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ABSTRACT

LOW LOSS SUBSTRATE INTEGRATED WAVEGUIDE N-WAY POWER DIVIDER

Mohammadi, Pejman

Ph.D., Department of Electrical and Electronic Engineering

Supervisor : Assoc. Prof. Dr. Şimşek Demir

December 2012, 97 pages

Substrate Integrated Waveguide (SIW) technology has been used in designing and fabricating

SIW n-way power dividers. In this thesis employing this technology three-port and five-port

SIW power dividers are designed and fabricated. These structures are compact in size and the

design procedure can be expanded into n-port power dividers. These structures are used with

microstrip transition parts however measurement of S-parameters of the main structure are re-

quired for comparison. This is carried out with a special algorithm based on TRL calibration

method. This method is general for reconstructing the S-parameters of the n-port network.

For the three-port SIW power divider the measured return loss is below 10 dB and trans-

mission is measured between -3.5 dB and -4 dB over a frequencyband from 9 GHz to 11

GHz. The measured amplitude balance is less than±0.5 dB from 9.5 GHz to 11 GHz and

the measured phase difference between∠S 21 and∠S 31 is about 40 . There is a good agree-

ment between simulation and measurement results over the frequency band from 9.5 GHz to

10.5 GHz for five-port SIW power divider. Based on the total loss mechanisms in SIW struc-

ture low loss SIW three-port and five-port power dividers have been designed. A three-port

partially filled SIW power divider has been constructed. Itsmeasurement results show that

transmissions are between -3 dB and -3.5 dB from 8.75 GHz to 10GHz and the return loss

is less than 10 dB in the same frequency band. The measured amplitude balance is less than
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±0.2 dB over frequency band from 8.75 GHz to 10 GHz and the measured phase difference

between∠S 21 and∠S 31 is about 40.

Keywords: Substrate Integrated Waveguide, Power Divider,Low Loss, TRL Calibration

v



ÖZ

TABAN MALZEMESİNE TÜMLEŞİK DALGA KLAVUZU İLE DÜŞÜK KAYIPLI
N-YOLLU GÜÇ BÖLÜCÜ

Mohammadi, Pejman

Doktora, Elektrik ve Elektronik Mühendisliǧi Bölümü

Tez Yöneticisi : Assoc. Prof. Dr. Şimşek Demir

Aralık 2012, 97 sayfa

Yüzey Tümleşik Dalga Kılavuzu (YTDK) teknolojisi YTDK huzme oluşturma aǧı tasarımı

ve üretiminde kullanılmaktadır. Tez kapsamında, üç ve beş kapılı YTDK güç bölücü

tasarlanmış ve üretilmiştir. Bu yapılar az yer kaplar vetasarım adımları n-kapılı huzme

oluşturma aǧı oluşturmak için geliştirilebilir. Bu yapılar mikroşerit geçişlere gerek duyul-

madan kullanıldıǧı için yapının ek geçişlerin etkisini içermeyen S-parametreleri ölçülmelidir.

Bu ölçümler özel TRL kalibrasyon algoritması ile yapılmıştır. Bu metot n-kapılı aǧın S-

parametrelerini yeniden yapılandırmak için genelleştirilebilir.

Üç kapılı YTDK güç bölüçü yapısında, -10 dB geriye d¨onüş kaybı ve 9 GHz - 11 GHz bant

aralıǧıında -3.5 dB ile -4 dB arasında geçiş deǧerleri ¨olçülmüştür. Ayrıca, ölçülen genlik den-

gesi 9 GHz - 11 GHz bant aralıǧında±0.5 dB’den azdır ve∠S 21 ile ∠S 31 arasında ölçülen faz

farkı yaklaşık±4 derece dir. Beş kapılı YTDK güç bölücünün ölçümve benzetim sonuçları 9

GHz - 11 GHz bant aralıǧında gayet uyumludur.

YTDK yapısındaki kayıp mekanizmaları incelenmiştir. Bu c¸alışmalara göre düşük kayıplı üç

ve beş kapılı YTDK huzme oluşturma aǧı tasarlanmıştır.Üç kapılı yarı doldurulmuş YTDK

güç bölücü yapılmıştır. Bu yapının kalibrasyon ile yeniden yapılandırılmış S-parametreleri,
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8.75 GHz -10 GHz bant aralıǧında -3 dB ile -3.5 dB arasında geçiş ve -10 dB’den az geriye

dönüş kaybı göstermektedir. 8.75 GHz - 10 GHz bant aralıǧında ölçölen genlik dengesi±0.2

dB’den azdır ve∠S 21 ile ∠S 31 arasında ölçülen faz farkı yaklaşık±4 derece dir.

Anahtar Kelimeler: Yüzey Tümleşik Dalga Kılavuzu, Huzme Oluşturma Aǧı, Düşük Kayıp,

TRL Kalibrasyon
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CHAPTER 1

INTRODUCTION

1.1 Overview

Low-cost, mass-producible, high-performance and high yield microwave and millimeter-wave

technologies are critical for developing successful RF andmicrowave systems. At millimeter-

wave frequencies, in particular, circuit-building blocksincluding antenna elements are closely

related to each other via electromagnetic coupling and interconnect. In this case, circuit design

should be made with a global consideration. Conventional waveguide technology is still the

mainstream for designing high-performance millimeter-wave systems. However, this matured

scheme is not suitable for low-cost mass-production. Tedious and expensive post fabrication

tuning and assembling become a real problem for manufacturers. In addition, waveguide

technique cannot be used to reduce the weight and volume. Substrate integrated waveguide

(SIW) is a recent form of transmission line [1]. It is implemented by two periodic via-holes

in grounded dielectric. A schematic view is shown in Figure 1-1.

Figure 1.1: Substrate Integrated Waveguide
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SIW structures similar to metallic rectangular waveguide are electromagnetic interference

free. The side walls of the rectangular waveguide can be realized within the substrate by us-

ing a metallized post of vias and upper and lower walls are formed by two metals of printed

circuit board (PCB). Some advantages like low cost, low lossand high density integration with

microwave and millimeter wave components made it popularized in the past few years[2]-[4].

Moreover SIW technique permits to fabricate a complete circuit in planar form (including

planar circuitry transitions, rectangular waveguide, andantenna), using a standard printed cir-

cuit board or other processing technique. In a SIW structurethe electric field distribution

fill the volume inside the waveguide and surface current propagate on a large total cross-

sectional area of the waveguide walls, resulting in lower conductor loss [5]-[8]. As frequency

of operation and circuit density continue to increase, closely spaced microstrip and strip line

interconnects will no longer be viable options. Problems associated with signal integrity,

cross coupling and radiation are becoming increasingly difficult to overcome.

The demand for wideband interconnects and compact electronic systems are continually in-

creasing. These desires will employ the SIW technology in future ultra-high frequency and

broadband applications and highly integrated systems. In order to improve dimensional de-

sign procedure significantly in term of accuracy, time and complexity, excessive use of global

full-wave tuning and optimization should be avoided, especially in complicated structure

where there are numerous dimensions and parameters to be tuned and optimized.

In a SIW component a global full-wave tuning is the most commonly used method, but this

is typically very time consuming due to lots of metallized cylindrical via holes. So an ac-

curate dimensional synthesis procedure has been developedfor SIW design. For example

some different strategies for microstrip-to-SIW transition with different geometries have been

described [9]-[11]. In which the impedance variation follows different mathematical expres-

sions, some of them extract from the classical theory.

1.2 Thesis Motivation and Objectives

In millimeter wave and microwave applications, SIW is an attractive guided-wave structure

to realize components and subsystems. Hence one can find a number of the key elements

devices implemented using SIW technology. Among these devices SIW power dividers serve

the key elements for the realization of multiplexers, phaseshifter and antenna beam forming
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networks. There had been some efforts to design and produce the SIW-based power dividers.

However, these SIW power dividers in the multi-way port environment have large size due

to lateral port distribution. One goal of this thesis is to decrease the size of the structure and

has a compact size power divider based on SIW technology. There are some papers about

this problem earlier, but their structures have lateral form or they are designed for a specific

number of ports. So by increasing the number of the ports the size of the structure become

larger. In the proposed SIW power divider by stacking the PCBlayers in proper position only

the length of the SIW power divider will be increased and its width remain constant. Conse-

quently the two-way SIW power divider could be considered asbuilding block on n-way SIW

power divider.

Another object of this thesis is to develop a method for measuring n-way scattering ma-

trix with two-port voltage network analyzer (VNA). A modernVNA with True-Reflect-Line

(TRL) calibration and appropriate standards can measure two-port non-coaxial (Device Under

Test) DUT at desired reference planes. In contrast, due to lack of a multi-port counterpart of

a full two-port TRL calibration, a multi-port VNA cannot measure a multi-port non-coaxial

DUT up to the intrinsic ports as straightforwardly as measuring the coaxial one.

In the light of TRL calibration facility, removing of any transmission part effects will be

achievable. There is a little systematic research in this area. Proposed method has some

advantages in comparison with similar methods. By applyingthis method one can find the

desired S-parameter individually. Its mathematical calculation is easy without any need for

matrix inversion that must be done in similar algorithm [59-61].

One of the major issues for applicability of SIW to design of millimeter wave components is

related to its losses. According to previous studies there are three sources of loss in SIW com-

ponents. Ohmic loss, radiation loss and dielectric loss areinvestigated in a little paper[97]-

[98]. It has been shown that the dielectric loss has more effect than two others in total loss of

the structures. The third objective of this thesis is investigating the loss property of the SIW.

A special method will be used for decreasing of the dielectric loss. This technique has been

used to design and produce low loss power divider on SIW technology.
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1.3 Thesis Contribution and Publication

This thesis presents a short review about the SIW technology, microwave and millimeter wave

components which have been made based on SIW. Three SIW structure, i.e. filter, coupler and

antenna have been reviewed, according to the subjects have been studied by the researcher un-

til now . SIW power divider had a special interest in the thesis. Designing and manufacturing

of some novel power dividers based on SIW will be carried out.

A new measuring method with TRL calibration for multi-port device will be established. The

contributions of this thesis are summarized in the following three journal and conference pa-

pers:

1. P.Mohammadi, S.Demir, “Two layers substrate integratedwaveguide power divider,” Gen-

eral Assembly and Scientific Symposium, 2011 XXXth URSI , pp.1-4, 13-20 Aug. 2011.

