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Introduction

In the radiofrequency communication systems where microwave frequencies, ranging from
1 GHz to 300 GHz, are widely used for satellite communications and numerous other applications,
several components are used, whether they are passive or active. Among these components, we
find dividers or couplers, which serve to divide power and distribute it uniformly to microwave

circuits.

The power dividers [1] offer distinct advantages for high-power applications due to its
grounded isolation resistance design, which facilitates efficient heat dissipation. Power dividers are
also essential components in modern wireless communication systems due to various

considerations in their microwave component design, such as cost, weight, and manufacturability.

The main function of a power divider is to split an input signal into multiple signals

according to the circuit/system requirements.
Our primary goal during this optimization process is outlined in three points:

v’ Learn a fundamental theory of a rat race divider.
v Conduct an in-depth parametric study of a rat race divider to observe the effects of
different parameters on its characteristics and performance.

v Optimize a rat race divider using CST Studio.

This work aims to enhance the rat race divider for 5G applications. The structure of this
thesis is as follows: In the first chapter we give an overview of fundamental theory of a rat race
divider including a state of the art of this one. In the second chapter, we deal with analytical study
of standard Rat-Race divider. In the third chapter, we explore the parametric study of rat-race
divider to observe the effects of different parameters on its characteristics and performance. The
fourth chapter deals with the optimization of a rat race divider for 5G applications using the CST
simulator. Finally, the conclusion summarizes our work and presents new research perspectives in
this field.
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Chapter I: State of the art

1.1 Introduction

The rat race divider, known as a passive component in microwaves, is used to divide power
and distribute it evenly in RF and microwave communication systems. It is a four-port coupler,
with each port placed at one-quarter wavelength (1) away from the other around the top half of the
ring. The bottom half of the ring is three-quarter wavelengths () in length. It has three branches
which are 90-degree phase shifted from each other, and one branch that provides a 270-degree
phase shift. [1]

Power dividers, including the rat race divider, play a crucial role in wireless communication
systems. Two well-known and widely used power divider designs are the Wilkinson power divider
and the Gysel power divider. While the Wilkinson power divider is commonly employed, the Gysel
power divider offers distinct advantages for high-power applications due to its grounded isolation
resistor design, which facilitates efficient heat dissipation. However, the Gysel power divider is
larger in size compared to the Wilkinson power divider because of the inclusion of four additional
quarter-wavelength transmission lines. Therefore, reducing the size of the Gysel power divider

while maintaining its advantages is an important research objective.

The 180-degree Ring divider, another name for the rat-race divider, has been known in
microwave engineering for many decades. It is used in numerous applications such as mixers, phase
shifters, filters, or baluns. In the classical literature, the rat-race divider is usually analyzed using
even and odd-mode decomposition. In addition to the traditional analysis methods, an additional
theoretical treatment can be applied by directly applying network analysis without further
symmetry considerations. This results in a very simple and descriptive formula providing insight
into the divider’s theoretical full range frequency characteristics using Y-parameters. The

analytical expressions derived from this method are confirmed by simulations and measurement.

When an input signal is applied at one port, the outputs at two other ports are equal in
magnitude but 180 degrees out of phase. This is a characteristic of the rat-race divider when used
as a power divider. In conclusion, the rat-race divider is a versatile and widely used component in
RF and microwave systems. Its unique structure and properties make it suitable for a variety of
applications, and its behavior can be analyzed and understood through various theoretical

approaches. [1]

12
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Scattering matrix for 180° hybrid ring divider is given by: [3]

10110
10 0 -1
S]=—
[]\/21001
0 -1 1 0

This research aims to delve into the aspects of rat race dividers, a type of four port coupler
commonly used in RF and microwave systems. It discusses the definition, features, and
applications as the pros and cons of rat race dividers compared to other types of couplers.
Additionally, it showcases the response and performance measurements of rat race dividers using
S parameters and Smith charts. The study concentrates on equally split rat race dividers functioning
at a frequency or, within a narrow bandwidth without delving into factors like parasitic elements,
losses or manufacturing inaccuracies that may impact these couplers. Furthermore, it does not

touch upon the design and fine tuning of rat race dividers, for particular use cases or scenarios.

1.1.2 Types of RF couplers

There are kinds of RF couplers utilized in RF and microwave systems; [2]

v" RF Couplers: These devices have four ports, including a primary input and output line, a
coupled line, with an output and an internal termination on the fourth port.

v Bidirectional RF Couplers: Similar to couplers but without termination on the port. The
main line power is linked to the output of the line while reflected power is linked to the reflected
output.

v" Dual Directional RF Couplers: These are four port devices comprising two couplers.
They can be connected sequentially with the main line output of one coupler linked to another; or
combined into a device with one line and two secondary lines.

v 90° Hybrid Couplers: These couplers divide the input signal into two signals with a 90-
degree phase difference.

v 180° Hybrid Couplers: These couplers split the input signal into two signals, with a 180-

degree phase difference.

Page |13
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Each type of RF divider possesses features and applications. The selection of the divider is

based on the needs of the RF or microwave system where it will be utilized.
1.1.3. Definition of rat-race divider

A rat race divider is a device, with four ports arranged in a transmission line that spans 1.5
wavelengths. The top half of the ring features the four ports positioned one quarter wavelength
while the bottom half serves as a delay line. These ports are linked to the ring through quarter wave
transformers with an impedance value of Zo/\2, where Zo represents the systems impedance. The
ring itself has an impedance of Zo\2 equaling 70.7 ohms in a 50-ohm system setup. Refer to the

illustration, for a representation of how a rat race divider is structured and configured. [1]

Port A
(Sum Port)

PortC

(90 degree)

» (90 degree)

N4

4

Port B (Delta Port) Port D

3\/4 (270 degree)

Figure I.1: Rate race divider [1]

1.1.3.1 Rat-race divider characteristics

The rat-race divider has some characteristics: [4]

v Coupling Factor: The ratio of input port power (P1) to the coupled port power (P3) in
decibels.

C=10logt=—-20logfdB  (11a)
3
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v Directivity: The ratio of the coupled port power (P3) to the isolated port (P4) in decibels.

D = 10log* = 20log 5 ~dB (1.1b)
4

[S14

v’ Isolation: The ratio in decibels of power at an isolated port power (P4) to the input port

power (P1) in decibels.
I= 10log£—1 = —20log|S;,| dB (1.1¢)
v' Insertion Loss: The ratio of input port power (P1) and output port power (P4) in decibels.
L= 1010g£—l = —20log|S;,| dB (1.1d)

v' Impedance Match: The voltage standing-wave ratio (VSWR) or the input or output port
reflection coefficient provides the matching in the directional divider.

v Power Split: The difference between the coupling and insertion loss in decibels.

1.1.3.2. Advantages and Disadvantages of rat-race divider:

The rat-race divider has several advantages and disadvantages: [5]

advantages:

v’ They provide return loss at their connection points.
v" Good isolation is maintained between the ports.
v Excellent amplitude/phase imbalance is achieved within the range of 2.20 to 3.30 GHz, in

the band.
v They act as a tee without needing any matching components unlike traditional magic tees.

v" Suitable for applications such as mixers, amplifiers, antenna feed networks and power

combiners/dividers.
v" They offer a bandwidth.

disadvantages:

v Bandwidth compared to devices.

Page |15
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v' Larger physical footprint due to the extended distance between certain ports making them
less ideal for compact microwave devices, with space constraints.

v Depending on their design type (microstrip, strapline or waveguide) they may inherit some
disadvantages associated with these structures.

|.2. State of art

1.2.1. Generalized broadband coupled-line based rat-race divider with

arbitrary power division ratios and free terminated impedances.

