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INFO ABSTRACT

FM broadcast stations generate reverse intermodulation signals that cause communication
problems between ATC controllers and pilots in the Air Traffic Control systems (ATC) in
Thailand. In this paper proposes a balanced RF power amplifier using the improvement
3-dB quadrature hybrid couplers to reduce the reverse intermodulation of FM broadcasting
systems. The mathematics analysis of the balanced RF power amplifier for two closely
located FM stations shows that can reduce the reverse intermodulation products. A reverse
signal from nearby FM stations travels into two amplifiers of a balanced amplifier that
create intermodulation signals. The quadrature hybrid coupler in a balanced RF amplifier
to provide intermodulation signals of two amplifiers have a 180° out-of-phase which cause
reducing intermodulation signals. In this paper designs 3-dB quadrature hybrid couplers
for a proposed RF balanced amplifier. The low-cost PCBs are used to make prototype
couplers. The proposed couplers are provided experimental results of return losses that are
lower than -15 dB. The directed port has a coupling coefficient -3.3 dB and the coupled
port has a coupling coefficient -3.4 dB. The prototype couplers are applied to a balanced
amplifier that obtains a maximum output power 210 watts with 17.20 dB gain. A proposed
balanced RF amplifier is measured the reverse intermodulation products of with a situation
of two closely located FM broadcast stations to compare with a single-stage class-C
amplifier. The experimentation demonstrates of the transmitter using a balanced RF power
amplifier that can reduce an intermodulation product 18.47 dBc.

1. Introduction ranges. The intermodulation products can be calculated from

2,-f, and 36,-2f; [1].
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The RF power amplifiers are important components for
wireless communication systems. The design techniques for RF
amplifier can use classes A, B, C, and AB, etc. Each type of class-

Carrier
Transmitter

amplifiers has different features and performances. The class-C
amplifiers are suitable for FM broadcasting systems because it has
the output power and efficiency higher than other types. The
disadvantage of class-C power amplifiers is non-linearity which
creates harmonic and intermodulation signals. Harmonic signals
are multiple of the fundamental frequency. It can be eliminated by
using the Low Pass Filters. Intermodulation signals are unwanted
signals of non-linear RF power amplifiers. When the power
amplifier of FM station is injected by two frequencies which are
generated intermodulation signal to fall into the other frequency
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Figure 1: The reverse intermodulation products of FM broadcast stations
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Although, the FM broadcast station uses an RF power
amplifier with a single frequency. In practice, the signals from
nearby FM broadcast stations can radiate to the own station. In
Figure 1, two closely located FM broadcasting stations, the signal
from a reverse transmitter radiates into a carrier transmitter 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 intermodulation
signals. A low pass filter has a wide transition band, the frequency
response to change from a pass-band to a stop-band. Which
frequencies of intermodulation products are very close to a cut-off
frequency point of the filter that cannot eliminate intermodulation
products with a low pass filter. The FM broadcast station using the
frequency band is 88-108 MHz that are close to the frequency band
of Air Traffic Control (ATC) systems, using the frequencies
between 108-137 MHz. Therefore, reverse intermodulation signals
from FM station generates may be interferences communication
between air traffic controllers and pilots, as shown in Figure 2. [2]
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Figure 2: Intermodulation products interference to Air Traffic control systems

To overcome this problem, circulators or cavity bandpass
filters are alternatives to reduce intermodulation products.
It can block reverse signals from nearby stations and unwanted
signals from the own station. Disadvantages of circulators and
cavity bandpass filters are adding considerable cost, complexity
and power loss to a system. As will be shown, none of the
techniques available to reduce reverse intermodulation are
particularly attractive.

This paper presents a balanced RF power amplifier using the
improvement 3-dB quadrature hybrid couplers to reduce reverse
intermodulation signals of FM broadcast station. The concept of
balanced RF power amplifiers is structured from two identical
quadrature couplers and two signal-stage amplifiers. The reverse
signal from nearby FM stations radiates to the own station until it
present at the input of two signal-stage amplifiers that generated
intermodulation signals. The second quadrature hybrid coupler
provides a 180° out-of-phase of two intermodulation signals from
two amplifiers that can cancel intermodulation signals. The
mathematics analysis of a balanced RF power amplifier for two
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 quadrature couplers that are realized
by using four transmission lines to 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-frequency range that 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
stations [6]-[10]. The quadrature hybrid couplers in this paper are
structured by using the broadside-coupler stripline technique to
reduce the size of couplers. Section 4 describes the design,
implementation of quadrature hybrid couplers.