2. P. Mohammadi and S. Demir, “Multi-layer substrate integrated waveguide e-plane power

divider,” Progress In Electromagnetics Research C, Vol. 30, 159-172, 2012.

3. P. Mohammadi and a. S. Demir, “Substrate Integrated Waveguide Unequal Power Divider

with Adjustable Dividing Ratio, ” The first Iranian Conference on Electromagnetic Engineer-

ing (ICEME) Iran University Of Science And Technology in 26-27 Dec. 2012.

1.4 Thesis Outline

This thesis includes the results of the activities up to datein the framework of the mentioned

objectives in 7 chapters. As mentioned above first chapter has an introduction about SIW

technology. It has a clarification about the objective of thethesis in a short format.

Chapter 2 will start with a small introduction above the transition which must be used to

connect the SIW to microstrip line or coplanar waveguide (CPW) line. It will be continued

by reviewing the design equations for this transition parts. Different component based on

SIW structure like filter, coupler, antennas, etc. will be provided which are found in literature.

Finally general design rule, some consideration points forSIW design and rectangular waveg-

uide equivalent formula are reviewed. This equation gives the length and width of transition

parts which have been use to design the SIW power dividers andalso SIW TRL standards in

chapters 5 and 6.

Chapter 3 will be in progress with a beginning about power divider as a key element in de-
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sign of the millimeter wave and microwave systems. This chapter includes E-plane power

divider equivalent circuits. Resemblance between E-planepower divider and SIW power di-

vider gives the design rules for SIW power divider design in chapter 5 and 6. Based on this

theoretical background, a three-port SIW power divider designing and production with simu-

lation and measurement results are also presented.

Chapter 4 presents the TRL calibration procedure for SIW-based component measurement.

The difficulties due to n-port non coaxial device measurement with two-port VNA are re-

viewed. So a novel method for reconstruction the scatteringparameters of an n-port device

with non coaxial port in desired reference plane with two-port VNA will be implemented.

This method will be used in chapter 5 and 6 to reconstruct the scattering parameters of three-

port and five-port SIW power dividers.

Chapter 5 focuses on the three-port SIW power dividers and five-port SIW power dividers.

Their design, simulation, production and measurement procedures will be investigated. In this

chapter the two-way SIW power divider introduces as a building block of n-way SIW power

divider. Their advantages especially compact size of the structures, in comparison with the

comparable structures will be identified.

Chapter 6 will begin with the loss mechanisms study in SIW technology. It is carried on by

introducing the method to decrease the loss in SIW. Then thismethod will apply to design the

SIW low loss power divider. Measuring the fabricated case needs TRL calibration with two

different error boxes. This low loss power divider measurement result will be compared with

similar lossy one. Finally the expected scattering parameter will be exhibited.

The subjects of this thesis have been summarized in chapter 7. Future studies suggestions

are provided for further improvement of the SIW power dividers and produce new type of an

unequal SIW power divider.
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CHAPTER 2

SUBSTRATE INTEGRATED WAVEGUIDE

2.1 Introduction

Although the hybrid and monolithic integrated circuits areused more and more in microwave

and millimeter wave systems, metal waveguide still plays a major role in specific type of

circuits like antenna, high-Q filters and high-Q oscillators. A critical point is to combine both

systems via appropriate transitions. The excitation of waveguide with stripline and microstrip

line has been reported in some papers [12]-[13]. The transition always consists of two or

more separate pieces that require junction assembly, and a tuning mechanism is also generally

essential. Furthermore the planar substrate has to be cut into a specific shape. However, they

provide reasonably good results, but they typically are notvery well suited for a simple and

compact integration with the planar circuits.

Approximately ten years ago SIW was suggested. This waveguide is composed of two parallel

row of metallic vias inserted in a dielectric substrate. It implements a waveguide on a piece

of printed circuit board. However in order to connect activecircuits to SIW or to measure

S-parameters, mounting SMA connectors and microstrip-to-SIW transitions is required. At

the following section a new integrated platform of microstrip line and rectangular waveguide

is reviewed.

2.2 Microstrip-to-Substrate Integrated Waveguide Transitions

As the microstrip transmission line only has one ground conductor, the cross sectional elec-

tric field distribution propagates through both the substrate and the media above the substrate

(usually air). Thus, the microstrip is said to propagate a quasi-TEM mode, in comparison to a
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pure transverse electromagnetic (TEM) line, such as a stripline. In order to interconnect rect-

angular waveguides to planar transmission lines, an electromagnetic mode conversion must

be accomplished to transmit signals between the planar TEM,or quasi-TEM, transmission

line and the guided waveguide mode. The characteristic impedance of the planar transmis-

sion lines must be simultaneously matched to the frequency dependent wave impedance that

relates the transverse electric and magnetic fields of the waveguide.

Transition from microstrip line to a substrate integrated waveguide with a tapered line has

been proposed in [3]. Figure 2-1 shows this platform that completely integrated on the same

substrate without any mechanical assembly or tuning. The 50Ω transmission line is connected

to integrated waveguide by tapered section. Mode matching is done by tapered section. It

transforms the quasi-TEM mode of the microstrip line into the T E10 mode in the waveguide.

Design of this circuit is straightforward. By considering the dielectric properties 50Ω mi-

crostrip line is designed, then waveguide dimensions are determined by waveguide theory.

Finally length ”l” and width ”d” of transition part should bedetermined.

Modelling and optimization in software over the desired frequency bandwidth is the most

commonly used method, but this is typically very time consuming due to lots of metallized

cylindrical via holes. Indeed, if analytical equation has been used, the design process would

be speed up.

Figure 2.1: Configuration of proposed transition of microstrip line to rectangular waveguide
on the same substrate[3]

Electric field distribution in microstrip line and rectangular waveguide is shown in Figure 2-2.

The electric fields of two structures are approximately oriented in the same direction so the

microstrip line is suitable to excite the integrated waveguide. The most important difference

between RW and SIW is the dimension ”b”. The height or thickness ”b” is reduced in SIW.

But it is not influence theT E10 mode propagation because propagation constant ofT E10 mode

is only related to width ”a”. The design equation for microstrip-to-SIW transition has been
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reported in [10]. According to Figure 2-3 the microstrip hasbeen modeled by an equivalent

TEM waveguide.

Figure 2.2: Electric field distributions (a) in rectangularwaveguide (b) in microstrip line [3]

Figure 2.3: Equivalent topology for microstrip-to-SIW transition a) microstrip Line b) waveg-
uide model of microstrip line c) top view of a microstrip taper d) microstrip-to-SIW step [10]

The width of the TEM waveguide,we is calculated to obtain the same impedance as in the

microstrip line. The capacitance effects at the end of the SIW in the transition plane are not

taken into account, because magnetic walls are used to closethe SIW. Taper length must be

chosen as a multiple of a quarter of a wavelength in order to minimize the return loss.

2.3 CPW-to-Substrate Integrated Waveguide Transitions

In the millimeter-wave frequency range the coplanar waveguide (CPW) is a very promising

transmission line. In the platform shown in Fig.2-4 a coplanar waveguide (CPW) and a SIW
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Figure 2.4: Schematic view of the proposed transition of coplanar waveguide and rectangular
waveguide [14]

are fully integrated on the same substrate and they are interconnected via simple transition

[14]-[16]. Increasing dielectric substrate height in order to decreasing the conductor loss,

may not affect too much inherent CPW characteristics. So the substratethickness can be

increased to reduce conductor loss in the waveguide design without having adverse impact

on planar components. Another proposed CPW-to-SIW transition which is using three metal

layers is shown in Figure 2-5[15].

Figure 2.5: Configuration of the CPW-to-SIW transition [15]

An elevated-CPW (ECPW) intermediate section is inserted between a CPW and a SIW for

gradual modification of the transmission mode as shown in Figure 2-6. The ECPW section
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Figure 2.6: Structure of the CPW-to-SIW transition (a) Top view (b) cross section showing
the E-field gradation [15]

( C-Ć) plays a role of the intermediary field matching between the horizontal CPW E-field (

A-Á ) and the vertical SIW E-field ( E-́E ) as a ridged waveguide.

2.4 Rectangular Waveguide Equivalent and Some Consideration on Design of

Substrate Integrated Waveguide

The equivalence on propagation and cut-off frequency between SIW and RW has been in-

vestigated [17]. SIW can be modelled as a Rectangular waveguide (RW) as shown in Figure

2-7. Generally, a rectangular waveguide has horizontal length of “a ”and vertical length of

Figure 2.7: Schematic structure of a conventional rectangular waveguide [17]
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“b ”and its cut-off frequency is determined by ta andb . Because length of vertical wall of

SIW becomes height of substrate, “h ”and horizontal lengtha is much longer than height of

substrate (a ≫ b = h) the cutoff frequency of the SIW is given by:

fcmn =
kc

2π
=

1
2π
√
µǫ

√

(
mπ
a

)2 + (
nπ
b

)2⇒ f10 =
1

2a
√
µǫ

(2.1)

a
′

is the width of the SIW, W is the distance between two adjacentcylinders, R is the radius

of the cylinder andae is the width of the equivalent RW . Rectangular waveguide width a can

be written in term ofa
′
[18]-[19]:

a
′
=

2a
π

cot−1(
πW
4ae

ln
W
4R

) (2.2)

There is an empirical formula for equivalent width of SIW in [2].

We f f = W − D2

0.95b
(2.3)

whereWe f f is equivalent width, W is the SIW width and D is via diameter and b is distance

between adjacent vias. A schematic view of the SIW is shown inFigure 2-8 [20].

