
2824 | 4382 | 3357 |1 ﬁ_ 5165 | 18380 | 1681
2933 | 44.97 A\ k“ Vs ™ .~1.78 194.60 | 16.74
30.10 | 46.0¢ ““ ‘- 3 20330 | 16.74
3064 | 4678 40 7 34 209.40 | 16.79
3112 | 4704 g //,,'m \ 21970 | 16.84
3134 G769 ’ l . \ 16.78
31.86 6@‘)& 88.70 |  16.46 35.81 16.82
32.15 48.6% 53 16.81
3245 | 49.18 1omﬂ 16.86
3294 | 4947 | 11543 | 16.53

3320 | 4979 | 12741 | 1659

3337 | 4996 | 13007 | 16.59

33.60 | 5039 | 14249 | 16.79

33.80 | 50.54 | 147.20 | 16.65

34.12 | 50.86 | 159.06 | 16.74
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The Output Power of Balanced RF Power Amplifiers
300
250

200

Output (W)

43 348 353 358

= { s
31]1/] 4.34 ﬂﬁﬂ/\lllﬁ NALUVUIATUY

o2

I'S

23.7 27.6 29.3 30.6 31.3 32.2 32.9 33.4 33.9 34.3 34.7 35.0 353 35.7 359

Input (dBm)

v
=

511 435 naluaasdavenedyauve LA
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Balanced RF Power Amplifiers with Feedback
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A 3-dB Quadrature Coupler Using Broadside
Striplines for FM Power Amplifiers

Panya Hantula, Nantawat Jaiyen and Rangsan Tongta
School of Telecommunication Engineering, Institute of Engineering, Suranaree University of Technology.
111 University Avenue, Muang District Nakhon Ratchasima, Thailand.
E-mail: D5740147@g.sut.ac.th, nantawat.jaiyen@gmail.com, tongta@sut.ac.th

Abstract—A  3-dB quadrature coupler is an important The structure of broadside couplers is a coupled line and a signal
component for FM power amplifiers to realize high power o - line that are two parallel quarter-wave transmission lines on
Conventional couplers are realized by using tightly qu; opposite surface. A small value of the substrate thickness
wavelength transmission lines. An FM Frequency range mcreases the coupling coefficient of couplers. Broadside
frequency that increases the physical size of conventional co T—— o 1 siit 0.1 bt
which may be unsuitable to fabricate. This paper presen Coupiers. Lequue e Specla. COMPONENL, (68, L AL SIOSIAS
3-dB quadrature coupler using broadside striplines for thickness, which is difficult to find and has expensive cost.
amplifiers. The broadside-coupled striplines technique ¢ Therefore, the proposed 3-dB quadrature coupler uses low-cost
the physical size of 3-dB quadrature couplers which ar FR-4 printed circuit broads (PCB) to implement. It is simple,
for FM power amplifiers. The proposed coupler use low cost and small size which can easily to fabricate.
FR-4 printed circuit boards (PCB) with 0.8 mm
thickness to implement. An overall dimension of th
coupler is 75x85 mm. Experimental results show that r
of all ports are lower than -15 dB. Coupling coeffic
coupled port and the directed port are -3.4 dB 2
respectively. Relative phase differences between
are 90 +2°, The proposed coupler is simple, low ¢
that can be used in FM power amplifiers.

188tra
roposed
rn losses
ts of the
-3.3 dB

I1. DESIGN AND IMPLEMENTATION

The 3-dB quadrature coupler in this paper consists of two
ymmetrical circuits of two parallel striplines that are embedded
liclectric between two ground planes [5], as shown in Fig.
Two striplines are embedded in the substrate 1 and
te 3. The substrate 2 inserts between the top stripline and
stripline. The characteristic impedances of even-mode
Keywords—A 3-dB quadrature coupler; FN d odd-mode (Z,) can be calculated by [6]-[7].
broadside-coupler striplines; printed circui

188.3 K(k') B 296.1 M
) V2 tan (k)

L. INTRODU

RF power amplifiers of FM t
broadcasting systems require a hig

overcome this problem, balan
suggested [!]. A balanced
using two identical 3-dB qufg®&ure
transistor modules. Thcm :
input signal into two
phase difference of 907
into an input stage of
quadrature coupler con
transistor modules. The wer can bL lnuum.d

from sum of the pow

conventiona! couplers are ¢
wavelengthﬁmﬁssion lines, Y

[2]. They ar&gg®]c and easy to imp

size is deter; by a length of a

Ground
’ Port 2
(Input) (Coupled)
Substigae 1
Substr
\||Iw b
transmission linagat ease in an FM hcquency range [3].
The increasing of ! @a size may be unsuitable to use for
¢

Ground ” \\ ImWQ
plane h P
FM power amplificrs. ler striglgnes have bun ®)
suggested to reduce the cou y] > ¥ ‘;
coupler in this paper is (o utilize (hebro ﬁ:l = u the 3-8 quadrature coupler. (b) Circuit layout of the

1 dmluu coupler.
technique which can reduce a physical size of coup ers

Port3

1) (Directed)

978-1-5386-4834-6/18/$31.00 ©2018 IEEE
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The proposed coupler uses low-cost FR-4 printed circuit
broads (PCB) to design and implement. The substrate thickness
of an FR-4 PCB is 0.8 mm and the dielectric constant (&) is 4.6.
The characteristic impedance (Z;) of all ports is 50 Q and the
voltage coupling coefficients (C) is 0.707 (C4p= 3-dB). Final
dimensions of the proposed coupler are s = 0.8 mm, w = 2.54
mm and b = 10.4 mm. The circuit layout was designed by using
a tightly stripline, as shown in Fig. 1(b). This configuration
is simulated with the CST software to realizable a circuit
designed. The physical size of a proposed coupler is 7585 mm,
as shown in Fig. 2.