The prototype quadrature couplers are applied to a balanced RF
power amplifier. The two identical single-stage amplifiers use
a class-C RF amplifier with two MRF151 N-channel MOSFETSs
and operate at the frequency range of 88-108 MHz. Experimental
results of the total output power, a frequency response of prototype
balanced power amplifier will be presented in section 5. The
situation of two closely located FM broadcast stations is used to
create the reverse intermodulation signal. Two carrier transmitters
that use a single-stage power amplifier and a balanced RF power
amplifier have been measured. The FM broadcast station using
a balanced power amplifier eliminates the intermodulation signals
by using the phase-shifting property of the quadrature hybrid
coupler. The reverse signals (fz) from nearby FM stations and the
intermodulation signals have a 180° out-of-phase which can be
canceled the reverse signals and RIM signals without the cavity
bandpass filters and circulators. Experimental results of the FM
broadcast station using a balanced RF power amplifier comparing
with single-stage RF power amplifier are presented in sections 6.

2. RF Power Amplifier for FM Broadcasting Systems
2.1. Class-C Power Amplifiers

The RF power amplifiers are an electronic circuit that transfers
an input power to load such as the antenna by amplifying.
FM broadcasting systems require high output power and
efficiency. The Class-C amplifier offers the highest efficiency
more than Class-A, Class-B, and Class-AB. The efficiency of
Class-C amplifiers can be approximated about 70-80%. The
disadvantage of Class-C amplifiers is non-linearity which has poor
distortion qualities and generates harmonics [11]. When two
signals are the input of an amplifier 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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suitable to the multicarrier amplifiers which cannot eliminate 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
frequency. Intermodulation signals occur when an input of
non-linear systems are composed of two frequencies. FM
broadcast stations use a Class-C amplifier that is a nonlinear
system. Therefore, we can express by:

y(©) = oy x(O)+orx(t) > +oyx () +osx (D) *+... (1)

Where y(t) represents the output, x(t) represents the input and
a,, represents the gain coefficient.

x(t) = A cos(2nf|t) +A, cos(2nf,t) (2)
If an input signal consists of two signals with different

frequencies that are applied to a nonlinear system (1). The resultant
of the output can be expressed as:
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From (3), the output that does not contain only the fundamental
frequency. The nonlinearity gives other frequencies adding to
output components. The second term of this expression shows the
amplitude of the fundamental frequencies. The third term shows
the second-order harmonics. The fourth and fifth terms show third-
order intermodulation distortions. The terms of 2f; -f,, 2f,-f; are
third-order intermodulation products. The intermodulation signals
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are very close to fundamental frequencies which are cannot be
easily filtered.
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Figure 3: Intermodulation Products of nonlinear 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
the signal of the second amplifier (PA2) has been 180° phase
shifted. Two amplifiers have the same bias voltage that provides
equal output power capability. The second quadrature hybrid
coupler on the output is a combiner that is connected to the output
stages of two amplifiers. which an output signal of PAL connect to
port 1 and an output signal of PA2 connect to port 4. Both output
signals are in-phase on port 3 that means output signals from two
amplifiers are combined. While output signals are out-of-phase at
port 2 that mean the output signals from two amplifiers are
canceled. A port 2 of a hybrid coupler is an isolation port that is
terminated by match load 50Q.
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Figure 4: The balanced RF power amplifier structures

3.1. Analysis of the Balanced RF Power Amplifier to Reduce
Reverse Intermodulation Products

This paper proposes the balanced RF power amplifier that
reduces the reverse intermodulation products. From Figure 5,
an input signal is x;(t) which represents the FM modulation signal.
The input signal is fed through the first quadrature hybrid coupler
which separates an input signal into two equally signals with a 90°
phase difference, we can express by:

1

x; ()= Ecos(2nfct+90°) 4)
1

Xip() = 5 cos(2mft+180°) ®)
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Figure 5: The analysis of a balanced RF power amplifier to reduce reverse intermodulation products