In [6], the authors designed a broadband rat-race divider based on coupled lines with
arbitrary power division ratios and open-ended terminations. The circuit is fabricated on an
RO4350B substrate with a relative permittivity of 3.66, a loss tangent of 0.037, and a thickness of
1.524 mm. The final parameters are: R1,2,3,4 = 50/40/60/75Q, C = -6.1dB, Z1,3,45 =
50.22/75.69/140.72/37.11€Q, Z0e = 123.29Q), Z0o = 41.66Q2, 01,3,4 = 85/82.49/103.78°, 05 = 22°,
00 = 60.33° (Z2 =111.38Q and 62 =280.98°), and k> = -6 dB

Port1 R, R, Port2
Inpui VAR Thro M
{]pw;i
|
|
24,04 Ztmzllmﬂil |
|
25,05 |
Openl

Coupled YA Iso
Port 4 R.; R;, Port 3

Figure 1.2: (a) The circuit schematic of rat-race divider., (b) layout of rat-race divider [6]

The simulation and measurement data show that the bandwidth of |S11|, |S22|, |S33|, and
|S44| with a return loss of 15 dB is approximately 51.69% in the frequency range of 0.66 to 1.12
GHz. It is noted that for a 15 dB return loss bandwidth of |S11|, the measured bandwidth is 89.72%
(0.59-1.55 GHz), and the measured isolation below -15 dB extends up to 1.22 GHz. The measured
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parameters [S41| and |S21| are approximately 7.90 dB and 1.10 dB at 1 GHz, respectively. The
measured phase responses of £|S41/S21| and £|S23/S43| are 1.47° and 180.41° at 1 GHz.

0
0
-5 - L - - o
I . “ = . -~ 8, (Sim.) -=*- 8, (Sim.)
-0 r ‘_. S1.69 % - . h —0—8,, (Meas.) —+—5,, (Meas.)
15 ~ - -10
g r " - . ’ :
=20F 89.72% : A & .15
2t ' A =
EETYS ' b4 g a
E L [ K W M S -20
¥ 4 v =
Rl (BN A =
2 ] i 28
] 8}, (Meas.)—4— 35, (Meas.) .
N |8, (Meas.)—e—S,, (Meas.) a0 -7
- "
al u F-*+=-5, |S?m.) L OF " (Sfm.] a5
"= 5, (Sim.) --®= 5, (Sim.)
AR P e e e e e e e e e e e o i e Y v
0.25 0.50 075 1.00 1.25 1.50 1.75 -1 : . et . .
cH 0.25 0.50 0.75 1.00 125 1.50 1.78
F ,
Feguency (Gip Frequency (GHz)
@ (b)

g

bﬂ_,__.,._.:@..ﬁﬁ

150 Hom— 2 |5,,/5,] (Meas.)
L -m-- 2 |5,,05,] (Sim.)
—— £ |§,,/8,] (Meas.)
[1- @~ £ |8,0/8,,] (Sim.)

==~ |5,/5] (Meas.)
o |5,/ 8,] (Sim.)
[~ - 150/55] (Meas.)

o |5,/ 5] (Sim.)

Phase difference (Degree)
g

L L
0.00 0.25 050

075 .00 1.25

Frequency (GHz)

(c)

Figure 1.3: Simulated and measured results of rat-race divider, (a) Return loss, (b) isolation and (c) phase

responses and power imbalances. [6]

This design allows for freely customizing power division ratios, and its ability to reach a

wide range of frequencies helps save a lot of sizing space. It provides a simple circular model that

offers greater versatility in its use for various applications.

.~ Portl ,m Port 2

sty
(0.27 by)

44,02 (0.27 )

Figure 1.4: Design of rat-race divider [1]
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1.2.2 Miniaturized Design of Rat-Race Divider by Utilizing T-shape stubs

The authors presented in this article [7] the development of an important passive component
in microwave, the 180° quadrature hybrid coupler for the upper LTE frequency band (1.7 - 2.7
GHz), which is achieved by replacing the wave transmission line (3A/4) of a conventional coupler
with their equivalent T-shaped line section, resulting in a significant size reduction. The
miniaturized 180° quadrature hybrid coupler (RRHC) is designed on a low-cost material using an
FR-4 substrate material with a dielectric constant (4.3), substrate thickness (h = 1.570 mm). The
design and simulated results are validated by the Method of Moments using Agilent Technologies'
Advance Design System (ADS) tool. The implemented size of the quadrature coupler
I576.11x37.24 mm?, representing a 28% reduction compared to conventional couplers for the
higher frequency band.

Port 2 Port1
b o

Figure 1.5: Dimensions of proposed rat-race hybrid divider. [7]

The simulation results of the dispersion parameters for the proposed quadrature hybrid
divider are shown in the figure. As we can see, the insertion loss on the direct port (S12) is around
-2.98 dB, but for the coupled port (S13), it is around -3.048 dB. The isolation (S14) and reflection
coefficient (S11) are greater than -20 dB over 65% of the bandwidth (from 1.7 GHz to 2.7 GHz)
and less than -30.5 dB at the resonance frequency. In terms of phase, the phase difference between
the output signals (S13) and (S24) of the divider is illustrated in the figure, with a phase shift of

180.003° at the resonance frequency.
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Figure 1.6: The S parameters simulation results of proposed divider, (a) Insertion loss of through port & coupled port,
(b) Return loss & Isolation S;3 (c) phase difference between S,; and S,; [7]

The complete specifications summary of the proposed rat-race type hybrid coupler and a
detailed comparison of the results with the conventional model are provided, which can be better
appreciated by comparing the obtained results. The corresponding performance analysis in terms

of bandwidth and miniaturization requirements is also provided.

1.2.3 Design and validation of miniaturize Rat Race Divider based

microstrip Balun

This study [8] introduces a small Balun that offers increased bandwidth and better isolation
between output ports utilizing an interdigital capacitor (IDC). Firstly, a Rat Race Divider (RRD) is
initially crafted, followed by the proposal of a Balun where the isolation port is substituted with a
50 Q isolation resistor. The suggested transmission line (TL) is crafted with an IDC along a high
impedance TL in parallel. By using an equivalent p-circuit, the proposed TL is examined and
refined to achieve an impedance of 70.7 Q. The Balun is both designed and constructed, with the
simulated and real-world results aligning. The fractional bandwidth (FBW) for the RRD and Balun
stands at 37.5% and 33% respectively around the central frequency of 2.4 GHz. The dimensions of
the proposed Balun are 0.51 Ag x 0.22 Ag. This setup is cost-effective, flat, and compact.
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Figure 1.7: (a) Prototype of proposed Balun, (b) Equivalent circuit of transmission line. [8]

The RRD 3 dB has been designed on an FR4 substrate, with a dielectric constant of 4.4, a
substrate height of 1.6 mm, and a loss tangent of 0.02. The conventional transmission line (TL) is
replaced by the proposed TL to achieve a compact RRD with enhanced bandwidth. The figure
illustrates the simulated S parameters response of the proposed RRD. The input signal also splits
between port 2 and port 4 at the central frequency of 2.4 GHz. The isolation at port 3 and the
reflection at port 1 are both below -20 dB. The phase difference between port 2 and port 4 is 180°.