Measired -~ §11 ~=--$22 4§33 -+--Sd4
( Simbted -—S11 =822 4§33 —S44

0 25 50 75 100 125 150 175 200 225 250
Frequency (MHz)

Fig. 3. Measured and simulated results of the return loss

Measwred -@--§21 §31 -+--S41
5 Sinulated  -#—S21 S31 +-S41

0 25 50 75 100 125 150 175 200 225 250
1. MEASUREMENT RESULTS Frequency (Milz)

This section presents the experimental resul
PNA N5224A network analyzer is used to meas;
coupler. The return losses of all ports are lowe
is according to the simulation, as shown in
results of the coupling value are shown ingyighf.
coupling coefficient occurs at the centerj@t T 1y was supported by the Suranaree University of
T), Thailand.

Measured and simulated results of the coupling coefficient

ACKNOWLEDGMENT

is -3.4 dB and the coupling coefficier
is -3.3 dB. The measured values ¢
difference due to the variation from
below and above of the FM frefifency range,
quarter-wavelength stripline has,

coupling coelTicient is decre
of the FM frequency range «
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Although, the FM broadcast station uses an RF power
amplificr with a single frequency. In practice, the signals from
nearby FM broadcasl stations can radiate to the own station. In
Figure 1, two closely located FM broadcasting stations, the signal
from a reverse (ransmitter radiates into a carrier ransmitter via an
antenna and transmission line in the reverse direction, called
“Reverse Signal”. The reverse signal travels until it present at the
input of a carrier transmitter. So, the station own signal and the
reverse signal create intermodulation signals, called “Reverse

Intermodulation (RIM)”.

The FM broadcast station uses a low pass filter in the final stage
to block unwanted signals, such as harmonic and intermodulgg
signals. A low pass filter has a wide (ransition band, the frequ
response to change from a pass-band to a stop-band. V
frequencies of intermodulation products are very close (0 a ct
frequency point of the filter that cannot eliminate intermodul
products with a low pass filter. The FM broadcast station usir
frequency band is 88-108 MHz that are close to the freque|
of Air Traffic Control (ATC) systems, using the fr
between 108-137 MHz. Therefore, reverse intermodulati
from FM station gencrates may be interferences comm
between air traffic controllers and pilots, as shown in Fi

Transmitter
#1
//'
Transmitter

Figure 2: Intermodulation products interfe

To overcome this problem,

filters are alternatives (0 gigduce i
It can block reverse >ign%ncu
signals from the own sta@®f. Disady
cavity bandpass filiers ‘pﬂ cor
and power loss to a sySica@@@Rs wil
techniques available g
particularly attractive.

This paper presents a bz
improvement 3-dB quadratu

intermodulation signals of FM
balanced R@er amplifiers is
quadrature ¢ g and two signal-stad

signal from ncuﬁ stations radiates to the i
present at the inp® of ghvossgpal-stage amplifiers that generated

intermodulation sign SQ
provides a 180" out-of-p

econd quadrature hybrid coupler
h P odulssan signals from
two amplificrs that can callc &Jaﬂl BEmBEN
mathematics analysis of a balanced RF p¥v 8'“\“

closely located FM stations shows that can reduce the reverse
intermodulation products, will be explained in section 3. In the
previous work presents a design and implementation of the
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prototype 3-dB quadrature couplers [3]. In this work, prototype
3-dB quadrature couplers are included in a structure of a balanced
RF power amplifier to reduce reverse intermodulation signals of
FM broadcast station.

The quadrature hybrid couplers are an important component
for a balanced RF power amplifier. Due to it can separate an input
signal into two identical amplifiers and combines both output
signals. The quadrature hybrid coupler has a very beneficial feature
that can reduce a reverse intermodulation signal of FM
broadcasting systems. The branch-line hybrid couplers are applied
to traditional couplers for the balanced rf power amplifier. The
branch-line is a simple type of quadraturc couplers that are realized
by using four (ransmission lines (o construct a single-box coupler
[4]-[5]. Each line in the single-box is a quarter-wavelength
transmission line. The disadvantage of branch-line couplers is a
large physical size because a quarter-wavelength transmission line
determines the physical size of branch-line couplers. Especially,
FM broadcasting systems use a low-[requency range (hat is a long
transmission line that increases physical size. The large physical
size is unsuitable to use for an RF power amplifier of the FM
ations [6]-[10]. The quadraturc hybrid couplers in this paper arc
tructured by using the broadside-coupler stripline technique to
duce the size of couplers. Section 4 describes the design,
plementation of quadrature hybrid couplers.

