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Abstract

This thesis relates to the design and implementation of a Gysel power combiner consisting
of two input ports. The design is implemented using discrete (lumped) components over
the conventional transmission line architecture and operates at 100 MHz.

Because of the high power requirements for the power combiner, special attention is given
to the power handling capabilities of the lumped elements and the other components
involved. Simulations of an S-parameter of Gysel power combiner are performed using
the Advanced Design System (ADS) from Keysight Technologies.

The final design of two-way Gysel power combiner using PCB toroidal inductor was
implemented, simulated and optimized at centre frequency of 100 MHz. Satisfactory

results were obtained in terms of Insertion loss, Return loss and Port Isolation.
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Chapter 1
Introduction

The emerging technology of microwave power system is used in different application
where the output requires a higher power level. This higher power level not possible to
be delivered if a single amplifier is used. In order to rectify this problem, power combiners
and power dividers are used.

Power combiners and dividers are bidirectional and passive devices in the field of RF
and Microwave devices. They use the power combining and dividing method for power
modules. The purpose of using power combiner is to add up the solid-state power amplifier
(SSPAs) to deliver the higher power at the output and power divider is applied to split
the power at the output. While designing power combiner and divider, some design
considerations are taken into account for the proper functioning of the devices. These
include following parameters such as Size, Bandwidth, Isolation and Insertion. These
devices are widely used in many applications such as wireless communication and radar
technology [16].

RF and Microwave systems have different methods used for combining power at the out-
put. The various techniques are spatial [1] and the transmission line [2] and Lumped
Element [8][17]. In the millimeter wave range, spatial power [1] is used in some applica-
tions where output power requires a hundred watts. This power combiner delivers higher
efficiency at higher frequencies. Since these power combiners are used only in millimeter
wave frequencies, their power handling capability and the size is reduced. Other methods
are the transmission line and lumped element, the most commonly used techniques in
the microwave system. The transmission line approach usually uses the frequency range
1-2 GHz, 2-4 GHz for L-band and S-band respectively [2].

The purpose of using a transmission line is to handle higher power capability where output
delivers kilowatts of power. And if the frequency lower than this range then microwave

system uses the lumped component for the design since the length of the transmission



line is longer for lower frequency.

The popular types of power combiner and divider structures are Wilkinson [3] and Gysel
[4] combiner. Usually, these kinds of the system are presented in the planar [5] and
radial [4] form. Planar structure [5] is easy to design, implement and fabricate. It gives
excellent performance for fewer output ports. If ports are increased, then it degrades the
performance of the system in terms of power handling capability. On the other side, the
radial combiner [4] provides high performance when many ports are used. It is capable
of handling higher power at higher frequencies. Still this type of combiner is hard to

implement and fabricate due to higher numbers of ports used.

1.1 Purpose

This thesis focuses on designing Gysel power combiner using lumped element at 100
MHz. It includes all the six low pass filters in the place of the transmission line. The
design is based on quarter-wavelength long technique. Each low pass filter satisfies the
quarter-wavelength long. In the end, simulation results will be obtained based upon the

theoretical results.

1.2 Method

This thesis report is divided into the following chapters

Chapter 2: The theoretical foundation of the different combiners regarding Wilkinson
and Gysel power combiner and their operation at high power is explained.

Chapter 3: This chapter discusses the prestudy of the article regarding the PCB air
inductor and their working principle.

Chapter 4: This chapter focuses the design and implementation of Gysel power combiner
and their results based on different parameters.

Chapter 5: This chapter discusses the design and implementation of PCB air inductor
and their results for a different inductor model.

Chapter 6: In this chapter the design and implementation of Gysel combiner using PCB
air inductor is presented. The results obtained regarding Insertion loss, Return loss and

Isolation.



Chapter 2

Microwave Passive Components

Processing signals at high frequency like in microwave and radio frequency systems is
frequently based on using passive components implemented with quarter-wave (A/4) long
transmission lines. Examples of passive components are Wilkinson power divider/combiner,
quadrature 90° hybrid coupler, the 180° hybrid coupler and Lange coupler, [19].

The passive components are used in e.g., radar applications and microwave communi-
cation systems, in balanced mixers, balanced amplifiers and in frequency circuits like
resonators, etc., [18].

When required, passive components like power dividers might be implemented with
lumped components such as resistors (Rs), inductors (Ls), capacitors (Cs), inductor
transformer and baluns, [18], [20]. E.g., this is the case at lower frequencies and/or
when higher power signals have to be processed.

The advantages of using lumped components instead of distributed components like trans-
mission lines include smaller size, lower cost and wide bandwidth. P Passive compo-
nents using lumped RLCs can be implemented to provide matching to the RF system
impedance, usually 50 €2, to avoid standing waves due to mismatches, power loss, etc.,
[18], [20].

Passive power dividers/combiners are described in the following sections.

2.1 Power combiner/divider introduction

Power combiner/dividers are among the most commonly used passive devices in the
microwave and millimeter-wave systems for modern communication. In practice and due
to the symmetry, the one and the same microwave passive component can be used either
as a power combiner or as a power divider.