Where x;, (t) is an input signal for the first power amplifier and
the x;, (t) is an input signal for the second power amplifier. The f
represent a carrier frequency. When the reverse signal (Sg (t)) from
nearby FM station travels in a reverse direction until it presents at
the output stage, the port 3 of a second quadrature hybrid coupler.
A similar expression for the output stage of a balanced amplifier,
a second quadrature hybrid coupler is the symmetric 4-port
microwave device that separates a reverse signal to two equally
signals with a relative phase difference 0of 90°. We can express both
reverse signals by:

1
Spi () = Ecos(znthﬂgW) (6)

1
Spa(t) = 3 cos(2nfr t+90°) (7

Where Sg,(t) and Sy, (t) are the respective reverse signals
traveling into two power amplifiers and the f5 is a frequency of
a reverse signal. Both reverse signals travel in the reverse direction
through the coupler until they present at the input of each amplifier.
Input signals (x;(t)) together with the reverse signals (Sg;(t))
present at an input of each power amplifiers, can be written as
follows:

X1 (1) =x;; (D+Sg; (V) (8)

X2 (1) = xp (1) +Sgo (1) 9)
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The x,(t) and x,(t) are the respective input signals of two
power amplifiers. We use x,(t) and x,(t) to a nonlinearity
equation of power amplifiers (1). Therefore, a resultant of the
output can be expressed as:

90,
Yo = [op]+ [a1+ 73] cos(2nfpt+1807)+  (10)
9(13 R
[a1+T] cos(2nf-t+90°) +
(0F
[72] cos(2m2fpt+180°) +
(0F
[72] cos(2n2f-t+90°) +

— | cosQnt(2fz+f-)+90°)+

)
Q
W

2] cos(2mt(2fc+r)) +

—| cos(2nt(2fr-f)+270%) +

2] cos(2mt(2fc-fp)) +
[%] cos(2m3fyt+180°)+

o
[ﬂ cos(2m3Lt+90°)+ ..
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9a
Yoo (O = [o]+ [aﬁr 73] cos(ufrt+90°) + (11)
90, .
[oclJrT] cos2nf t+180°) +
o
[72] cos(2m2fxt+90°) +
o
[?2] cos(2n2f-t+180°) +
— | cos(2mt(2fx+c) )+
—| cos(2mt(2f+fz)+90°) +

2] cos(2mt(2fr-fo)) +

23| cos(2nt(2fo-£3)+270°) +
o
[ﬂ cos(2m3 £ t+90°)+

o
[13] cos(2n3f-t+180°)+...

The y (1) and y_,(t) are respective output signals of two
power amplifiers. Both output signals are several effects of
a nonlinear distortion that contains the term of the carrier
frequency, the reverse frequency, the harmonics, and the third-
order intermodulation products. Both output signals are combined
by a second quadrature coupler which is connected to an output
signal y , (t) at port 1 and an output signal y_,(t) at port 4. The
term of a reverse frequency (fz) and the term of intermodulation
product (2f-fr) are out-of-phase on port 3 of a second quadrature

coupler. Thus, the reverse signal and the intermodulation signal are
canceled. A similar expression, a term of a carrier frequency (f.)

is in-phase on port 3. So that the total output power can be
increased and can be expressed as:

90,
y,(O) =20,+2 [a1+T3] cos(2nuft+270°) + (12)
aycos(2m2f-t+270°) +

6(13

[T] cos(2nt(2f-+fz)+180°) +
6(13

[T] cos(2ut(2fz-f-)+90°) +

o
[ﬂ cos(2n3ft+270°)+...

The math model of balanced RF power amplifiers with a carrier
frequency (f.) 100 MHz and a reverse frequency (f;)

95 MHz is simulated. The line spectrums of simulation results
show in Figure 6. The intermodulation signals in term of (2f,-fg)

and a reverse signal are eliminated.
www.astesj.com
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Figure 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
frequencies in terms of 2f; — f, and 2f, — f;. The measurement
is described by the power ratio between the power level of a
fundamental frequency and intermodulation products, can be
expressed as:

P]M3(dBC) = Pc(dBm) - Ps(dBm) (13)
Where the P, is a power of a fundamental frequency and the
P, is the power of a third-order intermodulation product. The Py,
is the intermodulation level (dBc) of an intermodulation product
relative to a power level of the fundamental frequency.
(dBm)
P,
l:P IM3
_]_P_

s

l

Zfl_fz f]_ fz Zfz_fl

Frequency

Figure 7: Intermodulation Distortion Measurement

4. Design and Implementation of 3-dB Quadrature Hybrid
Couplers

The conventional couplers for balance power amplifiers use
branch-line hybrid couplers because it is simple and easy to make.
The size of the branch-line couplers is increased when using in an
FM frequency range. The reducing of the physical size of branch-
line couplers, many methods have been suggested. The slow-wave
transmission line technique can make short-wavelength
transmission lines by reducing phase velocity [13]-[17]. The
increasing of inductances and capacitances with the same ratio
causes reducing phase velocity while a characteristic impedance of
the coupler is unchanged. Also, lumped-element hybrid couplers
use for reducing the circuit size of branch-line hybrid couplers
[18]-[19]. Lumped-element circuits are realized by using
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LC-microstrip resonance circuits to replace the line sections of
branch-line couplers. The lumped-element 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 area of couplers. However, after the circuit of
couplers have been processed, the circuit requires wire bonders for
bonding the conductor spacing of coupler lines [22]. Wire bonders
increase the manufacturing processes which are difficult to realize.
Broadside-coupler striplines are the hybrid couplers without
bonding wires [23]. The broadside-coupler structure comprises
two parallel quarter-wavelength transmission lines on the opposite
surface. A coupled line is a floating transmission line overlay on
a signal line. The length of a coupled line determines the physical
size of the hybrid couplers. It can be significantly reduced the
occupied area of couplers by using symmetrical circuits of two
parallel striplines with the opposite surface and using tightly
stripline. The coupling coefficient of couplers is increased by using
printed circuit broads with a small substrate thickness, e.g., 0.1mm
substrate thickness, which has expensive cost and is difficult to
find [24]-[29].

The broadside-coupled striplines in this paper consist of two
parallel lines which are embedded in a dielectric between two
ground planes [26]-[28], as shown in Fig. 8. The energy transfer
from a signal line to a coupler line occurs at the through parallel

striplines.
l i '

Figure 8: voltages and currents on two striplines.
(a) Even-mode field distribution.
(b) Odd-mode field distribution.

The configuration as shown in Fig. 8 is used to design a
broadside coupler. The coupling coefficient can be calculated in
terms of a characteristic impedance (Z,). The voltage coupling
coefficient (C) is calculated from the characteristic impedances of
even-mode (Z,,) and odd-mode (Z,,) which can be expressed as
[30]:

14+C

Zoe = 2o T—¢ (14)
1-C

ZOO = ZO H_—C (15)

According to Cohn [31]-[33], the even-mode and odd-mode
characteristic impedances with respect to ground planes can be
calculated by:
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z,, = 883K (k) (16)
V& K
296.1
ZOo = (17)

V&2 tan 1 (i)

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 to calculate the
k parameter which can be calculated by:

K (k")
K (k)

Bl

Thus, we can calculate the stripline width (w) from:

R

w1 1+Ry s [1+%

2o Zln| —£ 19

b n “(1—R> b \|_R (19)
k

(20)

The circuit design of a 3-dB quadrature hybrid coupler, as
shown in Figure 9. The top stripline is embedded between the
substrate 1 and the top ground plane. The bottom stripline is
embedded between the substrate 3 and the bottom ground plane.
The space between the top stripline and the bottom stripline is
inserted by a substrate 2, as shown in Figure 9 (a). Assume, the
input signal is injected into port 1, called “input port”. The bottom
stripline passes an input signal to port 3, called “directed port”.
Also, an input signal is coupled via the top stripline to port 2, called
“coupled port”. An input signal is divided by a 3-dB quadrature
hybrid coupler into two equal amplitude outputs with a 90° relative
phase difference. The input and coupled signals are canceled at the
port 4 that has no signal going out from this port, called “isolated
port”.

The hybrid coupler is implemented at the frequency of
98 MHz, It is a center frequency of FM broadcast systems. The
FR-4 printed circuit broads (PCB) are used to make prototype
couplers. A dielectric constant (&) of an FR-4 PCB is 4.6 and
a substrate thickness (s) is 0.8 mm. Assuming the characteristic
impedance (Z,) is 50 Q, coupling coefficients (C) is 0.707 The
summarize calculated parameters from (14) — (20) are the stripline
width (w) 2.54 mm. The ground plane spacing (b) is 10.4 mm. The
length of a coupled line (L) is 385 mm. The circuit of a 3-dB
quadrature hybrid coupler using tightly microstrip line, as shown
in Figure 9(b). This circuit designed is simulated with the CST
software to verify a proposed hybrid coupler.