——dB[S(1,1)] =——dB[S(2,1)] =—dB[5(3,1)] =—dB[S(4,1)]

0 ~------- o

S-Parameter(dB)
5

Freq(GHz)

Figure 1.8: S-parameter of rat-race divider. [8]

Page |20



Chapter I: State of the art

In this work, a compact balun designed to operate at 2.4 GHz is introduced by eliminating
the isolation port from the Rat Race divider (RRD). Instead of the traditional quarter-wavelength
TL section, an Interdigital capacitor is introduced in parallel with a high impedance TL. The
simulated and measured results are in good agreement, and the output ports demonstrate strong
isolation. The prototype is compact, cost-effective, offers improved bandwidth, and enhances the
isolation between the output ports. This design is suitable for practical applications in microwave

communication circuits.

Figure 1.9: Fabricated compact Balun prototype. [8]

1.2.4 Design of Rat-Race Divider Based Analog Pre-Distortion Circuit for
5G Applications

This topic discusses the design of an innovative circuit for Analog Pre-Distortion Amplifier
based on the Rat-Race Divider, for 5G applications. In this context, the research covers the design
of a circuit that utilizes Analog Pre-Distortion techniques based on the Rat-Race divider as an
essential part of the design. The circuit aims to provide a pre-distortion stage that operates
predictively to minimize distortions in the wide-band signal used in 5G applications of wireless

communication networks

Regarding the selected substrate, a backlight PCB was chosen with specifications including

dielectric constant: 5, thickness: 1.35 mm, relative ratio: 1, conductivity: 5.8e7, cover height:
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1.00541e+33 mm, and conductor thickness: 0.127 mm. For the 900-phase shifter, a layout was
designed at 3.5 GHz using a program called Dip Trace. The dimensions (in centimeters) for the

WPD, HC, and RRD structures are 2.9 x 1.72, 3.3 x 1.5, and 4 x 3.4, respectively

50 ohm Ao D2 50 ohm

Directional
Coupler

RF;n RF5ut
WPD WPC

Figure 1.10: Proposed Analog Pre-distorter. [9]
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Figure 1.11: S parameter Analysis of HC and RRD [9]
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APDI1 comprises Wilkinson Power Dividers (WPD), Hybrid Couplers (WPC), Hybrid
Couplers (HC), and Phase Shifters (PS), while APD2 consists of Wilkinson Power Dividers
(WPD), Hybrid Couplers (WPC), Rat-race Dividers (RRD), and Phase Shifters (PS). A tone
simulation (HB-1 tone) was conducted with an input signal power of 10 dBm for both APDs to
generate AM-AM and AM-PM plots that depict the reverse response of the power amplifier (PA)
as shown in Figure. Upon analyzing the AM-AM results for both APDs, it was observed that the
AM-AM response underwent slight changes after reaching an RF transmit power of 35 dBm.
Additionally, the AM-PM behavior exhibited nonlinearity with a phase error of approximately
44°after the RF Power reached 35 dBm. The IMD levels for the second, third, fourth, and fifth
harmonics for both APDs were shown in Figure. Comparing the IMD levels, it was noted that
APD1 demonstrated lower IMD points compared to APD2, indicating that APD1 offers enhanced

linearity when compared to APD2 under the specified conditions.

1.000007 1.030 424 - 79.5

j-»-AM/AM of APD1 AM/PM Plot of APD1
1.0000064 2= AMIAM of APD2| 1.025 426 AMIPM Plot of APD2| -81.0
b 825
1.000005/ 1.020 128
= o ¥ -840 4
2 1000004 1.015 Q. o -130 855 &
= = s =
< 1000003 1010 < .43 87.0 &
s 2 3 <
<(1.000002 1.005 < 434 8.5
: -90.0
1.000001 1.000
s -136: 91.5
1.000000 > 0,995 138 3.0
10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 A 01807 20.0 260 30,0 350 200 480 500"
RF Power(dBm) RF Power(dBm)

(A) ()

Figure 1.12: (A) AM-AM plot of APD1 and APD2 (B) AM-PM plot of APD1 and APD2.[9]
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Figure 1.13: IMD levels vs No. of harmonics of APD1 and APD2. [9]

1.2.5 Modelling, analysis and testing of an active element based wide-band

frequency tunable compact rat-race hybrid

The authors of this article [10] present a detailed mathematical modelling and analysis of a
wideband frequency-reconfigurable hybrid at 180 degrees, followed by experimental verification.
The device is designed by replacing the basic quarter-wavelength lines A/4 with equivalent low-
pass varactor circuits, allowing for a compact dimensional efficiency (0.16 A _0.18 A _ 0.008 A at
1.6 GHz) of 70% compared to the conventional structure. The operational frequencies of the hybrid
are adjusted by simultaneously tuning six active varactor diodes in reverse-biased mode,
demonstrating a wide tenable operational bandwidth (83%, [S11] < 10 dB and 68.4% due to

matching of transmission coefficients).

To validate the mathematical formulation of the proposed device, the circuit is simulated
using a commercial EM simulator, and a manufactured prototype is also tested. For this design, the
value of Z, is chosen as 128 Q (width = 0.093 A g) to make the device compact. The length of the
modified transmission line is h = 33.5 and the capacitance value (Cx) = 0.85 pF for an operating
frequency of 2.2 GHz. The proposed rat-race hybrid is designed on a 60-mil thick FR-4 substrate,
and its circuit layout designed using ANSYS DESIGNER-15. the simulation results of the circuit,

which have a response identical to that of a conventional rat-race hybrid operating at 2.2 GHz.
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It has an insertion loss of 3.1 dB with a phase difference of 0; 180 degrees between the

appropriate output ports.
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Figure 1.14: Simulated S-parameters and phase response of the circuit model of the proposed rat-race. [10]

The simulation and measurement results obtained using the vector network analyser
(Agilent-E5071C) for capacitance values of 1.77 pF (0.5 V), 0.48 pF (7.0 V), and 0.3 pF (19 V) are
shown in the graph. The graph confirms that the proposed device can be used at different
intermediate frequencies between 1.2 and 2.9 GHz by varying the varactor capacitance from 1.77
pF to 0.3 pF. The device exhibits impedance bandwidths (|S;;| < 10 dB) ranging from 1.2 to 1.75
GHz, 1.6 to 2.35 GHz, and 2.1 to 2.9 GHz for

operating frequencies of 1.6 GHz, 2.05 GHz, and 2.5 GHz, respectively.
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Figure 1.15: Simulated and measured S-parameters at different reverse biased voltages (a) 0.5 V (1.77 pF), (b) 7.0 V
(0.48 pF), (c) 19.0 V (0.3 pF). [10]
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Figure 1.16: Fabricated prototype of rat-race [10]

1.3 Conclusion

In this chapter, we have presented a theoretical study of a rat race divider. We discussed
some of its features, as well as its benefits and drawbacks. In the next chapter, we will perform an

analytical study of standard rat-race divider.
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Chapter II: Analytical Study of Standard Rat-Race Divider

I1.1. Introduction

The rat-race divider, with its unique ability to divide signals into even and odd modes,
plays a pivotal role in microwave devices. In the even mode, characterized by synchronous signal
movement, equal distance traveled by the signal in each arm, and equal time delay along each
arm, precise signal distribution is achieved. Conversely, the odd mode, with its asynchronous
signal movement, unequal distance traveled by the signal in each arm, and different time delays
along each arm, provides an alternative method of signal distribution. These distinct
characteristics enable the rat-race divider to utilize different arms for achieving specific time

delays and directing signals efficiently, enhancing the functionality of microwave devices.
11.2. Definition Even-odd mode rat-race divider

In rat-race divider, the concept of "even mode™ and "odd mode" is used to describe
how symmetrical signals interact inside microwave devices. When analyzing the internal
operation of this type of devices, it appears that there is an interaction between the even mode

and odd mode in the rat-race divider. [11]
The Rat-Race Divider can divide the signal into two modes: Even Mode and Odd
Mode.
11.2.1. Even Mode

In this mode, the signal moves synchronously in all the different arms of the divider.
v The difference in the distance traveled by the signal in each arm is equal.

v There is an equal time delay along each arm of the divider.