Performance of the power combiner/divider is described by parameters as insertion loss

and port isolation. In most applications, the passive component combines or divides an



equal amount of power, but unequal power dividers and combiners can also be imple-
mented.

The most predominant types of power combiners are the Wilkinson power combiner [3]
and the Gysel power combiner [4].

Wilkinson power combiner has the advantage of low insertion loss, high isolation between
the ports and good matching at all ports achieved by means of a lumped resistors. The
main drawback of a Wilkinson power combiner is that, it is not a good solution for
high power applications due to the resistor connected between the output ports. Due
to the fact that resistor is not grounded, a lot of heat might be dissipated in it when
handling high power signals at higher frequencies, [3]. A second disadvantage is that the
Wilkinson power divider is implemented with transmission lines of quarterwave length.
At low frequencies, the dimensions of the Wilkinson power divider/combiner will be
impractical.

Gysel power combiner, on the other hand, overcomes the difficulties of a Wilkinson power
combiner. Main advantages of choosing Gysel combiner over Wilkinson power combiner is
that the isolation resistors are placed outside the structure, are grounded and are capable
of handling high power signals at the high frequency, with an easily realizable geometry,
[4].

2.2 Wilkinson power combiner/divider

Wilkinson power divider shown in Figure 2.1 is a three-port lossless network, implemented

with microstrip transmission lines of quarterwave length, [3], [6]. The characteristic

Figure 2.1: Equal power division Wilkinson power division implemented with microstrip trans-

mission lines [6]

impedance of the quarterwave transmission lines is v/27,, where Z; is the system char-

4



acteristic impedance, usually 50 €. As seen in Figure 2.1, a resistor of value 100 € is
connected between ports 2 and 3.

The purpose of the resistor is to present Z; input impedances as seen into ports 2 and 3
and to isolate the output ports from each other. The matching and isolation conditions
at all three ports result from the even-odd mode analysis presented in [6].

In this configuration, the Wilkinson power divider is used for equal power division of the
input signal power at port 1, equivalent to 3 dB lowering of the input power at ports 2
and 3. The Wilkinson power divider can be used also to combine the power of two input
signals. It can be mentioned that Wilkinson power divider is narrow bandwidth circuit
as it is implemented with quarterwave transmission lines.

Wilkinson power divider ideal operation can be understood by examining the S-parameter
matrix in (2.1), [11]. Observe that S-parameters are relating incident and reflected volt-
ages at ports 1, 2, and 3 as shown in (2.2) hence, the power division of two corresponds
to a voltage division of V2.

The quarterwave transmission line contribute to a phase delay of 90° that is usually
expressed in terms of (-j). Si; = Sea =S33 = 0 indicate that the three ports are matched
and thus the reflection coefficients are zero. S;3 = S35 = 0 indicate perfect isolation
between the output ports 2 and 3.

Wilkinson divider described by S-parameter[11]:

Si1 Sz Sis
[S] = 521 522 523 (2~1)
Sa1 Sza Ss3

11
0 0 (2.2)
0 0

Vi Su S S| |ViF
Vo | = |Su Sa Swl| |Vo (2.3)
Vs Ss1 Ssy Ssz| V5

In frequency domain, it can be observed that the Wilkinson power divider performs well

within a frequency bandwidth as illustrated in Figure 2.2.
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Figure 2.2: Frequency response of an equal-split Wilkinson power divider [6]

For most cases, Wilkinson power dividers is a three-port passive component, N = 3,
where N is number of ports, but N can be also greater than 3.

As mentioned previously, at lower frequencies e.g., in the MHz-range, Wilkinson power
dividers should be implemented using lumped elements (Ls, Cs and Rs), otherwise the
dimensions of the quarter wavelength transmission lines will be too large to be fabricated,
[7].

Also, in the ideal case, the isolation resistor R shown in Figure 2.1, does not dissipate
power in terms of heat. In practical application, the isolation is not perfect and there are
losses in the resistor. Hence, the Wilkinson power divider is not suitable for high power
application at high frequency.

In this degree project, the focus will be on power dividers and combiners for high power
applications. Hence, the Wilkinson power divider [3] will be not used. Instead, the Gysel

power combiner [4] will be analyzed designed and evaluated for power applications.

2.3 Gysel power combiner/divider

Gysel power divider and combiner was invented in 1975, [4]. It is an N-port passive
network that can handle signals of high power and thus it is frequently used in the design
of power amplifiers (PA) in the kW range as illustrated in Fig. 2.3. In Figures 2.4 and
2.5, a N-way and a two-way Gysel combiner are shown. The main disadvantage of the
Wilkinson power divider is that the isolation resistor R in Figure 2.1 is connected between
the output ports, with no ground connection. When the output ports are not matched,

all the reflected power is dissipated through the isolation resistor in terms of heat.
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Figure 2.5: Two-way Gysel divider/combiner

In comparison, Gysel power combiner has the isolation resistors Rs placed as shown in
Figure 2.5, i.e., not directly coupled to the output ports of the passive structure and with
the resistors connected to the ground. When mismatch at the output ports, the reflected
power is dissipated through isolation resistors and then flows into the ground terminals.