e protolype quadrature couplers are applied to a balanced RF
amplifier. The two identical single-stage amplifiers use
RF amplifier with two MRF151 N-channel MOSFETs
ite at the frequency range of 88-108 MHz. Experimental
tal output power, a frequency response of prototype
balance: r amplifier will be presented in section 5. The
situation closely located FM broadcast stations is used to
create the intermodulation signal. Two carrier transmitters
that usc a age power amplificr and a balanced RF power
1 measured. The FM broadcast station using
olifier eliminates the intermodulation signals
ilting property ol the quadrature hybrid
e reverse signals (f,) from nearby FM stations and the
ion sigr ave a 1807 out-of-phase which can be
verse and RIM signals without the cavity
2lors. Experimental results of the FM
ced RF power amplifier comparing
olifier arc presented in sections 6.

| FM Broadcasting Systems

\ liers are anglectronic circuit that transfers
load such usi tenna by amplifying.

systems  requgc®ghh output power and
feuey. The Class-C ampliz® Wgers the highest efficiency
morc than Class-A, Cluss-B@Class-AB. The cfficicncy of
Class-C amplifigys cg %1 ximated about 70-80%. The
q nax liers 1s non-linearity which has poor

[

isadgmiage
O ( va spcnerates harmonics [11]. When two
B |

put of an amplificr that creates intermodulation
components (IM). The several techniques are presented reducing
the intermodulation distortion by improved the RF power
amplifiers, such as the feed-forward techniques [12], etc. They are
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suitablc to the multicarricr amplificrs which cannot climinate the
reverse signal from nearby FM broadcast stations.

2.2. Non-linear Distortion and Intermodulation Products
Non-linear distortions can be described in terms of a non-linear

relationship between the input and output signals. The non-
linearity creates several effects such as harmonic and

intermodulation signals. Harmonic signals are unwanted signals
which are included a number of integer multiples of an input
Intermodulation signals occur when an input of
FM

frequency.
non-lincar systems arc composed of two frequencies.
broadcast stations use a Class-C amplifier that is a nonl
system. Thercfore, we can express by:

y(©) = o, x(0)+x(0)>+osx () +ayx (...

Where y(t) represents the output, x(t) represents the
o, represents the gain cocfficient.

x(t) = A| cos(2xnf|t) +A, cos(2nf,t)

ifferent
resultant

If an input signal consists of two signals with
frequencies that are applied to a nonlinear system (1). T
of the output can be cxpressed as:

From (3). tllﬁl hasgoes not contain only the fu

frequency. The non gives othcr frequencies adding to
output components. Thca ns e\pg&slon shows the
amplitude of the fund&uncnm

the second-order harmonics. Thc lou an g@ﬁp
order intermoduiation distortions. 1he terms ot 2i;-I,, 2fp-11
third-order intermodulation products. The intermodulation signals
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nddeJdI

o u
oh
which separates an input sig 1Q
phase dxtfcwlv\

arc very close to fundamental frequencics which are cannot be
easily filtered.

Input Non Linear Output

Spectrum Systems Spectrum
—/I_I_‘ / I ] | ] i B

s 3h=f: 2h-f £ f 26— 36-2h

Figure 3: Intermodulation Products of nonlincar systems
3. Balanced RF Power Amplifier

The balance RF power architecture shows in Figure 4. Two
identical signal-stage amplifiers are parallel connecting with two
quadrature hybrid couplers. Both amplifiers share the same input
signal (x;,(t)) which is fed through the quadrature hybrid coupler.
The first quadrature hybrid coupler on the input is the splitter that
divides an input signal (from port 1) into two equal amplitude
outputs (port 2 and port 3) with a 90° phase difference. The input
signal of the first amplifier (PA1) has been 90° phase-shifted and
he signal of the second amplifier (PA2) has been 180° phase
hifted. Two amplifiers have the same bias voltage that provides
qual output power capability. The second quadrature hybrid
upler on the output is a combiner that is connected to the output
of two amplifiers. which an output signal of PA1 connect to
and an output signal of PA2 connect to port 4. Both output
arc in-phasc on port 3 that means output signals from two
rs are combined. While oulput signals are out-of-phase at
hat mean the outpul signals [rom two amplifiers are
A port 2 of a hybrid coupler is an isolation port that is
match load 50€Q.

fe20"

»

{UtPAL  Output PAZ

2180°

2 1.

solate (Port 2)

OutputPAL OutputPA2  Output (Port 3)

ced RIY Power Amplifier to Rediice
on Products
s the bala
intermodulat

Al x; () w]nchlcpl

RF power amplifier that
ucts. From Figure 5,
'c FM modulation signal.
cuadrature hybrid coupler
two cqually signals with a 90°

1e 1put signal is fed throug

42

‘aﬂ(l) 7@0\(7111(1 90°)

)
xp(0) = % cos(2nft+180%) 5)
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[r2180°  [c290 fre360°  [c270°

frim Fia frim frim
[r2180° [c290°  (2fy [0)2270° (2fc—fx) Reverse 2/, 1,).a50 (2fc—f2)2180
Frequency
x1(t) \ V7
R
\ Output PA1 +

Carrier [22180° [c2270°
Frequency o feme
2, )290 2 360"
fecoo EEEp (2fn 1)4 (2fc—fx)2360

x(t)

N 4

fe
S0Q 4
3-dB quadrature /
hybrid couplers
/
#
p frim

4 ‘l 2fcfr)
} t

x,(t) OUTPUT

Figure 5: The ana erse intermodulation products

Where x;, () is an input signal for th =
the x;,(t) is an input signal for the secor s. We use x,(t) and x,(t) to a nonlinearity