11.2.2. Odd Mode

v In this mode, the signal moves asynchronously in all the different arms of the divider.
v The difference in the distance traveled by the signal in each arm is not equal.

v There is a different time delay along each arm of the divider.
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This Rat-Race Divider utilizes these characteristics to distribute signals in a specific
manner, using the different arms to achieve specific time delays and direct signals in a specific

way.

In the even-odd mode analysis technique, the waveguide structure can be decomposed into
two simpler circuits based on the even and odd modes of the structure. The even mode refers to the
case where the electric fields of the two components are symmetric with respect to the midplane of

the structure, while the odd mode refers to the case where the electric fields are anti-symmetric.

By decomposing the waveguide structure into even and odd modes, we can analyze each
mode separately and then combine the results to understand the overall behavior of the structure.
This technique simplifies the analysis process and helps in understanding the wave behavior in

complex waveguide structures. [11]

11.3. Even-odd mode analysis

To analyze the hybrid-ring divider, an even—odd-mode method is used. We assume that a
wave of unit amplitude A1 =1 is incident at port 1.and the schematic circuit of the branch-line

divider in normalized form, to Z0. [11]

t
@

Figure 11.1: A ring hybrid, or rat-race in microstrip line or strapline form.[11]
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This wave is divided into two components at the ring junction. The two component waves arrive
in phase at ports 2 and 3, and 180° out of phase at port 4. By using the even—odd-mode analysis
technique, this case can be decomposed into a superposition of two simpler circuits, as shown in

Figures I1.2 and 11.3.

Based on two simpler circuits of the even—odd-mode, The amplitudes of the scattered

waves will be:
B1=1/2(Te+To) (2. 1a)
B2=1/2(Te+ To) (2. 1b)
B3=1/2(T'e -To) (2. 1c)
B4=1/2(Te - To) (2. 1d)

B2

—-t1/2

@
—OPEN CIRCUIT
/2

Figures 11.2: Even-mode decomposition of the rat-race hybrid-ring divider when port 1 is

Te=—

ol

/i/.@}

excited with a unit amplitude incident wave.[12]

Page |30



Chapter II: Analytical Study of Standard Rat-Race Divider

SHORT CIRCUIT

/2

Figures 11.3 Odd-mode decomposition of the rat-race hybrid-ring divider when port 1 is
excited with a unit amplitude incident wave. [12]

where I'e,0 and Te,0 are the even- and odd-mode reflection and transmission coefficients,
and B1, B2, B3, and B4 are the amplitudes of the scattered waves at ports 1, 2, 3, and 4, respectively.

To calculate the reflection and transmission coefficients, we choose the ABCD matrix

A B _[ cosfl ijsinﬁl]
¢ DI = [jy0sinpl  cospl

A B [1 OLO jx/2'[1 0]

¢ pl¢~ 1 N2 o0 |l= 1
A B 1 V2]
e =
¢ D V2 -1

Calculate the reflection and transmission coefficients I'e and Te of even-mode

A+B-C-D _ 1+jV2-jvZ+1 —j
I'e = = — : =— (2.2a)
A+B+C+D  14jV2+jvV2-1 V2
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2 2 =

Te = — 2.2b
A+B+C+D 1+]\/_+]\/_1 V2 (226)

Calculate the reflection and transmission coefficients I'o and To; of odd-mode

A B], _ [—1 iﬁ]
C D V2 1
_ —1+jV2-jv2-1_ j )3
C—1HVZHVZHL V2 (2.32)
- 2 S 2.3b
—1+jV2+jV2+1 V2 (2.35)

j j
Wehavel'e= Te= To=—F—and o =—F"
V2 V.

Compensate these results in (2.1) , we obtain :

B1=1/2(— - \/ \/L (2. 4a)
B2=1/2(— \/] —\/L (2. 4b)
B3= 1/2(—\/L E (2. 4¢)

YV B &

Ba=12~f + 7 (2. 4d)
B1=0 (2.5)
]
B == (2.5b)
-
\/2 (2.5¢)
B4=0 (2.5d)

The results obtained show that if the input signal is applied to input 1, the power will be

evenly divided and in the same phase between outputs 2 and 3, in addition to input 4 being isolated
and input 1 is matched
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At this stage, we assume that the wave is entering input 4 and input 1 is isolated. By using
the even—odd-mode analysis technique, this case can be decomposed into a superposition of two

simpler circuits, as shown in Figures 2.4 and 2.5

Through images 2.4 and 2.5, we can calculate the amplitudes of the scattered waves,

which are as follows:

B1=1/2 (Te -To) (2. 6a)
B2=1/2 (T'e -To) (2. 6b)
B3=1/2 (Te+ To) (2. 6¢)
B4=1/2 (Te+To0) (2. 6d)

—————— 0.C ' -
:> Tf_ \."lz
V2|8 [,
V21318
0.C.
[ #]
0.C.

Figures 11.4: Rat-race even- mode analysis at port (4) excitation [13].
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\a)

Figures 11.5: Rat-race odd- mode analysis at port (4) excitation [13].

The ABCD matrices for the even-mode circuits :
A4 By, _[1 j\/Z]
C D V2 o1

Calculate the reflection and transmission coefficients I'e and Te of even-mode

A+B-C-D —1+jV2-jv2-1
[e= = — == (2.7a)
A+B+C+D  —1+jV2+4jV2+1 V2
-2 2 ] 2.7
e = = = —= .
A+B+C+D  —1+jV24jV2+1 (2.7b)

Calculate the reflection and transmission coefficients I'o and To; of odd-mode

A B], _[ 1 iﬁ]
C D V2 -1
_ 1+jvV2-jv2+1 _ —j
I'o VItiVa-1 V2 (2.8a)

2 —J
TO = = =
1+jV/2+jvV2-1 V2

(2.8b)
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We have 'o = Te = To—\/—;andl“e—é
Compensate these results in (2.6) , we obtain :

J

Bl=1/2(—£+ - 2. 9a)
BZ=1/2(£ +£) (2. 9b)
B3=1/2 (—é —é 2. 9¢)
IS S B
B4=12( 35 ~ 1) 2. 9d)
B1=0 (2.10a)
j
= (2.10b)
—j
B- 2.10¢)
B4=0 (2.10d)

The results obtained show that if the input signal is applied to input 4 the input power is

evenly divided into ports 2 and 3 with a 180° phase difference, in addition to input 1 is isolated and

input 4 is matched.

11..4 Applications and uses of even mode and odd mode in a rat-race
divider

In the Rat-Race divider, the even mode and odd mode can be used in different ways to

achieve different objectives:

11.4.1 Even Mode

v" The even mode is used in the Rat-Race divider to evenly distribute power among different

ports.
v" The even mode can be used to achieve a balance in power distribution between inputs and

outputs.
v' The even mode can be used to achieve good isolation between different ports without

interference.
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11.4.2 Odd Mode

In the single mode, the interfering current in the inputs and outputs is different
The odd mode is used in the Rat-Race divider to achieve isolation between different ports.