Due to the general FR-4 PCBs have 1.6 mm and 0.8 mm
substrate thickness while the dimension of ground plane spacing
(b) of the proposed coupler is 10.4 mm. Thus, we choose an FR-4
PCB 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 75%85 mm.
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Ground plane
~

Substrate 1 Top
stripline
Substrate 2
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Substrate 3 stripline
Ground plane
(a) Layers of the 3dB quadrature coupler
Transmission line
Port 1 Port 2
(Input) (Coupled)
Substrate 2
Coupled
line
Port 4 Port3
(Isolated) (Directed)

Transmission line
(b) Circuit layouts were designed
Figure 9: The configuration of a 3-dB quadrature hybrid coupler

(a) Layers of the 3-dB quadrature hybrid coupler
(b) Circuit layout of the 3-dB quadrature hybrid coupler

LA
“11 2] ',3 l,@L,,sl 6 7 '8

@ Physical size of the coupler

(b Circuit layout of the coupler

Figure 10: Photographs of the prototype coupler
4.1. Measurement Results of the Quadrature Hybrid Couplers

In this section presents the experimental results of the
prototype 3-dB hybrid coupler. The frequency range between
25 MHz to 150 MHz has return losses lower than -15dB, as shown
in Figure 11. The center frequency of an FM broadcasting systems
(98MHz) provides a maximum coupling coefficient, as shown in
Figure 12. The coupling coefficient 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
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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.

Measured --®- S11 --=--522 --4--S33 -+--544
~-S11 —=S522

o Simiated 4533 —-S544
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Figure 11: Measured and simulated results of the return loss
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Figure 13: Measured and simulated results of the relative phase difference

5. Design and Implementation of Balanced RF Power
Amplifiers

The balanced power amplifier was implemented by using two
prototype 3-dB quadrature hybrid couplers. The first coupler
divides an input signal into two identical single-stage amplifiers.
The amplifier modules were designed for FM broadcasting
systems, at 88-108 MHz frequency range, based on class-C
push-pull amplifiers. 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
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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 seconded couplers, are 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.

Figure 14: The configuration of a prototype balanced RF power amplifier

5.1. Measurement Results of the Balanced RF Power Amplifiers

The ROHED&SCHWARZ NRP2 Power meter is used to
measure a balanced RF power amplifier. The Agilent E4421B
signal generator creates an FM modulation signal and injects to the
input port of a balanced amplifier. The first measurement focuses
on the output power of each single-stage amplifier. The proposed
balanced amplifier was tested at frequency 105 MHz that is
a reverse frequency. Output powers of each amplifier module
compared to the input power level displays in Figure 15. when the
input power level is 4 watt that provides the output power of two
amplifiers approximately 116.20 watts and 118.90 watts
respectively. The line curves of two amplifiers have been
overlapped. The result shows that two amplifiers are equal output
power capability which can be combined.

Output Power of RF power amplifiers
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Figure 15: Measured results of the output power of each amplifier module
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The second measurement focuses on the total output power of
a balanced RF power amplifier. The total power is realized by the
sum of two signals from two single-stage amplifiers that use the
second quadrature hybrid coupler. The prototype balanced
amplifier obtains an output power of 210 watts with a gain of 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
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Figure 16: Measured results of the balanced RF power amplifier

6. Measurement Results of a Balanced RF Power Amplifier
using to Reduce Reverse Intermodulation Products

6.1. Measurement Setup

This section presents experimental results of the FM broadcast
station using a balanced RF power amplifier to reduce the reverse
intermodulation. A practical setup, as shown in Figure 17, is used
to demonstrate the situation of two closely located FM broadcast
stations. The one FM transmitter generates a reverse frequency
(fz) that is transmitted 500 watts output power at 99.50 MHz.
Another FM transmitter generates a carrier frequency (f) at
105.00 MHz. The two parallel antenna systems for a reverse
frequency and a carrier frequency are installed in the same tower
which has a height 60 meter. This configuration provides
a maximum level of reverse intermodulation products. The reverse
transmitter uses a cavity bandpass filter in the output stage which
ensures to block unwanted signals from this transmitter.