Therefore, Gysel power combiner[4][8] gives more degree of freedom to the designer, and

7



it is handling high power at high frequency over Wilkinson power combiner[3].This is
the reason why Gysel combiner is preferred for high power application over Wilkinson
dividers [3].

Two-way Gysel power combiner in Figure 2.5, [4], [8] consists of six transmission lines
and two isolation resistors. It works as a power divider when Port 1 (P1) is an input,
Port 2 (P2) and Port 3 (P3) are outputs. It also works as power combiner when P1 is an
output port, and P2 and P3 are input ports.

The system characteristic impedance is Zy. Transmission line in the two branches of
the Gysel combiner have different characteristic, i.e., Z;, Z5, Z3 as illustrated in Figure
2.5. Their lengths correspond to an electrical length of a quarterwave transmission line
designed at the center frequency fo.

Characteristic impedance values are depending on the number of branches the Gysel
combiner has, i.e.; N, the number of output ports and are calculated accordingly to the

following equations, [9]:

7y = Zovn (2.4)
Zy = Zo (2.5)
Z, = 20 (2.6)

vn
where, n is number of ports to the Gysel combiner.
The isolation resistor R value is equal to the system characteristics impedance of Z, but
this value can be optimized by the designer, [4].
An alternative to the Gysel combiner implemented with transmission lines is the lumped
Gysel combiner. This rype of combiner/divider is preferred when very large signal power
have to be handled and when the frequency is in the MHz-range, [4].
To implement the lumped Gysel combiner, the transmission lines are replaced with cor-
responding lumped components, [10]. In Figure 2.6, the characteristic impedance trans-

formation is illustrated.

j

Cc

L

Figure 2.6: Transformation of a transmission line into its lumped equivalent

To calculate the L and C values, equations can be deduced by using the ABCD matrix

[11]. These equations are:



A Bl [t gwr][ 1 o]t jwL
c Dl o 1 ||jwc 1]]0 1
A B| |1-wLC jwL(l-wLC)+wL
C D| | jwC 1—w?LC
A =cosf
B =jZsind
1
C:jisinﬁ
D = cosf

1—w?LC j(wL(1—-w?LC)+wL
jwC 1 —w?LC

[ cosf  jZsin6

% sinf  cosf

0 = 90°
cosf =1 —w?’LC
jZsinf = j(wL (1 — w2LC) +wlL

1
jz sinf = jwC

N

(2.7)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)
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Chapter 3

PCB Inductor

This section investigates the theory, analysis, and design of air core PCB toroidal inductor
[12][13] which used for GYSEL combiner [4]. Critical parameters for inductor are the
inductance, resistance, capacitance, quality factor and self-resonant frequency. At very
high frequency, the air core PCB toroidal inductor is required with minimum inductor
values compared to solenoid inductor. Toroidal air core PCB inductor restrains the
external field from nearby components and removes loses of the magnetic core. For
very high frequency, the self-resonant frequency of the PCB inductor is the same as the
operating frequency of the circuits. In 3-D PCB toroidal inductor [12][13], VIA is used
to complete the turns between the top layers and bottom layers of the inductor through
PCB substrate. The final goal is to create a different inductor model such as 112 nH, 77
nH, 56 nH at 100 MHz.

3.1 Electrical Model of Inductor

The electrical model of an inductor is represented in terms of a resistor, inductor and
capacitor [12].This section discusses the loses in the inductor at a very high-frequency
operation. Considering the losses in order for the inductor work as expected. Shown
in figure 3.1 inductor connected with variable resistance in series and combination with
the capacitor in parallel[12]. For an ideal case, an inductor has no effect of resistance
and capacitance. For real inductor, there is parasitic resistance and capacitance to be
considered. The resistance in the electrical model depends on frequency, not a dc resis-
tance. This electrical model is used to improve the PCB air-core toroidal inductor for
high power application. Each lumped component is discussed in detail in the following

section.

11



L oy

R_VAR

Figure 3.1: Inductor Model

3.1.1 Inductance

The inductance of the toroid is defined based on two types of the magnetic field distri-
bution. The first type of magnetic field is trapped inside the toroidal inductor created
between the top and bottom layers of the inductor through VIAS to complete the turns
[12][13]. The second type of magnetic field is distributed from a center region to the outer
side of the toroid and back to the center hole of the toroid.

Design consideration for total inductance values depends on the outer diameter, inner
diameter, number of turns and height of the PCB. The following equation shows total
inductance [12][13]:

Lt - Ll + L2 (31)
NQh 1 ti 1 1 ratio

L, = 1%, Frp— o o |in g Iratio ) _ o (3.2)
27 Tratio 2 11— Tratio

T
where, rratio = —

o, is the outer radius
r;, is the inner radius
N, is the No of turns
h, is the height of the toroidal inductor

14, is the permeability of medium

The benefits of using the first type of a magnetic field whose field is locked inside the
toroid, and it is extremely desired. Therefore, it cannot interfere with nearby components
and radiates less electromagnetic interference (EMI). The second magnetic field is the
same as the solenoidal inductor which is sensitive to electromagnetic interference (EMI),
and it is undesired. As a result in higher inductance, high-quality factor, lower stray field

than the inductance of the same value with a solenoids inductor [12][13].
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3.1.2 Resistance