The odd mode can be used to improve the interaction between inputs and outputs.

D N N NN

The odd mode can be used to improve dispersion efficiency and reduce interference

between ports.

The single mode is characterized by its ability to generate unexpected effects, making it

useful in some specific applications.

The even mode and odd mode in the Rat-Race divider can be integrated to achieve
optimal performance in power distribution, improve dispersion efficiency, and enhance the

interaction between inputs and outputs.

The even mode is used in the Rat-Race divider to achieve effective separation between
the inputs and outputs and ensure good isolation between them, while the odd mode is used in some
applications that require special effects. The appropriate mode should be selected according to the

application requirements to ensure the optimal performance of the Rat-Race divider.

1.5 The impact of deviating from even mode and odd mode on the

performance of a rat-race divider

When deviating from the even mode or odd mode in a Rat-Race divider, it can significantly

affect its performance. Here are some effects that may occur when deviating from these modes:
11.5.1 Deviation from the Even Mode

v Deviating from the even mode in a Rat-Race divider may lead to uneven power distribution
among the different ports.

v It can increase interference between inputs and outputs, resulting in degradation of the
device's performance.

v Deviation may cause loss of isolation between ports, negatively impacting the Rat-Race

divider's performance.
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11.5.2. Deviation from the Odd Mode

v" Deviating from the odd mode in a Rat-Race divider may result in loss of isolation between
different ports.

v It can lead to increased dispersion and degradation in the interaction properties between
inputs and outputs.

v Deviation may increase interference between ports and reduce the efficiency of the Rat-

Race divider.

In general, it is advisable to avoid deviating from the even mode and odd mode in a Rat-
Race divider to ensure optimal device performance and achieve design goals correctly. These
factors should be considered during the design and manufacturing of a Rat-Race divider to ensure

you get a reliable and efficient performance.
11.6 Conclusion

In conclusion, the rat-race divider, with its unique ability to divide signals into even and
odd modes, plays a significant role in the operation of microwave devices. The even mode,
characterized by synchronous signal movement, equal distance traveled by the signal in each arm,
and equal time delay along each arm, allows for precise signal distribution. Conversely, the odd
mode, with its asynchronous signal movement, unequal distance traveled by the signal in each arm,
and different time delays along each arm, provides a different method of signal distribution. These
distinct characteristics of the even and odd modes enable the rat-race divider to utilize different
arms for achieving specific time delays and directing signals in a specific manner, thereby

enhancing the functionality and efficiency of microwave devices.
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Chapter I1I: Parametric study of rat-race divider

I11.1 introduction

In this chapter, we will study some parameters of Rat Race divider in order to make changes
in the settings such as dimensions, materials, and observe the impact of each change on the
performance and effectiveness of the Rat Race divider in terms of coupling coefficient, return loss,
insertion loss, isolation coefficient, as well as frequency and bandwidth using CST (Computer

Simulation Technologies) software.

This study aims to understand how different parameter values in the Rat Race divider model
affect the system behavior and performance. Studying parameters is an essential part of the system
design process and improving its performance, helping in making the right decisions to adjust and

enhance system performance.

I11.2 Design Rat-Race Divider

111.2.1 Substrate

In the field of electronics design, the term "substrate" refers to the base on which electronic

components are mounted. This substrate is usually made of an insulating material.

The substrate in electronics design plays a vital role in connecting electrical signals between
components and ensuring the stability and performance of the electronic circuit. The type and
properties of the material used in the substrate also affect factors such as electrical insulation, heat

dissipation, and corrosion resistance.

Some type of substrate:

v' FR-4: is an abbreviation for Flame Retardant, and Type "4" indicates woven glass
reinforced epoxy resin.FR-4 is one of the most common types of substrates used in the
fabrication of printed circuit boards (PCBs). FR-4 has several important properties that
make it a popular choice in the electronics industry, including: Good electrical insulation,

High mechanical strength, Heat resistance, Moisture resistance and Chemical resistance.

Glass transition temperature (7)) 140 °C, dielectric constant €, = 4.3, loss tangent 0.025

poison’s ratio 0.136. [14]
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Table I11.1: FR-4 Glass Epoxy Technical Product Information [ 14]

Property Units Value Conditions
Ty min (DSC) °C 135
CTE x-axis ppm/°C 14 Ambient to Ty
CTE y-axis ppm/°C 13 Ambient to Ty
CTE z-axis ppm/°C 175 Ambient to 288°C
Solder Float 288°C seconds >120 Condition A
Table IIL.2: Electrical Properties [14]
Property Units Value Conditions
Permittivity (DK) max 4.7 C-24/23/50
@ 500 MHz 4.35
@ 1 GHz (HP4291) 4.34
Loss Tangent (DF), max. @
1 MHz (2 Fluid Cell) 0.020
500 Mhz 0.017
1 GHz (2 Fluid Cell) 0.016
Surface Resistivity,min. megohms 2 x10° Condition F
1x108 E-24/125
Volume Resistivity,min. min. 8x 107 Condition F
megohm-cm 2x107 E-24/125
Dielectric Breakdown, min kV 55 D-48/50
Arc Resistance, min. seconds 100

v Polycarbonate (PC):

is a type of plastic known for its transparency, hardness, and

resistance to breakage. Polycarbonate is used in many applications and is considered a

lightweight and strong material, making it a common choice in industries that require high-

performance plastic materials. It is characterized by the following properties:

Glass transition temperature (Tg) 147 °C, dielectric constant €, = 2.9, loss tangent 0.01

poison’s ratio 0.37. [15]

Table II1.3: Typical Properties of Polycarbonate [15]

. Polycarbonate 20%
Property Units | ASTM Test | Polycarbonate Glass-Filled
Tensile strength psi D638 9,500 16,000
Flexural modulus psi D790 345,000 800,00
ft-Ibs/in of
Izod impact (notched) notch D256 12.0-16.0 2.0
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Heat deflection temperature oF
@ 264 psi 270 295
Maximum continuous service oF D648 240 018
temperature in air

Water absorption o D570

(immersion 24 hours) ’ 0.15 0.16
Coefficient of in/in/°F

linear thermal expansion x107° D696 3.8 15

v' Aluminum: is a chemical element with the symbol Al and atomic number 13. It has distinct

physical and chemical properties: an atomic mass of 26.9815386 atomic mass units, a

hardness (Mohs scale) of 1.5, and a melting point of 660.323 degrees Celsius. It is a silver,

malleable metal that is corrosion-resistant and lightweight, with numerous applications in

industry. Aluminum is commonly used as a base in the semiconductor and electronics

industry, thanks to its lightweight, corrosion resistance, and ease of shaping. Dielectric

constant €, = 8.6, loss tangent 0.0004, poison’s ratio 0.22. [16]

Table II1.4: Typical Properties of Aluminum [16]