- amplifiers (1). Thercfore, a resultant of the

cquation
nearby FM station travels in a reversg il i output can §

a second quadrature hybrid coi
microwave device that separ

signals with a relative phase d ce il X ] cos(2nf-t+90%) +
reverse signals by )

(On2f t+180°) +

Sri (T)l g
P2 t+90°) +

Cos (2t (2f H)+907)+
Lm Tﬁ,{)y
[ : ]Lo\( AN )1270)+
(2mt2fe-fi)) +

Z cos(2m3frt+180°)+

Where Sg; (Q and Sg,(t)
traveling im& power amplific
areverse sigi h reverse signals (rz
through the cou%nl they present at the inp
Input signals (x thgmlh the reverse signals (Sg;
present at an input a)ovxcr amplificrs, can be written as

o xi©=x; (og(wa ]| nﬂIU‘aﬂ

%20 =X (045w (0 [] cosamatet907)+...
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903 .
Yo =[]+ [al+ T] cos(2nfrt+90°) + (11) s Output spectrum of PA1
% u RIM (PA1) @ 105 MHz
905 " ' 1 I 14
[%"“T] cos(2mft+1807) + <% 50 100 150 L200 250
F (MHz)
Output sp of PA2
o » 85
[j] cos(2m2fyt+907) + 2 RIM (PA2) @ 105 MHz
& g ik 1 1 1
[7] cos(2m2f t+180°) + . - e U A -
Output spectrum of the balanced amplifier
304 3 =
[T cos(2nt(2f )+ 2 _ ] | & 105 MHz
200 250

cos(2mt(2f+fz)+90°) +
IFigure 6: Simulation results of the math model based on
a balanced RF power amplifier

3.2. Intermodulation Measurements

The third-order intermodulation distortion creates additional
requencics in terms of 2f; — f, and 2f, — f;. The measurcment
described by the power ratio between the power level of a
amental frequency and intermodulation products, can be
sed as:

I
N
Fr ]w\(m(m@ ))+
[+

cos(2mt(2f-£,)+270°) +

(3
ﬂ cos(2m3f ++90°)+

o

[ 7] cos@m3tet180) .. Piyis (dBc) = Po(dBm) - Ps(dBm) a3
P, is a power ol a lundamental frequency and the
| of a third-order intermodulation product. The Py
ilation level (dBe) of an intermodulation product
er level of the fundamental frequency.

The y_,(t) and y_,(t) are respective
power amplifiers. Both output signal
a nonlinear distortion that contains
frequency, the reverse frequency, the
order intermodulation products. Both
by a second quadraturc coupler whi
signal y_, (£) at port 1 and an outpf signal y ‘,(t) a
term of a reverse frequency (f;) #d the tez
product (2f,.- 1) arc out-of- pl‘n port 3

coupler. Thus, (he reverse wld thd
canceled. A similar expre C

is in-phase on port 3. F
increased and can be cx

is connccted ig

Frequency

ation Distortion Measurement

ation of 3-dB Quadrature Hybrid

al couplers fm,@e power amplifiers use
A/brid couplers becau; imple and easy to make.
¢ s of the branch-line coupggrs NWincreased when using in an
FM frequency range. The ¢ onl the physical size of branch-

cen suggested. The slow-wave

linc couplers, D@y ¢ é
. anst a can  make short-wavelength
-'ac f Yéﬂ ®lucing phase velocity [13]{17]. The
The math model of balanced RF p8®er

!ﬂ uctances and capacitances with the same ratio
frequency (i) 100 MHz and a reverse frequel f) = causes reducing phase velocily while a characteristic impedance of
95 MHz is simulatcd. The linc spectrums of simulation results  the coupler 1s.unchangt.:d AISS’ lmnpedflement hybr}d couplers
show in Figure 6. The intermodulation signals in term of (2f -fz) ~ use for reducing the circuit size of branch-line hybrid couplers
and a reverse signal are eliminated. [18]-[19]. Lumped-clement circuits arc realized by using
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LC-microstrip resonance circuits to replace the line sections of
branch-line couplers. The lumped-clement circuits have a
characteristic impedance equivalent to the quarter-wavelength
transmission line while the circuit size of lumped-element circuits
is shorter than the branch-line couplers.

Lange couplers are two parallel microstrip lines with alternate
lines on the same surface [20]- [21]. The alternate lines can reduce
the occupied arca of couplers. However, after the circuit of
couplers have been processed, the circuit requires wire bonders for
bonding the conductor spacing ol coupler lines [22]. Wire bonders
increase the manufacturing processes which are difficult to realue
Broadside- coupler striplines are the hybrid couplers wi
bonding wires [23]. The broadside-coupler structure com
two parallel quartcr-wavelength transmission lines on the opy
surface. A coupled line is a floating transmission line overld
a signal line. The length of a coupled line determines the phy
size of the hybrid couplers. It can be significantly
occupied area of couplers by using symmetrical circui
parallel striplines with the oppositc surface and usir
stripline. The coupling coefficient of couplers is increz
printed circuit broads with a small substrate thickness, e.
substrate thickness, which has expensive cost and is (il
find [24]-[29].

The broadside-coupled striplines in this paper cor
parallel lines which are embedded in a dielectrj
ground planes [26]-[28], as shown in Fig. 8. Th
from a signal linc to a coupler line occurs at the,
striplines.