This section is dealing with winding resistance for the air core toroidal inductor. The
top and bottom petal of toroidal inductor contain horizontal winding resistance. Vias for
inner and outer radius of the toroidal inductor include vertical winding resistance. The
top and bottom layers of the toroidal inductor are symmetric in terms of geometry. The

following equation is given for the top and bottom layer of the resistance in [12]

B _ NjpF .
Ry = Rp = 53 an_i (3.3)

where, Ry, is the winding resistance at top layer

Rp, is the winding resistance at bottom layer

r;, winding resistance for vias of the inner radius

ro, vias for the outer radius of the toroid

p, is conductivity

0, is skin depth of the conductor where current flows into the outer surface of the con-

ductor at a high frequency causes increasing in ac resistance

F, is the angle factor where current flows into the top and bottom layer of the winding

resistance from inner to outer radius for each turn [14].

3.1.3 Capacitance

This section discusses the interwinding capacitance at a different region of a toroidal air
core inductor. There exist three capacitances such as C'4r is a capacitor between the close
by the slab, C7p is a capacitor between top and bottom turns, Ccoax is a capacitor be-
tween inner and outer vias[12][13]. For PCB inductors, sum all the capacitors in parallel
between the top and bottom turns with all the capacitors in series between the adjacent

turns when calculating C'4r. Capacitance for non-neighboring turns is considered.

The width of each turn at a specific location is given by [12]

2mr, — Npw,
—2rn 17 3.4
v Np (34)

where, Np is the no of turns
w, is the spacing between the turns

r,, is the radius at particular location

13



Car is capacitance between the turns given by [12]

Car = 22 = ric. dr (3.5)

Tn

where ¢, , is the unit length of capacitance

€R, relative permittivity

v, speed of light

Z., characteristic impedance

Crp is capacitance between top and bottom calculated in the same way as Car [12]
Ccoax is the capacitance between inner and outer vias given by [12]

2T €ppacoh

Ccoax = (3.7)

Nr (L)

T'ratio

where, €pgy is the relative permittivity of FR4 substrate
€o is permittivity of free space
h height of the PCB inductor
Nr is the number of turns
T

T'ratio =
To

3.1.4 Self-resonant frequency

For ideal inductors, it works below the self-resonant frequency and behaves like an in-
ductor [15]. For real-world inductors, not necessarily functions as an inductor due to its
parasitic element. The parasitic elements are capacitors, resistors, inductor. The main
parasitic component of interest is capacitance. It affects the coil because of its parasitic
capacitance. For instance, consider 100 nH PCB inductor for Gysel combiner operat-
ing at 100 MHz. If the capacitance is one pF, then the self-resonant frequency will be
shifted to 503 MHz [12]. Below the self-resonate frequency, it acts as an inductor and
above the self-resonate frequency, the parasitic capacitance influences performance of the
inductor. As the frequency increases above self-resonate frequency then it behaves more

like a capacitor[15].
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3.1.5 Quality factor

The quality factor Q is an essential parameter for an inductor. QQ improves when inductive
reactance increases and if the resistance rises then the overall quality factor is reduced.
Since the real world inductor contains capacitor then if there is a change in the parasitic
capacitance it affects the quality factor. For instance, if 7, increases and resistance
decreases then the quality factor, C4r, and Crp increases [12]

Until now the above discussion depends on the electrical model of an inductor. Section
4 shows the design of PCB inductor for a specific application which is Gysel combiner
in this case. Inductance values such as 112 nH, 77 nH, 56 nH are needed for the Gysel
combiner. The following parameters are necessary for designing a specific inductance such
as the number of turns, outer diameter, inner diameter, the height of the PCB. But there
is no optimum solution to find out a required inductance value, however, the number
of turns is obtained by the geometry of the toroidal inductor. Inner and outer radius
depends on the r,.4,. The height of the PCB is fixed based on the industry standard.
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Chapter 4
Design of Gysel combiner

In this chapter, the design of the Gysel power combiner is presented. Both transmission

line and lumped Gysel power combiner are designed in Advanced Design System (ADS).

4.1 Ideal design of Gysel combiner

The ideal structure of the two-way Gysel power combiner [8] shown in Figure 4.1. Two-
way Gysel power combiner consists of six transmission lines and two isolation resistors
at output networks. All the transmission lines are designed based on the one-quarter

wavelength long at a system frequency of 100 MHz.

[@%] sraraveTERs |

S_Param _
sP1 —AAN—]
Start=1 MHz e R =
Stop=200.0 MHz Term2 R1
Step=1.0 MHz Num=2 R=50 Ohm
Z=50 Ohm
-
LT
TLIN TLIN ;qu
L1 TL2
Z7=70.7 Ohm 2=50 Ohm [:| 2=35.35 Chm
E=90 E=90 E=90
F=100 MHZ F=100 MHz F=100 MHz
Term
Term1
Num=1 TLIN
2=50 Ohm TLE
= 2=35.35 Ohm
—= E=00
. F=100 MHz
1
L
TLIN TLIN
TL3 + Term TL4
Z=70.7 Ohm Term3 Z=50 Ohm
E=90 Num=3 E=90 RV VN =1
F=100 MHz Z=50 Ohm F=100 MHz i

F R=50 Ohm

Figure 4.1: The typical architecture of a Two-way Gysel power combiner

Each transmission line has its characteristics impedances are Z; = Zg\/n, Zs = Zj,
Zy = 5—% respectively. Its reference characteristics impedance Z, which is the same as a
load impedance R. The values of characteristic impedances and reference impedance are

Z1="70.7Q, Z2 =50, Z3 = 35.35 2, Z0 = 50 €2 respectively.
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4.1.1 Results for ideal Gysel combiner

The ideal circuit of Gysel power combiner results for frequency response simulated using

Advanced Design System (ADS) from Keysight is shown in figure 4.2.