Figure 2.8: Configuration of the substrate integrated waveguide synthesized using metallized
via-hole arrays [20]

The distance between two arrays (c) determines the propagation constant of the fundamental

mode, and the via holes parameters (d and p) are set to minimize the radiation loss as well

as the return loss. In order to insure that the synthesized waveguide section become radiation

less or free of leakage loss, parametric effect of p and d have been studied [20]. These studies

show that the pitch must be kept small to reduce the loss between adjacent points. The loss

tends to decreases as the post gets smaller for a constant ratio d/p, which is conditioned by

fabrication process. To obtain good results the ration
d
p
≥ 0.5 and

d
c
< 0.4 must be chosen.
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2.5 Substrate Integrated Waveguide Based Components

Design and production costs of millimeter-wave systems areprobably the most critical issue

in the assessment of their commercial vitality. The potentials of the SIW for production of

low cost, low loss and mass production passive component have been developed. With the

emerging development of the SIW-based component and circuits, the design of an entire com-

munication system based on these new interconnect system ispossible. At the following a few

critical components such as SIW-based filter coupler and antennas will be studied.

Rapid development of communication systems in the microwave and millimeter wave band

need filters with low insertion loss, compact size, good selectivity, high quality and easy fabri-

cation process for mass production. Available filters at microwave and millimeter wave bands

[21]-[27] have a large size and are very hard to integrate with planar structure. SIW filters

[28]-[34] can be easily integrated with planar structures and are very good candidate for mass

production. The design and performance of millimeter wave Butterworth and Chebyshev fil-

ter with SIW has been reported [28]. First of all the filter specification are established,f1 and

f2 defining the bandwidth. This filter is centered atf0 with the frequency fractional bandwidth

equal to:

ω =
f2 − f1

f0
(2.4)

The guide wavelength is then computed for the center and bandedge frequencies(λg0; λg1; λg2

). The guide wavelength fractional bandwidth is defined as:

ωλ =
λg1 − λg2

λg0
(2.5)

and normalized prototype frequency atfa is computed with:

ω
′

ω
′
1

=
2
ωλ

(
λg0 − λga

λg0
) (2.6)

The specification for the out of band rejection atfa gives the minimum order need for the

filter. Inductive post equivalent circuit which is used to SIW fabrication is shown in Figure

2-9.

Using the moment method S-matrix of the structure can be calculated. From the S-parameters

the equivalent circuit can be computed. Then impedance invertors have been computed from

the circuit element. An iterative method is implemented to find the required post diameter

knowing the desired invertors. In this way the design procedure of SIW filter has been com-

pleted. The manufacture filter with its simulation and measurement results are shown in
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Figure 2.9: (a)Post in waveguide (b) Equivalent PI network [28]

Figure 2.10: (a)Photograph of the manufactured three-polefilter (b) Measured and simulated
results for the three-pole Chebyshev filter [19]

Figure 2-10[19]. Simulation and measurement results show the response of the Chebysheve

filter at 28GHz. 1 GHz bandwidth has been achieved. This filterhas been designed and fab-

ricated without need for tuning.

Dual mode filter are widely used to improve the out of band rejection. However in typical

design tuning screw or small metallic piece have been used for the mode conversion in the
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cavity. This method is not suitable for SIW. So by using the method in [33] the SIW dual

mode filter has been realized [28].

A directional network is a four-port network in which portion of the forward and reverse

traveling wave on a line are separately coupled to two of the ports. As a result, it finds ex-

tensive use in system that requires the measurement of amplitude and phase for travelling

wave. In its most common form the directional coupler consist of two transmission lines and

a mechanism for coupling signals between them. Many type of directional coupler have been

developed over the years and have been classified as either discrete-type or distribute-type

couplers [35]-[36]. Several SIW couplers have successfully been designed and have been

demonstrated theoretically and experimentally [37]-[43].

A double layer wide band compact size directional coupler with two SIWs crossed over each

other has been shown in Figure 2-11[37]. The coupling is realized by the cross slots between

upper layer SIW and lower layer SIW.

According to measured data in Figure 2-11(b) large range of coupling coefficient and wide

band characteristic has been achieved. A half mode SIW (HFSIW) 3dB coupler has been re-

ported in [40] as shown in Figure 2-12(a). It keeps the good performance of SIW coupler with

nearly a half reduction in size. Simulation and measurementresults are in a good agreement

which is shown in Figure 2-12(b). The E-field is of the maximumvalue at the vertical center

plane along the propagation direction in SIW when it works only in the dominate mode. So

the center plane can be considered as an equivalent magneticwall. Based on this idea the SIW

can be bisect with the fictitious magnetic wall and each half of the SIW becomes a HMSIW

structure and the new structure can almost keep the originalfield distribution in its own part

because of its large width-to-height ratio and be considered to support the guided wave modes

in the half open structure.

Slot array antennas with different feed network have been studied and developed. Rectangular

waveguide feeding network for slot array antenna is a most common one. A design procedure

that accounts for external coupling between slots in the array fed by dielectric filled waveguide

was reported by Elliot [44]. The conventional rectangular waveguide-fed slot array antennas

present the advantages of low loss and high power handling capacity. Nevertheless, their

incompatibility with integrated planar components creates a hurdle for their external applica-

tion in microwave and millimeter wave integrated circuits.To overcome this drawback SIW

based antennas with integration capacity has been investigated [45]-[55]. The half mode SIW

transverse slot array antennas have been reported [50]. It not only maintains the advantages
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Figure 2.11: (a) Photo of the assembled directional couplerand the two separate single layer
PCB (b) Measured S-parameters of the directional coupler atthe maximum coupling factor
[37]

characteristics of slot array antenna fed by the SIW, but also it is more compact, as its size is

reduced by nearly half. A sketch of an HMSIW-fed transverse slot array antenna is shown in

Figure 2-13 and its properties are shown in Figures 2-14 and 2-15 respectively.
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Figure 2.12: (a) HMSIW and SIW couplers (b) Measured and simulated S parameters of the
proposed HMSIW 3-dB coupler. [40]
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Figure 2.13: Photographs of the HMSIW-fed transverse resonant slot array antennas (a) X-
band and (b) Ka-band [50]

Figure 2.14: Return loss of the HMSIW transverse slot array antenna over X-band.(a) X band
(b)Ka-band [50]

Figure 2.15: Radiation patterns of the HMSIW transverse slot array antenna (a) 9.82GHz (b)
31.4GHz [50]
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CHAPTER 3

SUBSTRATE INTEGRATED WAVEGUIDE POWER DIVIDER

3.1 Introduction

Power dividers are used to divide the input power into a number of smaller amounts of power

for exciting the radiating elements in an array antenna. They are also used in balanced am-

plifiers both as power divider and power combiner [35]. A fundamental property of a lossless

reciprocal three-port junction is that not all three ports can be simultaneously matched. If we

assume that all three ports can be matched, thenS 11 = S 22 = S 33 = 0 and the scattering

matrix has the form:

[S ] =





































0 S 12 S 13

S 21 0 S 23

S 13 S 23 0





































(3.1)

If we want to use a lossless three-port junction to split or divide input powerP1 into fraction

αP1 = P2 and (1− α)P1 = P3 at port 2 and port 3 this is readily accomplished [35]. For a

three-port junction shown in Figure 3.1,Z2 andZ3 can be chosen so that the input port 1 is

matched and the desired power split is obtained.

Figure 3.1: A lossless three port junction used as power divider
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If the input is matched, then the input power isP1 =
1
2

Y1|V+1 |
2 . SinceV−2 = V−3 = V+1 because

of the parallel connection of all three lines, the power relation can be written as:

P1 =
1
2

Y1|V+1 |
2 +

1
2

Y3|V+1 |
2 (3.2)

For an impedance match it requiresY1 = Y2 + Y3 and in order to obtain the desired power

division, it requires that:

Y2

Y3
=
α

1− α

This type of lossless power divider will not have matched output ports and sinceS 23 will not

be zero it also does not have isolation between the output ports. If there is a shunt susceptance

at the junction, such as would occur from excitation of evanescent mode in a waveguide T

or Y junction, the input port can still be matched by placing asuitable shunt-compensating

susceptance at the appropriate position in the input line. Wilkinson power divider is illustrated

in Figure 3-2. It consists of two quarter wave sections with characteristic impedanceZ2 and

Z3 connected in parallel with the input line, which has the characteristic impedanceZc.

Figure 3.2: (a) The Wilkinson power divider (b) Simulation results

A resistor R is connected between port 2 and port 3. Wilkinsondeveloped an N-way power

divider that would split the input power into output power atN ports and that would also

provide the isolation between the output ports. A unique feature of the Wilkinson power
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divider is the use of resistor connected between the variousoutput ports. When the output

ports are terminated in the correct load impedance, there isno current in the resistor; so they

do not absorb any power. If one port is matched, then the reflected power from that port

is partly absorbed by the resistor network and partly returned to the input, but no power is

coupled into the other ports as long as they remain properly terminated. The above theory

about power divider has been developed by using the advantages of the SIW technology. At

the following section power division will be carried out by using two SIW parts which are

attached together. The electromagnetic wave has been propagated from lower layer to upper

layer via an aperture.

3.2 SIW Power Divider

Power dividers are widely used in microwave and millimeter wave circuits. Array antenna

feeding network is an example which need desired power division ratio at a specified band-

width. SIW is a dielectric filled waveguide structure that has the similar propagation modes

as rectangular waveguide, but manufacturing of such a waveguide structure requires only a

normal Print Circuit Board (PCB) process and results in the merit of low cost and mass pro-

duction ability. The main structure of proposed SIW power divider is shown in Figure 3-3.

It includes two PCB layers with the same electrical properties. The electromagnetic wave is

coupling from bottom layer to upper through a slot.

Figure 3.3: The main structure of multi-layer SIW (a) The first and the second layers with
slots (b) The coupled E-fields

The above proposed structure need to transition parts to connect to microstrip lines. RO4003
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with dielectric constantǫr = 3.38 , tan(δ) = 0.0027 and h=0.51 mm has been used to design

of the SIW power divider. The distance between vias, and via diameters are p=0.8 mm , d=1

mm respectively.

3.3 E-Plane Power Divider

The three-port waveguide configuration in Figure 3-4 is known as E-plane or series tee[56].

Port 1 is usually designated as E-arm and port 2 and port 3 as coupler arms. The width of

the all three guide is the same, which is the most common arrangement. Associated with

the propagating waves are conduction currents in the inner walls of the waveguides. The

longitudinal or power currents that follow along the broad walls are also indicated. Since the

common current flows in the three guides, the E-plane tee may be represented by three series

connection of transmission lines.