Sr. No. Property/Description Unit Guaranteed Value / Details
A mm 9.5 (+/- 0.51)
Diameter mm 7.6 (+/- 0.40) (AS PER 1S-5484
(1997)
B Tensile Strength Mpa 156.86 — 186.27
C Resistivity (Max.) Ohm mm2/m 0.033806
D Conductivity (Min) % IACS 51.00
E Density at 20 Deg C Kg/m3 2690
The Rod shall be clean, sound smooth
and free from pipes, laps, cracks, kinks,
F Surface : X
twists, seams, damaged ends, excessive
oil other injurious defects with in limit
Copper (Cu) Max 0.10
Iron (Fe) Max 0.50
Silicon (Si) 0.50-0.90
Manganese (Mn) Max  0.03
Magnesium 0.60-0.90
G Chemical Composition % Zinc (Zn) Max 0.10
Chromium (Cr) Max  0.03
Boron (B) Max 0.06
Other Elements each (Max) 0.03
Elements Total (Max) 0.10
Aluminium (Min) Remainder
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v" RO4003C: is a type of high-frequency board material made from glass-saturated fiberglass
and coated with copper. This material is known for its excellent electrical properties such
as low loss, low dispersion, and high-frequency tolerance. It is used in the manufacturing
of high-frequency electrical circuits and high-performance applications. the dielectric

constant €, =3.55, loss tangent 0.0027. [17]

Table IIL.5: Electrical Properties of Rogers' RO4003C [17]

Property Typical Value Unit Condition
RO4003C™
Dielectric Constant, & 3.38 +0.05 - 10 GHz / 23 °C
(Process specification)
Dielectric Constant, €,
(Recommended for use in 3.55+0.05 -- FSR /23°C
circuit design)
Dissipation Factor 0.0027 . 10 GHz /23 °C
tan, 6 0.0021 25GHz/23°C
Thermal Coefficient of €, + 40 ppm/°C -100 °C to 250 °C
Volume Resistivity 1.7 x 101° MQ-cm COND A
Surface Resistivity 4.2x10° MQ COND A
. 31.2 KV/mm 0.51 mm
Electrical Strength (780) (V/mil) (0.020”)
. 26.889 MPa
Tensile Modulus (3900) (kpsi) RT
. 141 MPa
Tensile Strength (20.4) (kpsi) RT
276 MPa
Flexural Strength (40) (kpsi)
. . - Mm/m After etch
Dimensional Stability <0.3 (mils/inch) +E2/ 150 °C
Coefficient of Thermal ﬂ ppm/°C 55 to 288 °C
Expansion 16
Tg >280 °C DSC A
Td 425 °C TGA
Thermal Conductivity 0.64 W/m/°k 100 °C
48 hrs immersion
Moisture Absorption 0.04 % 0.060" sample
Temperature 50 °C
Density 1.79 gm/cm? 23°C
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1.05 N/mm after solder float
Copper Peel Strength (6.0) (oli) 1 0z. EDC Foil
Flammability N/A
Lead-Free
Process Compatible Yes

111.2.2 COPPER

Copper is a red-colored metal that is considered one of the oldest metals used by humans.
Copper is known for its good electrical and thermal conductivity, and it is a soft and malleable
material. Copper is widely used in various industries such as electricity. Copper has many

distinctive properties, including:

High electrical conductivity.
Good thermal conductivity.
Corrosion resistance.

Ease of shaping.
Recyclability.

Ability to expand.

AN NN

The loss ratio in copper depends on several factors such as purity, shape, and size.
Generally, the loss ratio in copper can range from around 1% to 10%. And The density of copper
ranges from 8.5 to 8.96 g/cm?, which is considered moderate. The melting point of copper is
approximately 1083 degrees Celsius. And The hardness of copper ranges from 2.5 to 3 on the Mohs

hardness scale. [18]

Table II1.6: Physical, Mechanical, and Electrical Properties of copper. [18]

Bare Copper Single Wire ASTM B3 Conductor
Conductor Size 14 AWG
Conductor Type Solid Copper
Temper Dead Soft Annealed (DSA)
Average Break Load 124 Ibs.
Minimum Elongation 25%
Nominal Copper Weight 12.485
Nominal DC Resistance (0hms/1000 ft.) 2.5
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Table IIL.7: Physical, Mechanical, and Electrical Properties of copper.[ 18]

High Density Polyethylene Insulator Value
Density (ASTM D 792) 0.943 g/cc
Bulk Density (ASTM D 1895) 0.58 g/cc
Melt Index (ASTM D 1238/E) 0.70 dg/min
Tensile-Yield (ASTM D 638) 4300 psi
Tensile-Ultimate (ASTM D 638) 2900 psi
Tensile-Elongation (ASTM D 638) 850%
Flexural Modulus (ASTM D 790/1) 120,000 psi
Hardness (ASTM D 2240) 63 Shore D
Environmental Stress-Crack (ASTM D 1693/B) F20> 48 h
Thermal Stress-Crack (ASTM D 2951) FO> 1000 h
Brittleness Temperature (ASTM D 746) < -95°F
Melting Point (DSC) (ASTM D 3417) 262 °F
Softening Point (Vicat) (ASTM D 1525) 250 °F
Oxidative Induction Time (ASTM D 3895) > 50 min. @ 200 °C
Dielectric Constant (ASTM D 1531) 2.34 @ 1MHz

Dissipation Factor (ASTM D 1531)

0.00007 @ 1 MHz

Volume Resistivity (ASTM D 257)

5x10Y ohm —cm

Dielectric Strength (ASTM D 3755)

1000 volts @ 20 mils

I11.3 Parametric study of rat-race divider

111.3.1 Proposed Form

our choice is to use a split ring resonator designed in CST software with a length of 23mm

and a width of 24mm, printed on a substrate with a height of 0.813mm of type FR-4 with a

permittivity of & =4.3. The chosen conductor is copper with a thickness of 0.035mm. The following

table summarizes the selected dimensions for the split ring resonator.
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Figure II1.1: Dimensions of our rat-race divider

Table II1.8: Lengths of our initial rat-race divider

Parameters values (mm)

W 24

L 23

h 0.813

t 0.035

T-Ground 0.035
Rout 4.85
Rin 3.88
W, 1.8
W, 0.97

Ly 7.15
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S-Parameters [Magnitude]

— 511
— 521
— 831
— 54,1
— 523

Frequency / GHz

Figure II1.2: S-parameters of the proposed rat-race divider for FR-4 substrate

Through these curves, we can see that the resonance frequency is 8.6 GHz with a bandwidth
of 6.5 to 12.5 GHz at -10 dB, and the return loss at the input Si: is -31dB, insertion loss S21/S31=
-3dB, and S41/S2s port isolation -33 dB.

111.3.2 The effect of Polycarbonate substrate

We maintain all variables while changing the substrate material to Polycarbonate with &=

2.9 and changing the width of line (Wo=2.04) and the width of ring (W=1.11) to maintain the
matching condition (Z0=50;v2 Z0 =70.71) and observe its impact.

S-Parameters [Magnitude]

—s1,1
— 821
— 531
— 54,1
— 523

Frequency/ GHz

Figure I11.3: S-parameters of the proposed rat-race divider for Polycarbonate substrate.
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according to Figure II1.3.3 the resonance frequency is 10.5 GHz with a bandwidth between
8.4 to 15.5 GHz at -10 dB, a reflection coefficient Si: equal to -27dB, a transmission coefficient
(insertion loss) S21/Ss1 of -3db, in addition to an isolation coefficient (port isolation.) Sai/S2s of -

31dB.
111.3.3 The effect of Rogers' RO4003C substrate

We maintain all variables while changing the substrate material to Rogers' RO4003C

(€,=3.55) and changing the width of line (Wo=1.77) and the width of ring (W=0.94) to maintain
the matching condition (Z0=50;v/2 Z0 =70.71) and observe its impact.

S-Parameters [Magnitude]

— 1,1
— 82,1
— 3,1
— 54,1
— 523

aB

Frequency / GHz

Figure I11.4: S-parameters of the proposed rat-race divider for Rogers' RO4003C substrate.