Returnloss Insertionloss lsolation
freq=100.0MHz freq=100.0MHz | ffreq=100.0MHz
dB(S(1,1))=-76.419] |4B(S(2,1))=-3.010| [dB(S(3,2))=-82.440

Insertionloss

DS

20—

QST 40
Nkl
Lon
20T e
Retuinloss
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80—
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0 20 40 60 80 100 120 140 160 180 200
freq, MHz

Figure 4.2: Frequency response of ideal Gysel power combiner at 100 MHz

All the transmission lines in Gysel power combiner are designed based on the one-quarter
wavelength long at a system frequency of 100 MHz. Ideal Gysel combiner has a low
insertion loss of -3.010 dB and high return loss of -76.419 dB. Besides, the very high
isolation of -82.440 dB between the output network for port 2 and port 3.
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Figure 4.3: Marker m8 shows exact 90° phase at 100 MHz for ideal Gysel power combiner

The ideal circuit of Gysel power combiner results for phase simulated using ADS from
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Keysight is shown in figure 4.3. Phase shows precisely 90° phase because of the trans-
mission line designed at the one-quarter wavelength. The results show high performance

because there are no losses in the ideal Gysel combiner circuit.

4.2 Proposed schematic of two-way Gysel combiner

The proposed structure of the two-way Gysel power combiner is shown in figure 4.4. Pro-
posed Gysel power combiner using lumped elements instead of the conventional trans-

mission line. All the transmission lines are replaced with two inductors in series with one

capacitor in parallel.
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Figure 4.4: The proposed architecture of a Two-way Gysel power combiner

Proposed Gysel power combiner consists of six low pass filter Lumped components de-
signed based on the quarter wavelength at the system frequency of 100 MHz. Thus,
applying the ABCD matrix between the conventional transmission line and its equivalent

lumped elements to obtain the values of inductor and capacitor.

E— = :
Zi, 0 L l L.
L c L1

Figure 4.5: The equivalent circuits of the transmission line
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Z;
L =— wherei=1,2,3 (4.1)
w
C ! h =1,2,3 (4.2)
= wherei = :
WZZ‘7 ) £

The lumped components of inductor and capacitor values determined in table 4.1 and
then optimised values of lumped elements determined using ADS listed in table 4.2. The

FR4 substrate used for the simulation purpose and all the specification are listed in the

table 4.3.

Table 4.1: Calculated values of LC equivalent circuits

Zi .
L=—(nH),wherei=1,2,3

Zi(Q),wherei =1,2,3 | C' = wlZi (pF),wherei =1,2,3 ”
Z1 ="70.71 Ci =225 L, =1125
Zy =50 Cy=31.83 Ly =179.57
Z3 = 35.35 C3 =45.02 L3 = 56.26

Table 4.2: Optimized values of LC equivalent circuits

1
(pF), wherei =1,2,3

Z; .
Z;(Q),wherei =1,2,3 | C' = L=—(nH),wherei=1,2,3
wZ; w
7, = 70.71 ) =22 Ly =112
Zy =50 Cy =33 Ly =177
Z3 =35.35 C5 =47 Ls =56

Table 4.3: FR4 substrate specification

Height of the PCB, H | 3.2 mm
relative permittivity, e, 4.7
conductivity of copper | 5.96 * 107
Tan D 0.018
Thickness of copper 70 um

4.2.1 Results for proposed architecture Gysel combiner

The proposed architecture of Gysel combiner results for frequency response simulated

using ADS is shown figure 4.6
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Figure 4.6: Results for Proposed Gysel power combiner at 100 MHz

Lumped elements in Gysel power combiner designed based on the one-quarter wavelength
long at a system frequency of 100 MHz. Further, FR4 PCB substrate with a relative
permittivity of 3 and loss tangent of 0.018. The height of the FR4 substrate is 1.5 mm,
and the thickness of copper 70 pum used. Proposed Gysel combiner has a low insertion
loss of -3.016 dB and better return loss of -31.537 dB. Also, high isolation of -30.648 dB
between the output port 2 and port 3.

m4
req=100.0MHz
phase(S(2,1))=-89.481
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phase(S(
phase(S(

e e ——

Figure 4.7: Marker m4 shows exact 89.941° phase at 100 MHz for proposed Gysel power com-

biner

The proposed circuit of Gysel power combiner results for phase simulated using ADS
is shown in figure 4.7. Phase shows 89.941° which is very close to the ideal case. The
comparison results show low return loss and low isolation compared to the ideal structure

in table 4.3. These may be due to losses in the lumped components.
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Table 4.4: Results comparisons between ideal and proposed Gsyel combiner

Terms Ideal Optimized
Return Loss | -76.419 dB | -31.537 dB
Insertion Loss | -3.010 dB | -3.016 dB
Isolation -82.440 dB | -30.648 dB
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Chapter 5

Design of PCB inductor

In this chapter, the design of the PCB toroidal inductor is presented. The toroidal
inductor of 112 nH, 77 nH, 56 nH are designed in CST Microwave Studio.