Figure 3.4: The E-plane waveguide or tee junction

The equivalent circuit for E-plane waveguide is shown in Figure 3-5a, b, c. The reactive

effects associated with the localized higher-order mode may beaccounted for by either of

equivalent circuits in Figure 3-5. Susceptance values as well as values forn, d and d
′

are

given in [56]. The circuit in part b of Figure 3-6 is particularly useful to determine the effect

of mismatched terminations on the power divisions. The datain [56] indicates that forb
′ ≤ b,

X is quite small and may be neglected. Because of the impedance transforming properties

of transmission lines, it is important that the terminal planes for the equivalent circuits be

specified. The lines lengths in Figure 3-5 are necessary to make the terminal planes in both

circuits the same. The planes are defined in Figure 3-5 c. The turn ration of the transformer

21



is frequency sensitive, it has been decreased when the frequency is increased.

Figure 3.5: (a,b)Two equivalent circuits for the E-plane tee (c) Side view

Due to similarity of SIW power divider with E-plane power divider it is suitable to use E-Plane

power divider design procedure for designing SIW power divider. For our case RO4003 sub-

strate withb = b
′
= 0.51mm, as shown in Figure 3-6 has been used. By using the cut-off

frequency formula and also operation frequency equal to 10 GHz, a=11 mm in Figure 3-6 is
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Figure 3.6: E-plane power divider

achieved. Other parameters (d, d
′

andn )can be calculated from plotted data in [56]. Char-

acteristic impedance of waveguide is also considered fromZo =
b
a

√

µr

ǫr

λg

λ
[36]. However a=

11 mm,b = b
′
= 0.51mm, Zo = Z

′
= 17.46Ω, n=0.98, d=0.035 mm,d

′
= 0.06mm are the

parameters of SIW power divider. This procedure is easy to simulation in comparison with

EM simulation. So it can be used for finding the initial value of the device parameters then

it can be optimized by using EM simulator. By applying the procedure for design of E-Plane

junction the SIW parameters in Figure 3-3 has been found. Transition parts length and widths

have been calculated by using the method which has been explained in part 2-4.The complete

SIW power divider with using HFSS software is shown in Figure3-7. The equivalent circuit

Figure 3.7: SIW power divider (a) top view (b) bottom view

for this structure in ADS software with mention of Figure 3-5b has been illustrated in Figure

3-8. Simulation results from these two SIW power divider is shown in Figure 3-9. This SIW

power divider has been fabricated as shown in Figure 3-10. RO4003 with dielectric constant

ǫr = 3.38, tan(δ) = 0.0027 and h= 0.51 mm has been used for fabrication of the struc-

ture. Dimensions of this three-port SIW power divider are exhibited in Table I. Simulation
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Figure 3.8: SIW power divider equivalent circuit

from HFSS and measurement results also is shown in Figure 3-11. There is good agreement

between simulation and measurement results.

Figure 3.9: Return Loss of SIW power divider with HFSS and ADSsoftware
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Figure 3.10: Picture of fabricated SIW power divider (a) Topview (b) Bottom view

Figure 3.11: Simulation and measurement of three-port SIW power divider

Table 3.1: Three-port SIW power divider dimensions(mm).

Length Width
First Layer (L) 10 10.4
Second Layer (L1) 12.5 16
Slot 10.4 0.5
Transition Part on First Layer 11.84 6.3
Transition Part on Second Layer 17.7 11
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The EM simulation result with HFSS software is more similar to measurement result. The

EM simulation needs more time and memory, in comparison withADS simulation. The

suitable approach is that the structure firstly has been simulated with ADS software then

by considering the results, EM simulation has been accomplished for optimization of the

response. For SIW structure by increasing the dimension of the structure simulation time and

required memory will be increased, specially it depends on the number of vias. The with and

length of the transition parts are usually must be optimized. The via diameter and distance

between them are conditioned by fabrication instrument. The metallization process must be

done carefully. The amplitude of the current in metallization instrument and time schedule for

each part must be selected properly according the metallization area. Any mistake changes

the thickness of the PCB copper due to metallization and measurement then results will be

changed.
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CHAPTER 4

MEASUREMENT METHODS for SUBSTRATE INTEGRATED

WAVEGUIDE POWER DIVIDER

4.1 Introduction

A network analyzer measures the S-parameters as ratio of complex voltage amplitudes. The

primary reference plane for such a measurement is generallyat some point within the ana-

lyzer itself. It is desired to measure the S-parameters in intended reference plane. Removing

the loss effect and phase delay of connectors, cables and transition parts is also preferred.

So we need the standards which must be characterized at the same media type as the device

under test (DUT). During measurement calibration, a seriesof known devices (standards) are

connected. The systematic effects are determined as the difference between the measured and

known responses of the standards. Once characterized, these errors can be mathematically

related by solving a signal flow graph. The process of mathematically removing these sys-

tematic effects is called ”error-correction ”.

The Thru-Reflect-Line (TRL) is an approach to two-Port calibration that relies on transmis-

sion lines rather than a set of discrete impedance standards. There are some consideration

points about the TRL standards. Thru must have the properties as follows:

• It can be either a zero length or non zero length, zero length is achievable by directly

connecting the error box together and it is preferred.

• It cannot be at the same electrical length as the line.

• Characteristic impedance of thru and line standards define the reference impedance of the

calibration.
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Line must have the properties as follows:

• Its characteristic impedance and propagation constant must be as the true standards.

• If its electrical length is specified within
1
4

wavelength, more accurate results will be

achieved.

• It cannot be the same as true standards.

• The phase difference between thru and line must be greater than 20 degree and less than

160 degree. This means in practice that a single LINE standard is only usable over an 8:1 fre-

quency range (Frequency Span/ Start Frequency). Therefore, for broad frequency coverage,

multiple lines are required.

Reflect must have the properties as follows:

• It can be anything with a high reflection.

• The short circuit is preferred to open circuit, for avoidingany radiation loss.

At the following section the block diagram of the TRL calibration in general form will be

exhibited, and also suitable TRL standards for SIW structure will be shown.

4.2 TRL Calibration Procedure

TRL block diagram is shown in Figure 4.1. It includes two error boxes and DUT [57]. By

using the TRL

Figure 4.1: Block diagram of a network for TRL calibration

calibration procedure, firstly the error box has been characterized, and then the error corrected
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S-parameters of the DUT can be calculated from measured data. To avoid confusion in nota-

tion the measured S-parameters for the Thru, Reflect, and Line connection, will denote as the

[T], [R], and [L] matrices, respectively.

T =





















T11 T12

T21 T22





















R =





















R11 R12

R21 R22





















L =





















L11 L12

L21 L22





















Signal flow graph of the LINE is shown in Figure 4-2. Similar flow graphs has been used to

True and Reflect. By considering Figure 4-1 and using the signal flow graph, S parameters

for the three TRL components can be write as follows: [57]

Figure 4.2: Signal flow graph of LINE

R11 = S 11+
S 2

12ΓL

1− S 22ΓL
(4.1)

T11 = S 11+
S 22S 2

12e−2γl1

1− S 2
22e−2γl1

(4.2)

T12 =
S 2

12e−γl1

1− S 2
22e−2γl1

(4.3)

L11 =
b1

a1
= S 11+

S 22S 2
12e−2γl

1− S 2
22e−2γl

(4.4)

L12 =
S 2

12e−γl

1− S 2
22e−2γl

(4.5)

γ is the propagation constant andl andl1 is length of the Line and Thru respectively. There

are five equations and five unknowns (S 11, S 12, S 22, e(−γl1), e(−γl)).

e(−γl1) can be eliminated from (4-2)and (4-3)and alsoe(−γl) can be eliminated from (4-4) and

(4-5). So there are two new equations with three unknowns (S 11, S 12, S 22) .These two new

equations with (4-1) could be used to find the S-parameters. The solution is straightforward

but lengthy.
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So S =





















S 11 S 12

S 21 S 22





















matrices are completely defined.

The TRL algorithm which is described above can be used to measure the SIW structure. For

measuring S-parameters of main SIW structure the effects of transition part must be removed.

So the appropriate TRL standards have been defined as shown inFigure 4-3. Coaxial connec-

tors or probe pads and transition parts have been used to adopt the SIW structures to VNA for

measuring. The side effect, like attenuation, phase delay and discontinuity not only change

the measurement results, but also causes that the results become unsuitable to predicting how

the design behaves when integrated with other components infinal applications.

Figure 4.3: (a) TRL block diagram of SIW (b) Line (c) Short (d)Thru

The TRL standards have been used to calibration of vector network (VNA). Then the S-

parameters of the main SIW can be reconstructed. But if the number of ports is more than

2, the effect of other ports must be considered. However the algorithmfor reconstruction the

S-parameter of n-port device from measured data with two-port VNA must be established.

Firstly for the three-port device some algorithm will be introduced then a novel algorithm for

n-port will be developed.

4.3 TRL Measurement of Three-Port device with Two-Port Network Analyzer

Measuring the S-parameters of a DUT with respect to 50Ω requires, by definition, that all

ports of the DUT are terminated with a 50Ω load. With a two-port VNA only two ports of
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a DUT can be terminated with the internal 50Ω loads of the VNA. This means that if the

DUT has more than two-ports, all remaining ports must be terminated with an external 50Ω

load. Depending on the type of the port of the DUT, different load must be used. This remark

makes the procedure for reconstruction the S-parameters ofDUT from measured data. For

example experimental characterization of three-port devices, such as coupler, power divider,

T-junction and etc. require de-embedding of the actual device from the transition used to

connectorize it. This is the case that device ports cannot bedirectly accessed or connected to

network analyzer [58].

4.3.1 First Method:

A three-port device is shown in Figure 4-4. TRL measurement has been done by connecting

port 2 and port 3 to VNA. The error boxes effect has been removed from these ports, but

from port 1 reflection coefficientΓ has been seen. So we need a method to construct the S-

parameters of DUT. In this method the S-parameters of three-port device has been converted

to two-port device. It is done as following.