Kt of two
veen two

The configuration as
broadside coupler. The
terms of a characteristic
coefficient (C) is calcular
even-mode (Z,.) and odd-1
[301:

1883 K(k) a6
T Ve K
296.1
Zoo =—3 an

Ve, = tanh™" (k)

Where K (k) and K (k') are complete elliptic integrals of the
firstkindand k' = V1 — k2. The ground plane spacing (b) and the
spacing between two parallel striplines (s) are used (o calculate the
k parameter which can be calculated by:

K (k")

2 14
— 2 ~ZIn|= (18)
K [ /«]
Thus, we can calculate the stripline width (w) from:
R
w1 (1+R) s e 19
b m 1-R/ b 1_R
k
(20)

circuit design of a 3-dB quadrature hybrid coupler, as
) Figurc 9. The top stripline is cmbedded between the

input signa
stripline pas

3, called “directed port™.
is coupled via the top stripline to port 2, called
put signal is divided by a 3-dB quadrature
101 into two cqual amplitude outputs with a 90° rclative
Thﬂn and coupled signals are canceled at the
no SIgNQ out [rom this port, called “isolated

Coumnplcmcmcd at the frequency of

cncy ol FM broadcast systems. The
CB) arc used to make prototype
0l (£,) of an FR-4 PCB is 4.6 and
0.8 mm. Assuming the characteristic
upling coefficients (C) is 0.707 The
arameters from (14) —(20) are the stripline
¢ ground pldfiggpacing (b) is 10.4 mm. The
linc (L) is 384 . The circuit of a 3-dB
¢ hybrid coupler using %\ microstrip line, as shown
in Figure 9(b). This circuit 15 simulated with the CST

coupler.
PCBs have 1.6 mm and 0.8 mm

soﬂ\\.ne to verify a pIO)
L0t
Zoo Jdg (15) ﬂ‘a ¢ dimension of ground plane spacing
-'a 8' u goupﬁr is 10.4 mm. Thus, we choose an FR-4

According to Cohn [31]-[33], the even-mode and odd-mode
characteristic impedances with respect to ground plancs can be
calculated by:

Wwww.astesj.com

with 1.6 mm substrate thickness to make substrate 1 and
substrate 3 which can be made by using PCBs piling up to three
layers. The constructed of a prototype coupler is shown in Fig. 9.
The overall physical dimension is 75x85 mm.
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Ground plane i
Substrate 1 Top
stripline
Substrate 2
Bottom
Substrate 3 stripline

Ground plane \ /

(a) Layers of the 3dB quadrature coupler

Transmission line

Port1 § /7777_“

(Input)

Substrate 2 3

Coupled = ——
&

line

Port 4
(Isolated) \
Transmission lj

(b) Circuit layouts were

hybrid coup.
coupler
fvbrid coupler

Figure 9: The configuration of a 3-dB q
(a) Layers of the 3-dB quadraty
(b) Circuit layout of the 3-dB qua

2 4 f

(@ Physical size of the coupYy

@ 10: Photographs o
e Measurwn?”h‘\ of the Quadrature )

In this secti 1} the experimental results of the
prototype 3-dB hybitd oyl he frequency range between
25 MHz to 150 MHz has rctuifff1 ﬂ\ t'ﬁdeB. as shown
in Figure 11. The center [requency F? ﬂslnl ]
(98MHz) provides a maximum coupling coellicClel VL W
Figure 12. The coupling cocfficicnt between a signal line and

a coupler line is -3.4 dB (S21) and The transmitted coefficient
between a signal line and a coupler line is -3.3 dB (S31). The

www.astesj.com

relative phase difference between the two output ports is 90 £ 2°,
as shown in Figure 13. The measured isolations (S41) are lower
than -17 dB. The input and coupled signals are canceled at the
port 4.

Measwed -#--S11 -=--§22 --4--S33 -=+--S44
o Simiated

--S11 =822 -+-S33 -S4

175 200 225 250

0 25 50 75 100 125 150
cy (MHz)

Frequer

Figure 11: Measured and simulated results of the retumn loss

Mcaswed -@.--§21 S31 -+--S41
Sinmted -®-S21 S31  -—S41
) . .

175 200 225 250

50 75 100 125 150

Frequency (MHz)

asured and simulated results of the coupling coefficient

Simmulated -4+--Measured
e
5 100 125 150
cy (MHz)

cntation (7'Balanccd RF Power

prototype 3-dB quadratur couplers. The first coupler

alanced power umplii@l implemented by using two
b
divides an in;wig; 2 W cntical single-stage amplifiers.

¢ designed for FM broadcasting

he icgm!
ST e N frequency range, based on class-C
plifiers. The single-stage amplifier consists of

2 x MRF151 N-channel MOSFET. The bias configuration set

a drain-source voltage (Vds) = 48V, drain-source current

(Ids) = 0.3A and gate-source voltage (Vgs) = 2.9V. Maximum

output power is 250-W with gain 14 dB. Two amplifiers have the
427
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same bias voltage which provides an equal output power
capability. The output signals from two amplifiers are combined
by the second quadrature coupler. The total power is transmitted
to the antenna systems.

The prototype of a balanced power amplifier shows in Figure
14. The port 1 of the first couplers is an input port and the port 3
of the second couplers is an output port. Isolated ports, port 4 of
first couplers and port 2 of scconded couplers, arc terminated by
a dummy load 50 Q. When the input and output impedance is
poorly matched with the RF power amplifiers that are propagated
signals reflected into a dummy load.