5.1 PCB inductor 3D model for 112 nH

The 3D model of 112 nH PCB inductor design using CST Microwave studio is shown in
figure 5.1. The blue track is on the top layer, and the red track is on the bottom layer
of the air core PCB inductor. The yellow cylindrical shape represents VIAs connected
between the top and bottom layer of PCB inductor. The inner and outer width of each

track is calculated using the equation (9).

Figure 5.1: Air core toroidal inductor on PCB for 112 nH

Inductance values designed based on the specific parameters are listed in table 5.1. For
simulation purpose, discrete ports which are 50 €2 are used to simulate PCB inductor.
Also, the simulation parameters are listed in table 5.2. These parameters are widely used
for the fabrication process in the industry. Thus, 112 nH PCB inductor is calculated,

simulated, and integrated into the specific application which is Gysel power combiner.
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Table 5.1: Design parameters for 112 nH PCB toroidal inductor

Parameters Values
Inductance 112 nH
Outer Radius 19 mm
Inner Radius 6.07 mm
Height of the inductor | 3.2 mm
No. of Turns 11

VIA Radius 0.3 mm
Copper Thickness 70 um

Table 5.2: Process parameters for 112 nH

Parameter Value

Spacing between the track | 0.38 mm

Spacing between the via | 0.38 mm

Via diameter 0.6 mm
Thickness of copper 70 um
Height of PCB 3.2 mm

5.1.1 Result for 112 nH PCB inductor

The 3D model of 112 nH PCB inductor is simulated using CST Microwave Studio. Sim-
ulation results must be extracted to determine inductance because of all the simulation
results available in CST Microwave Studio are Z-parameters. Thus, all the values are con-
verted from Z-parameter to S-parameter. Therefore, all simulation results are transferred

to ADS to verify the inductance values.

minductance_in_n H_112=imag(Z_parameter_112nH..Z2(1,1))/(2*pi*Z_parameter_112nH..freq)/(1e-9)

m3
freq=100.2MHz
inductance_in_nH_112=105.363

1.0E4

8.5E3-|
7.0E3+
5563

nH

4083
2 5E3—_
1083 m3

5.0E2-]

£ 20e3]
a5e3]

5 I3
50 100 150 200 250 300

freq, MHz

Figure 5.2: Result of air core toroidal inductor PCB for 112 nH
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In figure 5.2, the marker show 105.363 nH which is lower compared to the required
inductance which is 112 nH at system frequency 100 MHz. This is due to discrepancies

in the values listed in table 5.2.

5.2 PCB inductor 3D model for 77 nH

The 3D model of 77 nH PCB inductor design using CST Microwave studio is shown in
figure 5.3. The blue track is on the top layer, and the pink track is on the bottom layer
of the air core PCB inductor. The yellow cylindrical shape represents VIAs connected
between the top and bottom layer of PCB inductor. The inner and outer width of each

track are calculated using the equation (9).

Figure 5.3: Air core toroidal inductor on PCB for 77 nH

Inductance values are designed based on the specific parameters listed in table 5.3 For
simulation purpose, discrete ports which are 50 {2 are used to simulate PCB inductor.
Also, the simulation parameters are listed in table 5.4. These parameters are widely used

for the fabrication process in the industry.

Table 5.3: Design parameters for 77 nH PCB toroidal inductor

Parameters Values
Inductance 77 nH
Outer Radius 19 mm
Inner Radius 6.07 mm
Height of the inductor | 3.2 mm
No. of Turns 9

VIA Radius 0.3 mm
Copper Thickness 70 um
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Table 5.4: Process parameters for 77 nH

Parameter Value

Spacing between the track | 0.38 mm

Spacing between the via | 0.38 mm

Via diameter 0.6 mm
Thickness of copper 70 um
Height of PCB 3.2 mm

Again, the 77 nH PCB inductor is calculated, simulated, and integrated into the specific

application which is Gysel power combiner.

5.2.1 Result for 77 nH PCB inductor

The 3D model of 77 nH PCB inductor is simulated using CST Microwave Studio. Sim-
ulation results must be extracted to determine inductance because of all the simulation
results available in CST Microwave Studio are Z-parameters. Therefore, all the values

are converted from Z-parameter to S-parameter.

indu ctance_in_nH_77=imag(Z_parameter_77nH..Z(1,1))/(2*pi*Z_parameter_77nH..freq)/(1e-9)

m9
freq=100.2MHz
inductance_in_nH_77=74.315
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Figure 5.4: Result of air core toroidal inductor PCB for 77 nH

All simulation results are transferred to ADS to verify the inductance values. In figure
5.4, the marker shows 74.315 nH which is lower compared to the required inductance
which is 77 nH at system frequency 100 MHz. This is also due to discrepancies in the
values listed in table 5.4.
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5.3 PCB inductor 3D model for 56 nH

The 3D model of 56 nH PCB inductor design using CST Microwave studio is shown
in figure 5.5. The orange track is on the top layer, and the sky blue track is on the
bottom layer of the air core PCB inductor. The yellow cylindrical shape represents VIAs
connected between the top and bottom layer of PCB inductor. The inner and outer width

of each track is calculated using the equation (9).