Figure 4.4: A three-port device

For the structure in Figure 4-4 S-parameters of DUT is definedas:

S̄ =





































S 11 S 12 S 13

S 21 S 22 S 23

S 31 S 32 S 33
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S̄ m = S̄ ee + S̄ ei(C̄ − S̄ ii) (4.6)

S̄ m : Measured S-parameters

S̄ ee : S-parameters of external ports

S̄ ii : S-parameters of internal ports

S̄ ei : S-parameters of internal and external ports

C̄ : Connectivity matrix

The (4.6) can be applied for a three-port device by considering the port 2 and 3 as external

port and port 1 as internal port.

a) Measurement from port 2 and 3:





















S m23 S m23

S m23 S m23
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S 32 S 33
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S 21 0

S 31 0
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)−1
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b) Measurement from port 1 and 2 :





















S m12 S m12

S m12 S m12
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S 21 S 22
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S 13 0

S 23 0
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0 1
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−





















S 33 0

0 Γ





















)−1




















S 31 S 32

0 0





















In the above matrixΓ is the reflection coefficient andS mi j is the measured S-parameter from

port i and j.

The Symmetry conditions are given below:

S 22 = S 33 S 23 = S 32 S 21 = S 12 = S 13 = S 31 (4.7)

From the measured data in matrix a and b unknown S-parametersafter some algebra can be

found as follows:

S 22 =
Γ(S m23

23 − S m23
22 )2 − S m12

22

Γ(S m12
22 + 2S m23

22 − 2S m12
23 − 1)

(4.8)

S 23 = S 22− S m23
22 + S m23

23 (4.9)
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S 21 =
S m23

12 (1− ΓS 22)

1+ Γ(S 23− S 22)
(4.10)

S 11 = S m23
11 −

ΓS 2
21

1− ΓS 22
(4.11)

S 33 = S m23
33 −

ΓS 2
21

1− ΓS 11
(4.12)

So the unknown S-parameters of DUT are found. This method is simple and straightforward.

4.3.2 Second Method:

The goal of this method is obtain S-parametersS N with respect to 50Ω of an N-port device

[59]. This technique is fully general and can be applied for arbitrary terminations. Assume the

port i and j of structure connected to VNA, and all other portsare connected with a load with

known reflection coefficientΓk (k = 1, 2, ...N, k , i, j; Γi andΓ j ) are the reflection coefficients

of the load that will be used to terminate ports i and j if they are not connected with the VNA.

The S-matrix of the N-port DUT according the definition in [23] can be writing as:





















bI

bJ





















=





















S II S IJ

S JI S JJ









































aI

aJ





















(4.13)

With:

XI = (X j Xi)
T XI = (X1... Xi−1 Xi+1 ... X j−1 X j+1 ... XN)T (4.14)

The relationship between the measured S-parameters and S-parameters of DUT can be derived

as follows:

S m(i, j) = S II + S IJ .(Γ
−1
JJ − S JJ)−1.S IJ (4.15)

The measure S-parameters are the complex non linear function of the S-parameter of the

N-port DUT. By definition ofΣII as:

ΣII = (Γ−1
II − S m(i, j))−1 (4.16)

it can be prove that:

ΣII = ((Γ−1 − S N)−1)II (4.17)
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With the knowledge of the measured S-parametersS m(i, j) and the reflection coefficientΓi and

Γ j the II block matrix of theΣ matrix has been found.

Σ = (σi, j) = (Γ−1 − S N)−1 (4.18)

In other words, the elementsσii, σi j, σ ji, σ j j have been found. By repeating the S-parameter

measurement for all possible 2-port combination (i, j)(i = 2, ...,N; j = 1, ...i) the complete

Σ matrix will be found. Once The S-matrix is completely determined (2-18) can be used to

determineS N .

S N = Γ
−1 − Σ−1 (4.19)

This method has been applied for three-port DUT at the subsequent. Again by considering

the Figure 4-4 three different measurement set i.e. measurement from port (1, 2), (1,3) and

(2, 3) have been applied. The result at the matrix form can be written as follows:

S N = Γ
−1 − Σ−1 =





































Γ−1 0 0

0 Γ−1 0

0 Γ−1 0





































−





































σ11 σ12 σ13

σ21 σ22 σ23

σ31 σ32 σ33





































−1

(4.20)

Σ12 =
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0 Γ−1
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11 S m12

12

S m12
21 S m12

22





















)−1
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σ21 σ22





















=
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Γ−1 − S m12
11 −S m12

12

−S m12
21 Γ−1 − S m12

22





















)−1

Σ13 =
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0 Γ−1





















−





















S m13
11 S m132

12

S m13
21 S m13

22





















)−1
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σ31 σ33





















=
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Γ−1 − S m13
11 −S m13

12

−S m13
31 Γ−1 − S m13

33





















)−1

Σ23 =
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Γ−1 0

0 Γ−1





















−





















S m23
22 S m23

23

S m23
32 S m23

33





















)−1




















σ22 σ23

σ32 σ33





















=

(





















Γ−1 − S m23
22 −S m23

23

−S m13
32 Γ−1 − S m23

33





















)−1

Data from measurement of port 1 and 2:

∆12 = (Γ−1 − S m12
11 )(Γ−1 − S m12

22 ) − S m12
12 S m12

21

σ11 =
Γ−1 − S m12

22

∆12
σ12 =

S m12
12

∆12

σ21 =
S m12

21

∆12
σ22 =

Γ−1 − S m12
11

∆12

(4.21)
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Data from measurement of port 1 and 3:

∆13 = (Γ−1 − S m13
11 )(Γ−1 − S m13

33 ) − S m13
13 S m13

31

σ11 =
Γ−1 − S m13

33

∆13
σ13 =

S m13
13

∆13

σ31 =
S m13

31

∆13
σ33 =

Γ−1 − S m13
11

∆13

(4.22)

Data from measurement of port 2 and 3:

∆23 = (Γ−1 − S m23
22 )(Γ−1 − S m23

33 ) − S m23
23 S m23

32

σ22 =
Γ−1 − S m23

33

∆23
σ23 =

S m13
23

∆23

σ32 =
S m23

32

∆23
σ33 =

Γ−1 − S m23
22

∆23

(4.23)

And finally (4-20) give all unknown parameters of DUT. This method can characterize an N-

port DUT using a two-port VNA and N termination with a known reflection coefficient. The

method is exact and does not use any assumption.

4.4 Measurement of n-Port Scattering Matrix with Two-Port Network Ana-

lyzer

In order to measure the multi-port scattering matrix of an n-port network, a special multi-port

VNA need to design [60]. The multi-port VNA requires specificcalibration methods[60]-[63].

Another approach is using a two-port VNA with all other (n-2)ports of the test network con-

nected with perfect terminators based on the definition of the scattering matrix. In practice,

the imperfect terminators must be taken into considerationwhere using a two-port VNA to

measure an n-port network accurately. The rigorous method for solving the scattering matrix

of a multiport network using a two-port VNA with known terminator was described [64]-[66].

In [67] n-port scattering matrix is calculated directly from Cn
2 sets of two-port scattering ma-

trices. In [68] an approach from the port reduction point-of-view has been proposed. As a

terminator is connected to an n-port network the order of measured ports is reduced by one.

With their method, the n-port scattering matrix can be reconstructed from (n-1) ports scatter-

ing matrix by connecting n known terminator to each port one at a time. This port reduction
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process can be continued to reduce the port order, and the resulting minimal reduced port

order is three.

In [59] Cn
2 combinations of two-port measurement have been performed,with other n-2 un-

used ports have been terminated in perfectly matched load. Amatch loads not always ac-

cessible to application such as millimeter wave or broadband. It has been explained how an

imperfect match load degraded the accuracy of the measured S-parameters. Then the concept

of virtual auxiliary termination has been introduced [69].This concept is applied in the multi-

port S-matrix measurement with the use of two-port VNA and leaving the rest of the ports

of the DUT unconnected. This method is so long and need too remedy. Since there is some

matrix inversion, it could be numerically difficult under certain circumstance and sometimes

matrix with a large condition number is known as ill condition has been appeared.

A modern VNA with TRL calibration and appropriate standardscan measure two-port non-

coaxial DUT at desired reference planes. In contrast, due tolack of a multi-port counterpart

of a full two-port TRL calibration, a multi-port VNA cannot measure a multi-port non-coaxial

DUT up to the intrinsic ports as straightforwardly as measuring the coaxial one [69]- [76]. At

the following a new method will be introduced which has less mathematical calculation and

each scattering matrix will be calculated individually.

In this method three different load i.e. short circuit (S.C), open circuit (O.C) and 50Ω has been

used as auxiliary termination. An n-port network with a termination (by reflection coefficient

Γk )that is connected at thekth port is shown in Figure 4-5. All other ports are connected to

50Ω. The relationship betweenS k
i j (measurement scattering matrix) of this reduced (n-1)-port

network andS i j (true scattering matrix) of this n-port network is given as [69]:

S (k)
i j = S i j +

S ikS k jΓk

1− S kkΓk
i, j, k = 1, ..., n, j , k (4.24)

This formula can be applied for the three different loads, the results are given below:

a) 50Ω termination

S (k)
i jα = S i j +

S ikS k jΓα

1− S kkΓα
k , i, j (4.25)

b) Short circuit (S.C.) termination

S (k)
i jβ = S i j +

S ikS k jΓβ

1− S kkΓβ
k , i, j (4.26)
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c) Open circuit (O. C.) termination

S (k)
i jθ = S i j +

S ikS k jΓθ

1− S kkΓθ
k , i, j (4.27)

Figure 4.5: An n-port network with three different loads connection

From (2-25)-(2-26)-(2-27) the two unknown,S i j andS kk, can be derived as follows.

S kk =
A(Γα − Γθ) − (Γα − Γβ)

AΓβ(Γα − Γθ) − Γθ(Γα − Γβ)

A =
S (k)

i jα − S (k)
i jβ

S (k)
i jα − S (k)

i jθ

k , i, j

(4.28)

S ikS k j =
(S (k)

i jα − S (k)
i jβ)(1− S kkΓα)(1− S kkΓβ)

Γα − Γβ
(4.29)

S i j = S (k)
i jα −

S ikS k jΓα

1− S kkΓα
k , i, j (4.30)

Γα, Γβ andΓθ are reflection coefficients of port k when it is connected to 50Ω, S.C and O.C

loads, respectively.