00 T

The ROHED&SCHWARZ NRP2
measurc a balanced RF power amplifi
signal generator creates an FM modulatj

on the output power of cach sing
balanced amplifier was tested at
a reverse frequency. Output poy

amplifiers ;1pproxim;uelr
respectively. The line cWiye f

overlapped. The result s

140

100
o o

Output (Watts)
& 2

0.5 1.0 1.5 2.0 5

Input (Watts)
-4-PAl -e-PA2

Figurc 15: Mcasured results of the output power of cach amplificr module
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Taamn[ufaﬂ?».;. ,

The second measurement focuses on the total output power of
a balanced RF power amplificr. The total power is realized by the
sum of (wo signals from (wo single-stage amplifiers that use the
second quadrature hybrid coupler. The prototype balanced
amplifier obtains an output power o210 watls with a gain ol 17.20
dB when the input power level is 4 watts. The output power has
been dropped off 25.1 watts from sum signals of two amplifiers
due to the insertion loss of the coupler at the output stage.

Output Power of a balanced RF power amplifier
250

200
150

00

0.5 1.0 1.5 20 25 3.0 35 4.0
Input (Watts)

Figure 16: Measured results of the balanced RF power amplifier

asurement Results of a Balanced RF Power Amplifier
1o (o Reduce Reverse Intermodulation Products

surement Selup

intcrmod
to demon
stations. T

A practical setup, as shown in Figure 17, is used
¢ situation ol two closely located FM broadcast
M transmitier generates a reverse frequency
itted 500 watls output power at 99.50 MHz.

pnd a carrier [requency are inslalled in the same tower

2 heigl meter. This configuration provides
elofr iy iermodulation products. The reverse
s o cavigebaidpass filter in the output stage which
k unwg 1als [rom this transmitter.

\\ Reverse Frequency

Coupler
Coupling

Attenuator Spectrum

setup to d the situation of two closely
located FM broadcast stations.

Figure 17: M
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Two transmiltters are measured in this research. The first
transmitter uscs a single-stage RF power amplificr, based on a
class-C push-pull, and the second transmitler uses a prototype
balanced amplifier in this research. Two transmitters are used to
generate a carrier frequency (f¢) that is transmitted 200 watts
output power at 105.00 MHz. Almost output signals from a
transmitter is measured via a directional coupler with a coupling
value of 26 dB and an attenuator of 40 dB. Intermodulation
products are provided in terms of 2f; — f, and 2f, — f; that are a
frequency of 94.00 MHz and 110.50 MHz respectively. Since the
frequency of 110.50 MHz is out of an FM frequency band and falls
into the frequency range of Air Traffic Control systems. Therefore,
the measurement results consider the intermodulation produ
terms of 2, — /, only.

6.2. Measurement Results of the I'M transmitters using a sij
stage power amplifier.

Measurement results of a carrier (ransmitter using
stage power amplificr present in Figure 18. The carrier trg
transmits an FM modulation signal that is the frequency {
MHz without cavity bandpass filters. The signal strey
reverse frequency, at the frequency of 99.50 MHz, is -4]
that is a signal traveling until it present at the output §|
carrier transmitter, port 3 of the second quadrature co
output power of a carrier frequency at 105.00 MHz is

Spectrum
Ref Lavel 0.00 df ROW

o At 25 wr vew Mode
SGL Count 50/50

(@17 Avglog

40 dBm————
-50 dBm————
60 dBm————

T aaa T
50 dam————

Start 87.0 MHz

6.3. Measurement Results
a Prototype Balanced

The FM tigg@nitter using a f
amplifier is ﬁrod that is com
power amplificr. output power of a Bal:
be adjusted cq singlc-stage RF power”

yum shows that the signal strength

Figure 17, the fre IC?
of a reverse frequen® gi § ﬁvll—lz is -50.89 dBm which is
t
m

fransmitters using

decreased by 2.54 dBm.

t oo aSmmricr frequency
at 105.00 MHz is -16.50 dB :fa ol [
49.34 dBc. Table 1 shows a comparison of 8¢ g @ I\ & |

of two FM transmitters that usc a single-stage RF power amplificr
and a balanced RF power amplifier. It shows that both transmitters
provide the same power level which is approximate -17 dBm. A
power level of a reverse frequency is less than a single-stage RF

www.aslesj.com

power amplifier. The balanced RF power amplifier provides a
good performance that improvements an intermodulation level
from 30.84 dBc o 49.34 dBc. Measurement results are according
to the analysis in section 3. The results show the mitigation of an
intermodulation signal that is approximate 18.47 dBc without
cavity bandpass filters. The mitigation intermodulation signal is
difficult to obtain a maximum reduction due to the quadrature
hybrid couplers have slightly different amplitudes and phases.

[m]
Spectrum | v
Ref Lovel 0.00 b = ®BW 10 br
o A 2508 SWT 2.3ms w VBW 1044z Mode Auto FFT
SGL Count 50/50
[e 17 Avaiog
10500 MH> T war 16.50 dbm|
105.0000 MHz]
-50.89 dBm
= 99.5060 Mhz]
IM3 = 48.29 dBc
) Wi 001 pt Stop 137.0 Mz
' i ! Function Result

Figure 19: Intermodulation level of the I'M transmitter using
an FM transmitter using a Balanced RF Power Amplifier

Table 1: Measurement results of two FM transmitters.