Through figure III 3.4, the resonance frequency is 9.46 GHz with a bandwidth between 7.4
to 13.4 GHz at -10 dB, a reflection coefficient Si: equal to -26 dB, a transmission coefficient

(insertion loss) S21/Ss1 of -3db, in addition an isolation coefficient (port isolation.) Sai/S2s of -35

dB.
111.3.4 The effect of Aluminum’s substrate

We change the substrate material to Aluminum with Dielectric constant &, =8.6, W,=0.83mm,

W= 0.34mm
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S-Parameters [Magnitude]

— 51
— 821
— 831
— 541
— 523

-70

i 2 4 6 8 10 12 15
Frequency / GHz
Figure II1.5: S-parameters of the proposed rat-race divider for Aluminum’s substrate.
The previous figure displays the S-parameters of a rat-race coupler on an aluminum
substrate. The main frequency has a value of 6.2 GHz with a bandwidth ranging from 4.7 to 8.3

GHz at -10 dB. The reflection coefficient Si: is -32 dB, and the transmission coefficient (insertion

loss) S21/Ss1 1s -3 dB. Additionally, the isolation coefficient (port isolation) Sa41/S2s is -50 dB.
111.3.5 The effect of radius (R,,;)

we make a change in the width of the circle (W) while keeping all other variables constant.

The subsequent figure shows the effectiveness of this change on the performance of Rat Race
divider.

S-Parameters [Maguitude]

-
-
<
N
It
e
N\

e L e
3% | j 3 : \/ 3

! ‘ ‘ ! — S Ruely) [
4 ! — SLIRoueld) [

Frequency / GHz
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Figure 111.6: Evolution of the Input returns loss Si: of the rat-race divider with Polycarbonate
substrate for different values of (Rou)

Through these curves, we can say that as the value of the radius changes, the main
frequency changes. We see that at the value (7,,,,=8.5), the main frequency is 5.9 GHz, and at the
value (R,,:=12.05), the frequency is 4.2 GHz. At the value (r,,; =13), the frequency is 3.9 GHz,
and at the value (R,,;=14.7), the frequency is 3.5 GHz.

111.4 Conclusion:

This chapter delves into a thorough examination of the Rat Race divider's parameters,
focusing on alterations in dimensions and materials to assess their effects on performance. Key
parameters such as, return loss, isolation coefficient, frequency, and bandwidth were scrutinized
using CST software. The study aimed to elucidate how varying parameter values influence the Rat
Race divider's behavior and performance, crucial for system design and enhancement. By testing
three materials with different €, values, the study provides insights into the divider's behavior under
diverse conditions, emphasizing the significance of parameter studies in optimizing system

performance.
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Chapter IV: Optimization of a rat race divider

IV.1 introduction

After an extensive parametric study detailed in the previous chapter, we will now embark
on an optimization process utilizing CST Studio Suite, a robust electromagnetic simulation
software. Throughout this optimization phase, a meticulous fine-tuning of numerous critical
parameters will be conducted using an integrated algorithm. Among the array of optimization
techniques available, the Particle Swarm Optimization (PSO) method has been thoughtfully chosen

for our specific application.

The rat race divider, a fundamental element in microwave engineering, holds a crucial role
in achieving balanced power distribution and phase control. Our design efforts have been
significantly focused on optimizing this divider for medium-band 5G applications. Specifically
tailored to operate within the 3.5 GHz frequency band, aligning with the requirements of modern
5G networks, the corresponding bandwidth and performance characteristics are depicted in the

forthcoming figure:

) 28GHz

@ 35GHz

Capacityand || ) 2300 MHz
e

I Coverag U 850 MHz
n;u[nwm]«g ) @ 700 MHz
@ 600 MHz
o
= SR
< v

Figure 1VV.1: Optimized Rat Race Divider Performance at 3.5 GHz [19]

Our work not only aims at achieving optimal performance but also takes into account
practical considerations such as manufacturability, cost-effectiveness, and seamless integration
into 5G base stations. By harnessing the PSO algorithm, our goal is to strike a balance between

performance metrics and real-world constraints.
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In essence, this chapter delves into the complexities of optimizing the rat race divider for
5G applications, highlighting the significance of rigorous electromagnetic analysis and the
selection of appropriate algorithms. Our commitment to advancing microwave engineering

contributes significantly to the evolution of wireless communication systems.
V.2 Optimization tool in CST

We optimize with the CST Studio Suite, and as it is known, the CST Studio Suite is a high-
performance 3D electromagnetic analysis (EM) software package designed for the design, analysis
and optimization of electromagnetic components and systems. It provides electromagnetic field
solvers that cover electromagnetic spectrum applications, including antennas, waveguides, filters
and RF dividers. Engineers and researchers use CST Studio Suite to study the behavior of these
components in the high frequency range. The software integrates seamlessly into the overall design
process, helping to make informed decisions to improve system performance. In addition, CST
Studio Suite combines a user-friendly interface with powerful simulation performance, offering a
variety of solvers for high-frequency simulations, all grouped under the specific high-frequency

module known as CST Microwave Studio®.[20]

R mEsS o o™ Untitled_0 - CST Studio Suite 2021

Madeling Simulation Post-Processing WView

I T E R 3

Sa ) ; . iz
Paste Units Simulation Setup Start Mesh Globa Edit Open Macros
& - Project = | Solver-  Simulation T View Properties- . Report- -
Clipboard Settings Simulation Mesh Report Macros
Navigation Tree * | BB untitled_o* [

[ Components
-G8 Groups
-G Materials
.- Faces
@ Curves
-G@ wCs
@ Anchor Points
8 Wires
£8 Voxel Data
@ Dimensions
[ Lumped Elements
L Plane Wave 3D Schematic
L Farfield Sources Parameter List X Messages x
[ Field Sources — -
T Ports ¥ MName Expression Value Description t
- Excitation Signals
- Field Monitors

[ Voltage and Cumrent Manitoy

L Probes
-G Mesh

= 1D Resuls
[ 20730 Results
-2 Farfields
--[& Tables

< > Parameter List Result Navigator Messages Progress

S HEE W E e . Raster=1.000 | PEC | mm GHz ns K

Figure 1V.2: Graphical interface of the CST Studio simulator
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IVV.3 Design of a rat race divider

The proposed divider is designed on a low-cost substrate (FR-4 with losses) with
dimensions of 50 x 50 mm2 (length x width). This part has a relative permittivity of €, = 4.3, with
a loss tangent tan 6 0f 0.025 and a thickness h 0f 0.813 mm. The copper thickness t is approximately
0.035 mm. The ground line dimensions are the same as the part dimensions (length x width). The
divider is directly connected to a feed line with characteristic impedance Zc = 50Q.

For the preservation of adaptation, we choose values for W (Z= 50) and W, (N2*50=70.71)

using the impedance calculation within the CST program for a thickness substrate h =0.813 and a
relative permittivity of €, = 4.3.

E Impedance Calculation X

Setup

Thick Micrastrip w

Length unit: mm
Frequencs: GHz

Geometry D ata

o [GER R = |
t ||U-U35—[ B

Line length
Permittvity
eps_r = EN

[Jnclude Dispersion

Impedance static

2 0= Ohirn epz_eff = Fhaze zhift =
Buid 2D Exit Help

Figure 1V.3: Determination of the characteristic impedance Zo for w

The initial dimensions of this divider are tabulated in the following table.