Thus, in order to measure return loss from port k, it is sufficient to connect 3 different loads

to this port, then the S-parameter from two other ports must be measured. Therefore in this
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method one can compute the desired S-parameter individually, but in other method all param-

eters will be found simultaneously.
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CHAPTER 5

THREE-PORT AND FIVE-PORT SUBSTRATE INTEGRATED

WAVEGUIDE POWER DIVIDER

5.1 Introduction

Power dividers are building blocks of many microwave and millimeter wave integrated cir-

cuits and systems. Antenna feed networks are one of the powerdivider applications. In

general, SIW has a relatively large footprint compared to conventional printed circuit coun-

terparts. Some advantages such as being low cost, low loss and suitable for high density

integration with microwave and millimeter wave componentshave popularized SIW in the

past few years. Conventional technologies for designing high quality power dividers, includ-

ing a metal rectangular waveguide or microstrip line are either bulky or unable to provide low

insertion loss.

An acceptable performance with considerably decreased size can be offered by SIW technol-

ogy as a potential solution to the compact communication application. Moreover a multilayer

SIW keeps all the advantages of a conventional multilayer PCB structure and will further

resolves the problem of radiation from the microstrip feed lines due to its closed structure.

Several power dividers based on SIW have been reported [77]-[97]. SIW power divider has

the advantages of planar structure and conventional rectangular waveguide power divider, so

it is a promising device for planar microwave circuits. Compact size SIW power dividers

[77]-[79] and multilayer SIW power dividers [80]-[81] havebeen reported by researcher. In

some SIW power dividers chip resistors have been used to realizing wideband device [82]-

[84].

In some applications of SIW power dividers like beam formingnetwork, the main part of SIW

must be connected to a beam forming network directly . therefore TRL calibration procedure
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can be performed for measuring the desired S-parameters. With the use of TRL calibration

function and appropriate TRL standards, a modern VNA can measure a two-port DUT in a

desired reference plan. Due to the lack of an established multi-port counterpart of the two-

port TRL, a method for measuring the multi-port non-coaxialDUT up to the intrinsic ports

has been developed in section 4.4. This method will be applied for three-port and five-port

SIW power dividers.

At the following section a novel SIW power divider and its design procedure will be intro-

duced. The design procedure will start by using the waveguide equivalent of SIW and by

taking into account the similarity of the SIW with E-plane power divider. Firstly a three-port

and then a five-port SIW power dividers will be designed and simulated. Then S-parameters

will be reconstructed from measurement data. Finally the measurement results will be com-

pared with simulation results.

5.2 Three-Port Substrate Integrated Waveguide Power Divider Design, Simu-

lation and Fabrication

In this subsection a novel three-port SIW power divider willbe introduced.This SIW power

divider and its equivalent circuit are shown in Figure 5-1. The above structure will be designed

by considering the size reduction, which is a key criterion for microwave and millimeter wave

systems. Main part of SIW power divide consists of two layerswhich are attached together.

Electromagnetic waves are propagated from lower layer to upper layer via slots. The width

of the first layer is different from the second layer in order to match the input port. Width of

the first layer is determined by considering the cut-off frequency and then width of the second

layer is computed for matching the input port.

This structure will be completed for measuring by connecting the transitions and microstrip

parts. Measuring the main structure without any transitions or microstrip parts is intended.

Therefore TRL calibration technique will be applied to remove the effects of transition and

microstrip parts. By considering some difficulties in measurement, the same error box in two

output ports is preferred in TRL procedure. So it is preferred to have the same output width

at three ports as shown in Figure 5-2. The equivalent circuitof this structure is also shown

in Figure 5-2. In order to measure the SIW with VNA, above structure must be connected to

50Ωmicrostrip line. So the transition part between SIW and microstrip line is necessary. The
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Figure 5.1: (a)Rectangular waveguide equivalent of three-port SIW power divider (b) Equiv-
alent circuit of three-port SIW power divider

Figure 5.2: (a) Rectangular waveguide equivalent of three-port SIW power divider for TRL
measurement (b) Equivalent circuit of three-port SIW powerdivider

most common transition part has a tapered form. It is not onlymatches the two lines with

different characteristic impedance but also transforms the quasi-TEM mode of the microstrip
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line into theT E10 mode in the waveguide as it has been explained in section 2.4.

5.2.1 SIW Design

SIW is a quasi-rectangular waveguide formed by periodic via-hole connection between two

metal layers andT E10 is the dominant mode. With the knowledge of pitch between consecu-

tive vias and via diameters, SIW can be replaced by an equivalent dielectric filled rectangular

waveguide. The equivalent width (ae) is computed using the (2-2) or (2-3). The cut-off fre-

quency for rectangular waveguide is given as follows:

fcmn =
kc

2π
√
µǫ
=

1
2π
√
µǫ

√

(
mπ
ae

)2 + (
nπ
b

)2 (5.1)

fc10 =
1

2ae
√
µǫ

(5.2)

Where b=0.51mm is the substrate thickness,ae is the equivalent width of SIW,ǫ andµ are

the permittivity and permeability of the substrate, respectively.

5.2.2 Power Divider Design

The similarity of SIW power divider with E-plane power divider encourages the researcher to

use the E-plane power divider design procedure for designing SIW counterpart. Equivalent

circuits of E-plane power divider which have been used in this design shown in Figure 5-1(b)

and 5-2(b). The reactive effect associated with the localized higher-mode can be accounted

in equivalent circuit. According to the data in [56] X is quite small and negligible. For SIW

structureb
′
is the substrate thickness, andb = b

′
.

Z0 =
b
a

√
µr√
ǫr

λg

λ
(5.3)

Z0 is the characteristic impedance of the rectangular waveguide and n=0.98 . For SIW power

divider in Figure 5-1Z
′

0 is the characteristic impedance of the input line (the first layer in SIW

power divider) andZ0 is the characteristic impedance of the two output lines (thesecond layer

in SIW power divider). As mentioned above for the SIW equivalent circuitb = b
′

is known

parameter, so the width of the SIW ”a” is the only variable to achieve the desired response.

The design steps for SIW power divider are as follows:

1- The first layer width is determined by cut-off frequency in (5-2) and the characteristic
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impedance of the first layerZ
′

0 is calculated from(5-3).

2- The characteristic impedance of the second layerZ0 is calculated from equivalent circuit

for matching the input ports.

3- Width of the second layer is calculated from(5-3)

The above three steps can be developed to design an n-way SIW power divider. However, the

dimensions of different layers must be optimized due to effect of slot in different layers.

5.2.3 TRL Calibration and Measurement Procedure

The S-parameters of SIW power divider without the microstrip transition parts are achievable

in the light of TRL calibration technique. The three TRL standards for SIW structure are

shown in Figure 5-3. All of them have the same error box in two ports. For avoiding any

radiation effects the reflect standard is a short circuit. The thru standard is made by connecting

two error boxes directly together. The design steps for SIW power divider is continued as

follows:

4- TRL standards are designed.

5- Transition part is calculated from [10] by considering the width of the input port.

SIW power divider design procedure has been completed with the above 5 steps. The full

Figure 5.3: Standards for SIW power divider (a) Thru (b) Line(c) Reflect

structure has been shown in Fig.5-4. According to the Fig.5.2 (a) its output has the same

width, and it is suitable for TRL calibration technique measurement with the standards shown

in Fig. 5-3. So by using the above TRL standards the effect of microstrip line, tapered

transition and error box have been removed. The DUT which is measured is exactly the

same as shown in Figure 5-1(a). The three-port SIW power divider dimensions are shown in
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Table.1. Superior simulation results will be accomplishedwith small width-slot, but due to

fabrication restriction 1 mm width for slot has been chosen.

Figure 5.4: Three-port SIW power divider

Table 5.1: Two-way SIW power divider dimensions (mm).

Length Width
First Layer (L1) 4 9.1
Second Layer (L2) 9 11.5
Slot 8 1
Transition Part 4.6 1.5

The measuring method in section 4.4 has been used for three-port SIW power divider mea-

surement. In this method the measurement setup will be need as shown in Figure 5-5(a). In

this setup port one has been connected to three different loads, O.C, S.C and 50Ω. Three

reflection coefficientsΓα, Γβ andΓθ are related to port k when it is connected to 50Ω, S.C

and O.C loads respectively. These reflection coefficients have been measured by using the

thru standards as shown in Fig. 5-5(b). In designing the TRL standards thru has zero length

and it is made by directly connecting the two error boxes. Theequations (4-28)-(4-30) with

k=1,i=2 and j=3 can be written as:
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Figure 5.5: (a) Measurement setup for three-port SIW power divider (b) Reflection measure-
ment from Thru standard

S 11 =
A(Γα − Γθ) − (Γα − Γβ)

AΓβ(Γα − Γθ) − Γθ(Γα − Γβ)

A =
S (1)

23α − S (1)
23β

S (1)
23α − S (1)

23θ

(5.4)

S 21S 13 =
(S (1)

23α − S (1)
23β)(1− S 11Γα)(1− S 11Γβ)

Γα − Γβ
(5.5)

S 23 = S (1)
23α −

S 21S 13Γα

1− S 11Γα
(5.6)
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In the above equationsS (1)
23α, S

(1)
23β andS (1)

23θ are the S-parameters measured from port 2 and 3

when port 1 is connected to 50Ω, S.C and O.C loads respectively. The measurement setup for

reconstruction of the transmission of three-port SIW powerdivider is similar to Figure 5-5(a)

but the measurement port must be changed. The equations (4-28)-(4-30) with k=2,i=1 and

j=3 can be written as:

S 11 =
A(Γα − Γθ) − (Γα − Γβ)

AΓβ(Γα − Γθ) − Γθ(Γα − Γβ)

A =
S (2)

13α − S (2)
13β

S (2)
13α − S (2)

13θ

(5.7)

S 12S 23 =
(S (1)

13α − S (1)
13β)(1− S 22Γα)(1− S 22Γβ)

Γα − Γβ
(5.8)

S 13 = S (1)
13α −

S 21S 13Γα

1− S 11Γα
(5.9)

In the above equationsS (2)
13α, S

(2)
13β andS (2)

13θ are the S-parameters measured from port 1 and

3 when port 2 is connected to 50Ω, S.C and O.C loads respectively. The reconstruction

procedure forS 12is similar toS 13 and it is written from equations (4-28)-(4-30) with k=3,i=1

and j=2 as follows:

S 33 =
A(Γα − Γθ) − (Γα − Γβ)

AΓβ(Γα − Γθ) − Γθ(Γα − Γβ)

A =
S (3)

12α − S (3)
12β

S (3)
12α − S (3)

12θ

(5.10)

S 13S 32 =
(S (3)

12α − S (3)
12β)(1− S 33Γα)(1− S 33Γβ)

Γα − Γβ
(5.11)

S 12 = S (3)
12α −

S 21S 13Γα

1− S 11Γα
(5.12)

At the next section above mentioned formula will be used to reconstruct the measurement

results of three-port SIW power divider.
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5.2.4 The Experimental Results of Three-Port SIW Power Divider

The fabricated three-port SIW power divider is shown in Figure 5-6. It is made of RO4003

with thickness h=0.51 mm. The simulation results of DUT in Figure 5-4 and measurement

results which have been constructed from fabricated case are compared at the following Fig-

ures. According to Figure 5-7 there is a good agreement between simulation and measurement

results from 9 GHz to 11 GHz. The return loss below 10 dB has been achieved at the same

frequency band. Transmissions in Figure 5-8 are between -3.5 dB to -4 dB at the same

Figure 5.6: Fabricated three-port SIW power divider (a) Bottomn view (b) Top view

Figure 5.7: Return loss of three-port SIW power divider fromsimulation and measurement
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frequency band. Figure 5.9 shows a poor isolation between port 2 and port 3 as expected,

because there is not any resistance between output ports. Amplitude balance in Figure 5-10

Figure 5.8: Transmission of three port SIW power divider from simulation and measurement

Figure 5.9: Isolation between output ports of the three portSIW power divider

is less than±0.5dB from 9.5 GHz to 11 GHz. Phase difference in Figure 5-11 between∠S 21
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and∠S 31 is about±4o . The amplitude balance and phase balance is not too sensitive to

frequency of operation in design frequency band.

Therefore this SIW power divider is suitable for some applications like amplifier, because the

non sensitivity to operation frequency is an important factor for these applications. In the

all above mentioned cases simulation and measurement results are in a good agreement with

each other.

Figure 5.10: Amplitude balance of three-port SIW power divider

Figure 5.11: Phase difference of three-port SIW power divider
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5.3 Five-Port Substrate Integrated Waveguide Power Divider Design, Simula-

tion and Fabrication

5.3.1 Five-port SIW Power Divider Design Consideration

In this subsection a five-port SIW power divider power divider design is presented. The steps

in designing a five-port SIW power are similar to that of a three-port SIW power divider. The

firstly by considering the operation frequency and cut-off frequency the width of the first layer

has been determined then width of the second layer and width of the third layer have been

determined by considering the equivalent circuit and matching the input port.

This SIW power divider is shown in Figure 5-12. It consists ofthree PCB layers. There is

one slot in the first layer and two slots in the second layer. The electromagnetic wave has

been propagated from these slots. The TRL standards are the same as three-port SIW power

dividers, so the widths of the output port are the same. The measurement set up in part 4-4

has been used for reconstruction of the S-parameters of the DUT. DUT of a five-port SIW

Figure 5.12: Five-port SIW power divider

power divider is shown in Figure 5-13. Three layers are presented separately. There are two

slots in the second layer for propagating the electromagnetic waves from the first layer to the

third layer. The widths of the slots are the same in all layersand it is 1 mm. The slots of the

first and the second layer are surrounded by vias in order to avoid any radiation from the end

of the structure. The slot-position is symmetric with respect to upper layer. The slot-position
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Figure 5.13: DUT of five-port SIW power divider

affects the input return loss and the amount of power which has been transferred to each port.

By using the set up mentioned actually the S-parameters of the Figure 5.13 has been mea-

sured. Output of this structure can be connected directly tomicrostrip array antenna as a feed

network, therefore its electrical performance must be known. This is an equal power divider,

but by changing the width of the output ports the amount of power which is transferred to

each port can be change. So the unequal power divider can be accomplished.

5.3.2 Experimental Results of Five-Port SIW Power Divider

The fabricated five-port SIW power divider is shown in Figure5-14. It is made of RO4003

with thickness h=0.51 mm. Its dimension is given in Table 5.2. This is fabricated and mea-

sured in microwave laboratory of METU University. Three layers have been attached together

with screw.

The simulation and measurement results are shown in Figures5-15, 5-16, 5-17, and Figure

5-18. A good agreement is seen between simulation and measurement results of DUT over

the frequency band from 9.5 GHz to 10.5 GHz. The measured datahave been obtained based
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on TRL calibration and reconstruction method. The isolation between port 4 and port 5 is

shown in Figure 5-19. The isolation between the other ports is the same asS 45. There is not

a good isolation as expected because there is not any resistance between output ports.

Figure 5.14: Picture of five-port SIW power divider

Table 5.2: Five-port SIW power divider dimension (mm).

Length Width
First Layer 8.2 9
Second Layer 32 11
Third Layer 7 11
Transition Part 2.6 2

The measured amplitude difference and phase difference betweenS 21 and S 31 of five-port

SIW power divider are shown in Figure 5-20 and Figure 5-21 respectively. Amplitude balance

is less than±0.5 dB from 9.5 GHz to 10.8 GHz, and phase balance is approximately ±0.5o.
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Figure 5.15: Transmission of five-port SIW power dividerS 21

Figure 5.16: Transmission of five-port SIW power dividerS 31
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Figure 5.17: Transmission of five-port SIW power dividerS 41

Figure 5.18: Transmission of five-port SIW power dividerS 51
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Figure 5.19: Isolation of five-port SIW power divider

Figure 5.20: Amplitude balance of five-port SIW power divider
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Figure 5.21: Phase difference of five-port SIW power divider

The phase balance and amplitude balance are not too sensitive to operation frequency in de-

sired band. There are similar results between other output ports.
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CHAPTER 6

LOW LOSS SUBSTRATE INTEGRATED WAVEGUIDE

6.1 Introduction

Compact and low loss integrated components are the key element in designing telecommuni-

cation systems which are operating in the microwave and millimeter-wave frequency range.

Metallic waveguides have also been widely adopted, but sometimes their use is unpractical be-

cause of weight and size and integration problems with planar structure. Substrate integrated

waveguide (SIW) is an interesting alternative that solves these problems. Like metallic rect-

angular waveguide (RW), substrate integrated waveguide isan electromagnetic-interference-

free-component. Compared with rectangular waveguide, SIWhas well known advantages like

low loss, low cost and high density integration with microwave and millimeter wave compo-

nents. Integrated rectangular waveguide concepts have been studied in previous chapters.

One of the major issues for the applicability of SIW in millimeter-wave components design is

related to its losses.

Loss mechanisms in SIW have been discussed in some papers [97]-[98].Wave mechanism and

leakage characteristic of SIW have been reported in [99]-[103]. SIW structures suffer from

ohmic loss, radiation loss and dielectric loss. Since the SIW is not completely shielded due to

gap between slots, there is a radiation loss from the possibility of the leakage wave through

these gaps. Ohmic loss is related to finite conductivity of metal walls and finally dielectric

loss is due to the loss tangent of dielectric material. It is shown that all these losses can be

minimized if the vias have large diameters and closely spaced.

Dielectric loss is the major source of loss in SIW and it is significantly larger than two other

losses. So decreasing the dielectric loss would have significant role in decreasing the total

dissipated power in SIW. The main idea in order to get low dielectric loss is using air instead
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of dielectric in SIW as a transmission medium. Removing the dielectric substrate from the

middle part of the SIW as illustrated in Figure 6-1 is a desired method to decrease the dielec-

tric loss.

Partially filled SIW (PSIW) in Figure 6-1 has been covered with two metal covers like up

Figure 6.1: Partially filled SIW

and down wall of waveguide. The low loss SIW with this technique has been designed and

fabricated. Then a low loss power divider has been produced based on this technology. Power

dividers are the key element in microwave and millimeter wave systems. However, available

SIW power dividers in the multi-way port environment have large size due to lateral port dis-

tribution and the loss problems. In the available SIW power dividers the size problem has

been improved by stacking the layers, but the loss problem still exists.

In our proposed PSIW power divider both problems have been investigated and improved.

Firstly the size reduction has been achieved by stacking thelayers. Then by increasing

the number of ports only the length of the structure is increased and its width remains un-

changed. Secondly by removing the dielectric the loss can bedecreased. The comparison of

S-parameters of this power divider with similar power dividers [103] shows that total loss has

been decreased due to decrease in dielectric loss. The low profile property of SIW can be

developed and utilized in multilayer structures [78], somewhat similar to the presented con-

figuration in the current study. However, this study is much more convenient for applications

like antenna array feed network designs.
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In order to measure the SIW structure, tapered transition parts have been used. These parts

can change the loss property of the structures. Hence the S-parameters of the main structure

is a matter of concern and not a transitions parts. This leadsto use thru-reflect-line (TRL)

calibration technique. In the light of appropriate PSIW TRLstandards the unwanted effects

of transition parts will be removed. This procedure has beenexplained at the following sub-

sections.

6.2 Wave Propagation Mechanisms in SIW

In order to investigate the loss mechanism in SIW, firstly thewave propagation mechanism in

SIW and its similarity and dissimilarity with rectangular waveguide will be discussed. The

effect of vias in SIW will be similar to the effect of slots on the narrow wall of RW. Radiation

loss will be appears due to leakage wave in SIW. The propagation characteristic of SIW is

similar to classical rectangular waveguide, with a few basic differences.

The mode of an SIW practically coincides with a subset of the mode of RW. Due to the gaps

between metal vias, onlyT Em0 (m = 1, 2, ...) modes can exist in SIW [101]. In particular,

the fundamental mode is similar to theT E10 mode of a RW, with vertical electrical current

density on the side walls. Surface current distribution of the RW atT E10 mode is shown in

Figure 6-2. It can be seen that the surface currents on narrowwalls are parallel to SIW vias.