Signal Strength
cquency (MHz) | 99.50 105.00 | 110.50
~——__ | (dBm) | (dBm) (dBc)
-42.35 -17.55 30.87
-50.89 | -16.50 | 49.34
-8.54 1.05 18.47

D) propos&xccd RE power amplifier using the
3-dB rc hybrid couplers to reduce the

; broadcast stations. The balanced
cmented by using the prototype 3-dB
quadratyrc b . The FR-4 low-cost PCB with a
b i technique is chosen to construct
can reduce the overall size of a hybrid

use (or Uflgnced RF power amplifies.
s of the prototy pler, The return loss is

5 dB. The coupled s a coupling coefficient
-84 dB and the directed port hfya c®upling coefficient -3.3 dB.
The phase difference belgg™g J®oupled and directed port is
90+ 2°. Isolatjgalb: : vor (han -17 dB. The overall size of

1e préo; &35 mm. We apply a prototype 3-dB
b il n‘al o% 10 a balanced power amplifier which
5 A §

from two identical quadrature couplers and two
signal-stage amplifiers. The two identical single-stage amplifiers
use a class-C RF amplifier with the MRF151 N-channel MOSFET
and operate at the frequency range of 88-108 MHz. A balanced
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amplifier obtains an output power of 210 watts with a gain of  [14] Sun, K. O, Ho,S. )., Yen, C. C., & van der Weide, D. (2005). A compact
17.20 dB when the input power level is 4 watts. branch-line coupler using discontinuous microstrip lines. IEEE Microwave

and Wireless Components Letters, 15(8), 519-520.

The situation of two closcly located FM broadcast stations is 1131 Caillet, M., Clenet, M., Sharaiha, A., & Antar, Y. M. (2009). A compact
used to create the reverse intermodulation signal. The one

wide-band rat-race hybrid using microstrip lines. I[EEE Microwave and
Wireless Components Letters, 19(4), 191-193.

transm?tter generates a reverse signal (fz) at 99.50 MHz thz_lt IS [16] LiH. Zhang, H.L.Huy,B. L, Wei, X. D., & Zeng, W. (2015, September).
transmitted 500 watts output power and another transmitter Novel wideband quadrature hybnd coupler with tunable power dividing
generate a carrier signal (f¢) at 105.00 MHz. The antenna systems ratio. In Signal P g and Computing (ICSPCC),

for two frequency are installed in the same tower which has height
60 meters. Two carrier {ransmitters which use a balanced RF

2015 IEEE International Conferencq on (pp. 14). IEEE.
[17] de Paco, P., Verdu, J., Menendez, O., & Corrales, E. (2008). Branch-line
coupler based on edge-coupled parallel lines with improved balanced

power amplifier an_d a singlp—stage.RF power amplifier are response. IEEE Transactions on Microwave Theory and Techniques,
measured. The carrier transmitter using a balanced RF power 56(12), 2936-2941.

amplifier improvements an intermodulation level from 30.8
to 49.34 dBc. The results show the mitigation o
intermodulation signal approximate 18.47 dBc without
bandpass filters. The mitigation intermodulation signal is dif
to obtain a maximum reduction due to the quadrature I
couplers have slightly different amplitudes and phases.

Acknowledgment

This work was supported by The National Broadca
Telecommunications Commission (NBTC) of Thailar
Rescarch Department  Institute of Engincering, fhranarce 17(5), 331-
University of Technology (SUT), Nakhon Ratchasimag@hailand.

[18] Vijavaraghavan, A. S.. & Dunleavv. T.. (2011). Design and optimization of
lumped element hybrid couplers. High Frequency Electronic.

[19] Moubadir, M., Aziz, II., Touhami, N. A., & Mohamed, A. (2018).
A miniaturized branch-line hybrid coupler microstrip for long term
evolution applications. Procedia Manufacturing, 22, 491-497.

[20] Breed, G. (2009). Transmission line and lumped element quadrature
couplers. High Frequency Electronics.

[21] Kajfez, D., Paunovic, Z., & Pavlin, S. (1978). Simplified design of Lange
coupler. [EEE Transactions on Microwave Theory and Techniques, 26(10),

[22] Mao. 5 (r & Wu, MoS.(2007). A novel 3-dB directional coupler with
broad bandwidth and compact size using composite right/left-handed
coplanar waveguides. IEEE Microwave and wireless components letters,

Gruszezynski Wincza. K. & Sachse, K. (2006). Design of compensated
coupled-stripline 3-dB dircetional couplers. phase shifters, and magic-T's—
Part I. Single-section coupled-line circuits. IEEE transactions on