Reverse Frequency

Transmitter » BPF
99.50 MHz @99.50 Mltz

Carrier Frequency

1
M Exclter
105.00 MHz

—— PAl

LOW PASS
FILTER

90° Hybrid

Power Combiner Coupling

26 dB
Attenuator Spectrum
4048 ‘

Figure 17: Measurement setup to demonstrate the situation of two closely
located FM broadcast stations.

Power dividers

Balanced RF Power Amplifier
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Two transmitters are measured in this research. The first
transmitter uses a single-stage RF power amplifier, based on a
class-C push-pull, and the second transmitter 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 product in
terms of 2f, — f; only.

6.2. Measurement Results of the FM transmitters using a single-
stage power amplifier.

Measurement results of a carrier transmitter using a single-
stage power amplifier present in Figure 18. The carrier transmitter
transmits an FM modulation signal that is the frequency of 105.00
MHz without cavity bandpass filters. The signal strength of a
reverse frequency, at the frequency of 99.50 MHz, is -42.35 dBm
that is a signal traveling until it present at the output state of the
carrier transmitter, port 3 of the second quadrature coupler. The
output power of a carrier frequency at 105.00 MHz is -17.55 dBm
and the intermodulation level at 110.50 MHz is 30.87 dBc.
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Figure 18: Intermodulation level of the FM transmitter using a single-stage RF
power amplifier

6.3. Measurement Results of the FM transmitters using
a Prototype Balanced RF Power Amplifier

The FM transmitter using a prototype of a balanced RF power
amplifier is measured that is compared with a single-stage RF
power amplifier. The output power of a balanced amplifier must
be adjusted equal to a single-stage RF power amplifier. From
Figure 17, the frequency spectrum shows that the signal strength
of a reverse frequency at 99.50 MHz is -50.89 dBm which is
decreased by 8.54 dBm. The output power of a carrier frequency
at 105.00 MHz is -16.50 dBm and the intermodulation level is
49.34 dBc. Table 1 shows a comparison of the measurement results
of two FM transmitters that use a single-stage RF power amplifier
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
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power amplifier. The balanced RF power amplifier provides a
good performance that improvements an intermodulation level
from 30.84 dBc to 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.
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Figure 19: Intermodulation level of the FM transmitter using
an FM transmitter using a Balanced RF Power Amplifier

Table 1: Measurement results of two FM transmitters.

Signal Strength

Frequency (MHz) | 99.50 | 105.00 | 110.50
Amplifier types (dBm) | (dBm) (dBc)
The single-stage 4235 | -1755 3087

RF power amplifier ' ' '

The balanced

RF Power Amplifier 5089 | -1650 | 4934
A -8.54 1.05 18.47

7. Conclusions

This paper proposes a balanced RF power amplifier using the
improvement 3-dB quadrature hybrid couplers to reduce the
reverse intermodulation of FM broadcast stations. The balanced
RF power amplifier was implemented by using the prototype 3-dB
quadrature hybrid couplers. The FR-4 low-cost PCB with a
broadside-coupled striplines technique is chosen to construct
prototype couplers that can reduce the overall size of a hybrid
coupler and suitable to use for balanced RF power amplifies.
Experimental results of the prototype coupler, The return loss is
lower than -15 dB. The coupled port has a coupling coefficient
-3.4 dB and the directed port has a coupling coefficient -3.3 dB.
The phase difference between a coupled and directed port is
90 £ 2°. Isolation values are lower than -17 dB. The overall size of
the prototype couplers is 75x 85 mm. We apply a prototype 3-dB
quadrature hybrid couplers to a balanced power amplifier which
are structured 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
17.20 dB when the input power level is 4 watts.

The situation of two closely located FM broadcast stations is
used to create the reverse intermodulation signal. The one
transmitter generates a reverse signal (fz) at 99.50 MHz that is
transmitted 500 watts output power and another transmitter
generate a carrier signal (f;) at 105.00 MHz. The antenna systems
for two frequency are installed in the same tower which has height
60 meters. Two carrier transmitters which use a balanced RF
power amplifier and a single-stage RF power amplifier are
measured. The carrier transmitter using a balanced RF power
amplifier improvements an intermodulation level from 30.84 dBc
to 49.34 dBc. The results show the mitigation of an
intermodulation signal 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.
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