Figure 5.5: Air core toroidal inductor on PCB for 56 nH

Inductance values designed based on the specific parameters are listed in table 5.5. For
simulation purpose, discrete ports which are 50 €2 are used to simulate PCB inductor.
Also, the simulation parameters are listed in table 5.6. These parameters are widely used

for the fabrication process in the industry.

Table 5.5: Design parameters for 56 nH PCB toroidal inductor

Parameters Values
Inductance 56 nH
Outer Radius 19 mm
Inner Radius 6.07 mm
Height of the inductor | 3.2 mm
No. of Turns 8

VIA Radius 0.3 mm
Copper Thickness 70 um
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Table 5.6: Process parameters for 56 nH

Parameter

Value

Spacing between the track

0.38 mm

Spacing between the via

0.38 mm

Via diameter

0.6 mm

Thickness of copper

70 pm

Height of PCB

3.2 mm

Thus, 56 nH PCB inductor calculated, simulated, and integrated into the specific appli-

cation which is Gysel power combiner.

5.3.1 Result for 56 nH PCB inductor

The 3D model of 56 nH PCB inductor simulated using CST Microwave Studio. Simulation

results must be extracted to determine inductance because of all the simulation results

available in CST Microwave Studio are Z-parameters. Thus, all the values are converted

from Z-parameter to S-parameter.

indu ctance_in_nH_56=imag(Z_parameter_56nH..Z(1,1))(2*pi*Z_parameter_56nH..freq)/{1e-9)

m10
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inductance_in_nH_56=46.163
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Figure 5.6: Result of air core toroidal inductor PCB for 56 nH

Therefore, all simulation results are transferred to ADS to verify the inductance values.

In figure 5.6, the marker shows 46.163 nH which is lower compared to the required

inductance which is 56 nH at system frequency 100 MHz. This is due to discrepancies in

the values listed in table 5.6
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5.4 Fabrication of 112 nH PCB inductor

Once the 3D model is verified, then the fabrication file are created using CST Microwave
Studio. All the Gerber files are transferred and then converted to DXF files using Altium
PCB Designer. After conversion to the specific format, generated CAD files are sent for
printing. The CAD files printed on the photo paper are used to cover the particular
location on the PCB.

Later, the etching process is carried out to remove the unwanted copper area on the PCB
board. Further, it is necessary to drill holes in the PCB. Since the diameter of via is 0.6
mm, so all the PCB is sent to the mechanical workshop for drilling. After that, align
the top PCB layer and bottom PCB layer using copper rivets in the middle in order to
separate the PCB used for top and bottom pads. Once the arrangement is made, then

soldering both top and bottom layer with 50 2 SMA edge connectors is done.

Figure 5.7: Fabricated PCB air core toroidal inductor for 112 nH

5.4.1 Experimental results for 112 nH PCB toroidal inductor

Figure 5.7 shows the initial prototypes of 112 nH air core PCB toroidal inductor. The ex-
perimental measurement for inductor has been carried out using vector network analyzer
from Keysight. Before obtaining the data, de-embedding the effect of SMA connectors
from the analysis using a calibration kit. It consists of open, short and load used to

remove the impact on the toroidal inductor. After de-embedding, figure 5.8 shows S-
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parameters for a two-port network and inductance values underlined with a red line on

the picture.

Marker System Window new

= ion T Scale
le Vi harnel Sweep Calibration lrace 9
File View Channel Sweep =

Measure

811
11.000U/
[1.00U0  Smith

10.00dB/
000dB LogM

812
10.00dB/
Wo.00dB  Logh

|

Figure 5.8: Fabricated PCB air core toroidal inductor for 112 nH from Vector Network Analyzer

S-parameter data is collected from Vector network analyser and then transferred to MAT-
LAB to determine the characteristic of inductance. In figure 5.9, The proper inductance
characteristics show the inductance value of 122.2 nH at 100 MHz. This inductance value
is higher than the calculated value since the height of the inductance increased from 3.2
mm to 4.2 mm. This is because the toroidal inductor is manufactured in-house instead
of sending them to the industry. The hardware specifications are presented in the table
5.7.
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Figure 5.9: Fabricated air core toroidal inductor PCB for 112 nH from MATLAB
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Table 5.7: Hardware specification

Keysight VNA (E5072A)

30 kHz - 4.5 GHz

Frequency measured 100 MHz
SMA male connector 50 €2, 3.5 mm
Material Copper
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Chapter 6
Gysel Combiner using PCB inductor

In this project, the design of the Gysel combiner using PCB toroidal inductor is pre-
sented. The results are obtained based on Insertion loss, Return loss, and Isolation using
Advanced Design System (ADS).