References nicrowave theory and techniques, 54(11), 3986-3994.
wadzadeh, S. M. I1., Majedi, S. M. S.. & I'arzaneh, F. (2010, September).
[1] David Hand CEng MIET, “THE RF CHAL 1 ultra-wideband 3-DB quadrature hybrid with multisection broadside
COMMUNICATIONS” Consultant Engineer - I’nl\ tandem  structure. In International Conference on  Mobile
[2] Jaiyen, N, [lantula, P., & Tongta, R. (2017, “ommunications (pp. 672-681). Springer, Berlin, Heidelberg.
similarity comparison algorithm. In 2017 [EEE , C. P, Chiy, J. C,, Chiu, H. Y., & Wang, Y. H. (2008). A 3-dB
Research dn(l Development (SCOReD) (pp. 4 > coupler using broadside-coupled coplanar waveguides. IEEE
[3] Hantula, P., Jaiyen, N., & Tongta, R. (2018 and Wireless Components Letters, 18(3), 191-193.
Coupler 1 smg Broadside Striplines for F! in, (‘. I\I.. & \\‘;mg. VL (2006). A 3-dB quadrature coupler
IEEE Intcrnational Workshop on Electy °B circui 1) transactions on microwave theory and
Student Innovation Competition (iWEM)
[4] Alcon Garcia, P., Esparza Lopez, N., H mma xd l'aheri, M., & Ali-Abad, M. A. A "Design
Andres, I. (2016). Complex Impedang de and lidgewise Stripline Couplers".
Line Hybrid Couplers. Progress I \ 5 cbeiz, G ML (2008). A 40-30-GHz SiGe 1: 8 differential
147-157 power divider o shiclded  broadside-coupled  striplines. IEEE
[5] Jung,S.C., Negra, R., & Ghannouc Transactions on Theory and Techniques, 56(7), 1575-1581.
for miniaturized 3-dB branch-l o, P& Priwenick, P (1988). Computer-aided design models for
capacitors printed in the inngrarca. IEEE 5 ] v adsidc-coupled siiplines and millimeter-wave suspended substrate
Theory and Techniques, 56( l&()—:‘) 3 ﬂm\aclion\ on microwave theory and techniques,
[6] Hussein, Fhab Abdul * and -148 *
"Performance improveme) % Bhartia p. 21). IThe desion of broadside-coupled stripline
technique on power * E Tr.m\NMww\\'.n\‘c Theory and Techniques, 29(2),
Applications 75.4 (2013
[7]  Amanpreet Kaur, Rajbir kg cristic impedances of broadside-coupled strip
Distortion by Feed nsactions on Microwave Theory and
International  Jour
Communication b approximations to exact relations for
[8] Parsons, K. J. R I3 Transactions on Microwave Theory and
linear amplifier for
Telecommunications Conferenc s ; C ripps, S.. Kenington, P. B., Popovic, Z. B.,
IEEE, 1995 al, N. O. ("li() 1nd microwave power a.mpllfler
[9] GrebennYgov. gyndrei. "Linearity I echnologies Part %Frequency Electronics, 2(3),
Transmi( 2." High frequency eled!
[10] Katz, Allen, aScnsitivity and mitigation o § \
amplifiers.” \p fiers for Wireless and Radio ¥
(PAWR). 2011 1 Nonference on. [EEE, 2011.
[11] Berglund. 130. Ihm voln gnd k ar]- (mxl a Sahlman. "RI¥ multicarrier
amplifier for third-gene’ (\\()\u (ENGL ED) 78.4
(2001): 184-189 ﬂ
[12] Ma, Hongbo, and Quanyuan Feng px a ﬂl u
power amplificr." PIERS Online 3. "lU 7): 303%
[13] Tsai, K. Y., Yang, H. S., ChClL J. H, & Chen, Y. J. E. (2011).

A miniaturized 3 dB branch-line hybrid coupler with harmonics
suppression. IEEE Microwave and Wireless Components Letters, 21(10),
537-539.

www.astes].com 430



168

L]

| ER LT L)Y

% a 4 v { 3 { o 5 v W o d
Yoy Wugar ifaiiioTui 8 5u11aN 2530 NS UNNATY 19HTAgATHIH d150
9

[ @

= = Y A a ) 7 o o
ﬂ']ﬁﬂﬂ‘l%l']i%ﬂﬂ‘]ﬂ!ll‘ﬁElilﬁﬂ}lWWBUQULLagﬁﬂu‘ﬂﬁWﬂﬂIﬁQlﬁﬂu‘f}ﬂ%Uﬂi%TWﬁiﬁﬂ mmaqmu

Yandage 51l Un1sdnyn 2548 A5 00N RINTTUmIATTRga 19131 IAINTTY

Y
Tnsauuray vnuvIneaoma luladdsmlis Jnsdanut 2553 91000 lanane lusgau

o w A a 4 a @
Wyl duinisianssumans o 0950 nsanay wr e Ty laggauis

@

cl = 1 9 o I Y a o a A A [
ummzﬁﬂmagllﬂmqmgﬂu@mm%a TIYLTON Lﬂﬁﬂﬂﬂ’J‘]JﬂiJﬁﬂJiU"lmth‘lﬁ]iﬁ]iIﬂﬁl

W va . . d
o0 TUNA (Automatic Traffic Light Co L‘]J“L!I}jj ’Jﬂaauiuwmﬂguwmsamﬂﬁu

Tnsauwiau 1 voalfianslula %000l amsnlnsaBiannsetiad

A ) s o a
VOINNATIN T (Inte]ﬁ 0 ) O PN wwmeﬂﬂhmmmaz (Smart Farm)
m3tlszgnd 90 ﬁuﬂ"lmﬁmmmssumu

GTGTRCIAMERRNE ehlcle UAV)



	Cover
	Approved
	Abstract
	Acknowledgement
	Content
	Chapter1
	Chapter2
	Chapter3
	Chapter4
	Chapter5
	Chapter6
	Chapter7
	Reference
	Appendix
	Biography