Table VI.1: Dimensions of Rate-Race divider

parameters A B hg t w W Rout L Tin

Values(mm) | 50 50 0.813 | 0.035 | 1.35 0.76 | 12.05 10 11.29
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To achieve the desired results, by clicking on the Optimizer icon in the simulation menu,

we will choose the parameters to optimize; in our case, we chose one parameter to optimize: R,

Optimizer — O *

Simulation type: Time Domain Solver w | | Acceleration...

Seftings  Goals  Info

Algorithm: | Particle Swarmm Optimization ~ | | Properties... General Properties. ..
Algorithm settings
Reset min/max % of anchor value [ Use interpolation
Use current as anchor value [] Use data of previous calculations
Parameter + | Min Max Sample Anchar Cument Best "
il b4 6.6 5 6 &
12 5171 11.209 5 10.190222 10.190222 10.19
13 14.45 17.662 5 16.055983 16.055983 16.056
[ r_out 3 15 5 13 13 13
[t 00315 0.0385 5 0.035 0.035 0.035
[ t_ground 00315 0.0385 5 0.035 0.035 0.035
 w 14346 1.7534 5 1.554 1.5594 1594
[ ws 0.747 913 5 83 .83 83
]

oK Apply Close Help

Figure IV.4: Choice of parameters to be optimized

As we mentioned earlier, we use PSO algorithm. Particle Swarm Optimization is an
optimization algorithm used within CST Studio Suite to find the optimum design parameters that
meet product requirements. It chosen within CST Studio Suite for its robustness, efficient handling
of many parameters, global search capabilities, and ease of implementation. It complements other
optimization methods, making it valuable for engineers seeking optimal designs in the high-

frequency range.

We choose the goals that we want to achieve with an input return loss Si:1< -30, an insertion

loss S21/S31> -5, and a port isolation Sa1/Szs < -25.
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Optimizer - O X

Simulation type: Time Domain Saolver - Acceleration...

Settings  Geals  Info

Goaltype: | Standard ~ Add New Goal...

1D | Type Operator Target Range Weight
P - 1DC: \S-Parameters'54,1 < -|-25 i5 10
P - 1DC: \S-Parameters'52,1 b |5 i5 1.0
P - 1DC: \S-Parameters'53,1 b |5 i5 1.0
P - 1DC: \S-Parameters’53.2 < -|-25 i5 10
B - I E

Summary type: | Sum of all goals ~ ~ Edit... Remove All Remaove

Start QK Apply Cloze Help

Figure 1V.5: Goals of rat-race divider
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Figure 1V.6: Evolution of the Input returns loss Si: of the rat-race divider with FR-4 substrate for
different values of R+
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The image 4.6 illustrates different values of reflection coefficients Si: with varying values

of the radius, where the value achieved for us at 3.5 GHz is (R, = 12.05).

S-Parameters [Magnitude]

Bl f i i .
L5 2 2.5 3 3.5 4 4.5 5
Frequency/ GHz

Figure IV.7: S-parameters of rat-race divider

Through figure 4.7, it is evident to us that the Su: Input return loss, is -68 dB, the S21/Ss:
insertion loss is -3 dB, and the isolation value between the outputs S2s and Sa1 is -42 dB. The

resonance frequency is 3.5 GHZ with a bandwidth between 2.5 to 4.5 GHz at -10dB.
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Figure 1VV.8: Surface Current Distribution of rat-race divider
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1VV.4 Conclusion

In summary, our thorough optimization process, guided by CST Studio Suite and utilizing
the Particle Swarm optimization (PSO) method, has successfully customized the rat race divider
for medium-band 5G applications. Achieving balanced power distribution and precise phase

control within the 3.5 GHz frequency band.
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Conclusion

This work contributes to the field's knowledge base, laying a foundation for further
advancements in Rat Race divider design and optimization. The study underscores the importance
of material selection in achieving desired performance characteristics and offers valuable
implications for the divider's application across various technological domains.

In this work, we were trying to make an improvement to enhance the rat race divider for

5G applications.

We began by positioning the proposed work by presenting a state of the art on the rate race

dividers, then we exposed the main theoretical notions concerning these dividers.

Then, we carried out exhaustive research on the theoretical and applied parts on a rate race
divider, in addition to their applications. In the third simulation part, we performed a parametric
study of a rate race divider which showed us the effect of different physical dimensions of a divider
on its important characteristics in terms of reflection coefficient in each port, isolation between the

output ports and the others.

In the fourth chapter which is the optimization part, we have made several changes on the

rate race divider to achieve the desired frequency of 3.5 GHz for 5G applications.
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Abbreviation:
VSWR: Voltage Sanding-Wave Ratio
RF: Radiofrequency
HC: Hybrid Coupler
ADS: Advance Design System
IDC: Interdigital Capacitor
RRD: Rat Race Divider
TL: Transmission Line
FBW: Fractional Bandwidth
WPD: Wilkinson Power Dividers
PS: Phase Shifters
HB-1 tone: a Tone Simulation
PA: Power Amplifier
PCBs: Printed Circuit Boards
PSO: Particle Swarm Optimization
CST: Computer Simulation Technologies

EM: Electromagnetic
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Abstract:

The spectacular development in the field of wired and wireless communications has led to
the emergence of many technologies, such as fourth and fifth generation networks, or even the
sixth generation that is under development. This evolution has also created the need to reduce the
size of devices used in this field while preserving their performance and services. All active and

passive microwave circuits must align with the trend towards service integration.

These include the rat race coupler, which is one of the important negative microwave
circuits and is a key element of our research. The latter is used in several fields such as
communications, surveillance, radar systems, and other applications. Among the most important
and outstanding couplers are the rat race coupler, which is one of the types of power couplers with

narrow bandwidth.

The objective of this work is to optimize the parameters of the rat race coupler for ideal
performance in 5G applications, using CST Studio simulation software. We also performed an
analysis of this coupler to assess the impact of geometric dimensions on its physical properties,
such as operating frequency and bandwidth. After the parameter improvements, we reached a

frequency of 3.5 GHz, which is ideal for 5G applications.
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Le développement spectaculaire dans le domaine des communications filaires et sans fil a
conduit a I’émergence de nombreuses technologies, telles que les réseaux de quatrieme et
cinquieme génération, voire méme de la sixieme génération qui est en cours de développement.
Cette évolution a également créé la nécessité de réduire la taille des dispositifs utilisés dans ce
domaine tout en préservant leurs performances et services. Toutes les circuits micro-ondes actives

et passives doivent s’aligner sur la tendance a I’intégration des services.

Parmi ces dispositifs, mentionnons le coupleur rat race, qui est I’'un des circuits micro-ondes
negatifs importants et constitue un élément clé de notre recherche. Ce dernier est utilisé dans
plusieurs domaines tels que les communications, la surveillance, les systémes radar, et d’autres
applications. Parmi les coupleurs les plus importants et les plus remarquables, citons le coupleur

rat race, qui fait partie des types de coupleurs de puissance ayant une bande passante étroite.

L’objectif de ce travail est d’optimiser les parametres du coupleur rat race pour des
performances idéales dans les applications 5G, en utilisant un logiciel de simulation de type CST
Studio. Nous avons également effectu¢ une analyse de ce coupleur afin d’évaluer I’impact des
dimensions géometriques sur ses proprietés physiques, telles que la fréquence de fonctionnement
et la largeur de bande. Aprés les améliorations apportées aux parametres, nous avons atteint une

fréquence de 3,5 GHz, qui est idéale pour les applications 5G.
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