6.1 Design of Gysel combiner using PCB inductor

The two-way Gysel power combiner using PCB inductor shown in figure 6.1. The pro-
posed Gysel power combiner using PCB inductor 3D model data instead of a solenoid

inductor.

& Param WEUE
sP1

Stan=0 MHz

Stop=200 MHE Er=4.7
Step=1.0 MHz Mot

Figure 6.1: Gysel Combiner using PCB inductor 3D model data
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Because the PCB inductor restrains the external field from nearby components and re-
moves the magnetic core loses [13]. All the solenoid inductors are replaced with different
S-parameter data for PCB inductor in series with one capacitor in parallel. In addition
to PCB inductor, a remaining design similar to the proposed structure of Gyesl power
combiner is explained in section 4.2. The one port S-parameter block box uses the induc-
tance values which are used in the Gysel power combiner using PCB inductor are listed
in the table 6.1. These values are used from simulation results of PCB inductor using
CST Microwave Studio. The FR4 substrate used for the simulation purpose and all the

specification are listed in the table 6.1.

Table 6.1: Optimized values of C' and PCB toroidal inductor, L

1
Zi(Q),wherei =1,2,3 | C = 7 (pF),wherei =1,2,3 | PCB air core toroidal inductor, L

w4,
71 =70.71 Cy =22 L, =105.36
Zs = 50 Cy =33 Lo ="74.31
Z3 = 35.35 Cy =47 Ly =46.16

Table 6.2: FR4 substrate specification

Height of the PCB, H | 3.2 mm

relative permittivity, €, 4.7

conductivity of copper | 5.96 * 107
Tan D 0.018
Thickness of copper 70 um

6.1.1 Results for Gysel Combiner using PCB Inductor

The frequency response of Gysel Combiner using PCB inductor model simulated using
ADS is shown in figure 6.2. Gysel combiner using PCB inductor is designed based on
chapter 4 and chapter 5. The proposed Gysel combiner using PCB inductor has a low
insertion loss of -2.890 dB and better return loss of -29.166 dB. Also, high isolation of
-22.928 dB between the output port 2 and port 3.
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Figure 6.2: Frequency response for Gysel Combiner using PCB inductor 3D model data

The Phase for Gysel Combiner using PCB inductor model is simulated using Advanced

Design System from Keysight shown in figure 6.3. Phase shows 89.773° which is very close

to the proposed circuit of Gysel combiner. The comparison results show good insertion

loss, low return loss, and low isolation loss compared to the Optimized Gysel combiner

in table 6.1 These may be due to losses in the different PCB inductor 3D models.
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Figure 6.3: Phase for Gysel Combiner using PCB inductor 3D model data

Table 6.3: Results comparisons between Optimized Gysel combiner and Gysel combiner using

PCB inductor

Terms Optimized Gysel combiner | Gysel combiner Using PCB inductor
Return Loss -31.537 dB -29.166dB
Insertion Loss -3.016 dB -2.890 dB
Isolation -30.648 dB -22.928 dB
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Chapter 7
Conclusion

In this project, the design of a lumped, two-way Gysel combiner using PCB inductor at
100 MHz for high power applications is presented.

As a first step, the Gysel combiner was analyzed and compared with the Wilkinson power
divider. It was concluded that for high power applications the Gysel combiner presents
advantages, mainly due to the way in which the isolation resistors are interconnected to
the divider/combiner physical structure itself. In a Wilkinson power divider, the isolation
resistor is connected between the output ports with no physical ground connection. When
port impedance mismatch is present, reflected signals path the resistor. At high power
signal levels, the power dissipated in the resistor transforms into heat and generate losses.
In a Gysel combiner/divider, the resistors are connected to physical ground and so the
reflected signals due to mismatch are led to the ground. Also, these resistors can be
placed practically outside the combiner/divider structure.

Then, the transformation of the classical Gysel combiner implemented with transmission
lines was considered due to the required low frequency of operation, i.e., 100 MHz but
also due to the high power specification. The ABCD matrix equations were used to trans-
form the transmission lines into equivalent LC components at the operational frequency.
The new lumped two-way Gysel combiner was designed and simulated using Advanced
Design System (ADS) from Keysight Technologies. The simulation results indicate good
agreement of S-parameters of the transmission line Gysel combiner and lumped Gysel
combiner using calculated values for Ls and Cs. The lumped Gysel combiner was also
optimized in terms of new values for Ls and Cs.

In this project, also several PCB toroidal inductors were designed and the 112 nH inductor
was manufactured. The CST Microwave Studio was used for the design. The simulation
results were very close to the calculated values. In the low-pass filter, the PCB toroidal

inductor was used instead of solenoid inductor, along with a capacitor. The PCB toroidal
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inductor has less interference with nearby components due to restricting the magnetic
field over the solenoid.

Finally, it was concluded that a lumped Gysel combiner is realizable and indicated for
use in solid-state, high power amplifiers. The main parameters of interest of the Gysel
combiner, e.g., Isolation, Return Loss and Insertion Loss have good values for the desired

future application.

7.1 Future Work

The results of this project will be used at Uppsala University to implement and manu-

facture a solid state a 10 kW power amplifier.
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