The SIW structure can be regarded as a special RW with a seriesof slots on the bilateral

Figure 6.2: Surface current distribution of the rectangular waveguide

narrow walls. If the slots cut the currents, a large amount ofradiation may appear. This is
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a well established design principal of waveguide slot antenna. However, if the slots are cut

along the directional of current flowing, there is only very little radiation. The vias at the SIW

structure do not cut the surface current, on the narrow walls, so the mode can be presented in

the structure. The otherT Em0 modes have similar surface currents on the narrow walls. This

is whyT Em0 mode can exist in the SIW structures.

If the T M modes propagate in a RW with slot in the narrow walls, transverse magnetic fields

will produce a longitudinal surface current. The transverse slots cutting these currents will

bring about a large amount of radiation. By the same reason, those slots will also yield a large

amount of radiation ifT Emn(n , 0) mode travel in the RW with slots on the narrow walls.

Therefore slots radiation suggests that onlyT E10 mode would be allowed in the structure.

6.3 Dielectric Loss in SIW

As mentioned in introduction, there are three sources for losses in SIW, and dielectric loss is

larger than two other losses. In order to calculate the dielectric loss constant, PSIW must be

analytically analyzed. For modeling and analysis of SIW structure some techniques have been

reported [104]-[106]. These analyses may briefly be classified into the following groups:

1) Analysis based on full wave technique.

2) Analysis based on the method of moment (MOM).

3) Analysis based on surface impedance.

The advantages and disadvantages of these methods have beendiscussed in relevant papers.

PSIW will be analyzed based on the surface impedance conceptat the subsequent procedure.

Firstly the partially filled rectangular equivalent waveguide of PSIW will be established. Then

by using the well known formula for electric field and magnetic field in partially filled rectan-

gular waveguide, surface impedance of the structure will becalculated. Finally dielectric loss

constant based on known field distribution in partially filled waveguide will be worked out.

Top view of PSIW in Figure 6-1 and proposed equivalent RW is shown in Figure 6-3. Both

structures include two dielectric parts in corners with an air part in middle of the structures.

At PSIW ”d” is the width of air part and ”a
′
” is width of total structure. In equivalent RW

also ”d” is air part width and ”a” is width of RW. As shown in Figure 6-3 the metallized via
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are replaced by RW walls in equivalent RW. The distance between adjacent vias is ”w”.

Figure 6.3: Top view of PSIW and its equivalent RW

For T E10 mode propagation in a rectangular waveguide functions are:[107]

Ex = 0 Hx =
1
ẑ
(
∂2

∂x2
+ k2)Ψ

Ey = −
∂Ψ

∂z
Hy =

1
ẑ
∂2Ψ

∂x∂y

Ez =
∂Ψ

∂y
Hz =

1
ẑ
∂2Ψ

∂x∂z

ẑ = jωµ

(6.1)

Ψ =















































Asinkx1(
a
2
+ x)cos(ky1y) if −

a
2
≤ x ≤

d
2

Bcos(kx0x)cos(ky0y) if − d
2
≤ x ≤ d

2

Asinkx1(
a
2
− x)cos(ky1y) if

d
2
≤ x ≤ a.

(6.2)

In the above formulaskx1 andky1 are the propagation constant of dielectric part in x and y

direction respectively.kx0 andky0 are related to air part of PSIW. The surface impedance of

the structures is given as follows [104]:
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ηs0 =
jωµW

4
ln

W
4R

(6.3)

R is the radius of cylinder and W is space between two cylinders andω = 2π f . The surface

impedance for RW is :

ηs =
Ey

Hz
at x =

a′

2
(6.4)

Ey = −
∂Ψ

∂z
= jkzΨ

Hy = −
1
ẑ
∂2Ψ

∂x∂y

(6.5)

Then,ηs due to RW can be calculated by using (6-4) and (6-5). The equality ηs0 = ηs gives:

W
4

ln
W
4R
=

1
√

(ω2µǫ − k2
z )

tan
( (a − a′)

2

√

(ω2µǫ − k2
z )

)

(6.6)

W
4

ln
W
4R
= C

C is a constant value because after designing the SIW, the value of R and W are constant.

Boundary condition will be applied as follows:

Ez(y = 0, b) = 0 ⇒ ky1 = kyo =
nπ
b

n = 0, 1, 2, ... (6.7)

b is the height of PSIW Continuity of fields atx =
d
2

:

Ey

(

x =
d
2

)

⇒ Asin
(

kx1
(a − d)

2

)

= Bcos(kx0
d
2

) (6.8)

Hy

(

x =
d
2

)

⇒ kx1cos
(

kx1
(−d + a)

2

)

= Bkx0sin(kx0
d
2

) (6.9)

from (6-8)and (7-8)⇒

kx1cotan
(

kx1
(a − d)

2

)

= kx0tan(kx0
d
2

) (6.10)

it is known that:

k2
x1 = ω

2µǫ = k2
z + k2

y1 + k2
x1 (6.11)
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k2
x0 = ω

2µ0ǫ0 = k2
z + k2

y1 + k2
x1 (6.12)

kx1 andkx0 are the wave numbers in dielectric substrate and free apace respectively. For

T E10 mode (n=0) ky1 = ky0 so by using (6-10),(6-11) and (6-12) one can write:

√

ω2µǫ − k2
z cotan

(
√

ω2µǫ − k2
z
(a − d

2
)

)

=

√

ω2µ0ǫ0 − k2
z tan

(
√

ω2µ0ǫ0 − k2
z
(d
2
)

)

(6.13)

from (6-6) it can be found that:

a = a
′
+

2
√

ω2µǫ − k2
z

tan−1C
√

ω2µǫ − k2
z (6.14)

thena can be substituted bya
′
in (7-14) and it becomes:

√

ω2µǫ − k2
z cotan

(

√

ω2µǫ − k2
z
(a
′

2
+

2
√

ω2µǫ − k2
z

tan−1C
√

ω2µǫ − k2
z
)

)

−

√

ω2µ0ǫ0 − k2
z tan

(
√

ω2µ0ǫ0 − k2
z
(d
2
)

)

= 0

(6.15)

In equation (6-15) the only unknown iskz and it can be found by a proper MATLAB program.

This is done for our design. Then the equivalent RW length canbe found from (6-14).

6.4 Attenuation Constant Due to Dielectric Loss

Attenuation constant due to dielectric loss can be found by using the well known formula.

αd =
Pd

2P
(6.16)

Pd =
1
2
ωǫ”

∫

|E|2dv

P =
1
2

Re
∫

[E × H∗]ds

αd ⇒ Attenuation constant due to dielectric loss

Pd ⇒ Power loss due to dielectric

P ⇒ Power through the waveguide

Pd =
ωǫ” lbA2k2

z

2

(

a − d
2
− sin(kx1(a − d))

2kx1

)

(6.17)
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P =
B2kzb
2ωµ

(k2 − k2
x0)

(d
2
+

sin(kx0d)
2kx0

)

+
kzA2b
2ωµ

(k2 − k2
x1)

(a − d
2
−

sinkx1(a − d)
2kx1

)

(6.18)

In order to examine the analytical results, you can considerthe following example. A PSIW

has been simulated with Ansoft HFSS software, and the simulation results have been com-

pared with analytical results. PSIW is shown in Figure 6-4.

Figure 6.4: DUT of proposed PSIW structure

For this structure d=19 mm,a′=3 mm and substrate is RO4003 with b=0.51 mm. Prop-

agation constant in z direction due to PSIW which has been found from simulation and

analytical solution is shown in Figure 6-5. According to this Figure, the cut -off frequency is

about 6 GHz. There is a good agreement between them.

Kx0 andKx1 are the propagation constant in x direction due to air part and dielectric part of

PSIW respectively. Both are shown in Figure 6-6.

Dielectric losses in Figure 6-7 are in a good agreement with each other. The analytical dielec-

tric loss was computed from (6.16),(6.17) and (6.18) for theabove PSIW structure. The high

degree of similarity between the two results in Figure 6-6 shows that the proposed equivalent

circuit and analytical method are valid.
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Figure 6.5: Propagation constant in z direction of PSIW

Figure 6.6: Propagation constant in x direction of PSIW
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Figure 6.7: Dielectric loss of PSIW
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6.5 Design of Partially Filled SIW Power Divider

6.5.1 SIW Design

PSIW is a synthetic rectangular waveguide formed by top and bottom metal covers and two

sidewalls of metallic via-holes. PSIW operates inT Emo modes. With the knowledge of pitch

between consecutive vias and via diameters, it can be replaced by an equivalent rectangular

waveguide as mentioned in subsection 6-3. The equivalent width (ae) is computed using the

method presented in [3]. The cut-off frequency for dominant mode of rectangular waveguide

is given as follows:

fcmn =
kc

2π
=

1
2π
√
µ0ǫ0

√

(
mπ
ae

)2 + (
nπ
b

)2 (6.19)

f10 =
1

2ae
√
µ0ǫ0

(6.20)

where b is the substrate thickness,ae is the equivalent width of SIW,µ0 andǫ0 are the per-

mittivity and permeability of the free space, respectively. By using the above formula width

of the first layer will be calculated based on the cut-off frequency. The electrical field lines

of a PSIW atT E10 mode are shown in Figure 6-8. This is similar to rectangular waveguide

field lines. The discussion about SIW wave propagation mechanism in subsection 6.2 can be

Figure 6.8: E-Field lines for PSIW top view

developed to PSIW structure. The main part of the transmission media in PSIW is filled with

air and a small part at the corner are dielectric substrate. So cut-off frequency which can be

found from (6-18) may be a little different from the one that is achieved through simulation.
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Current distribution forT E10 is shown in Figure 6-9. The vias of PSIW are parallel to current

Figure 6.9: The current distribution on PSIW for TE10

distribution, so there is a little amount of radiation. Generally, low radiation loss of the SIW

structure can be obtained with large and closely spaced vias.

The proposed PSIW in Figure 6-4 must be adopted so that it can be measured with vector

network analyzer (VNA). The adopted PSIW is shown in Figure 6-10. Two tapered parts

Figure 6.10: Proposed PSIW structure

for reducing the unwanted effect of changing in the transmission media from air to dielectric

have been made. The electromagnetic wave is propagating from dielectric to air in input side

of the PSIW line and from the air to dielectric at output side of the PSIW line by using the

tapered sections. There are two covering parts in top and bottom of the PSIW line. These
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covering parts are easily attached to the tapered parts without having any effect on electri-

cal performance of the component. There are two other tapered parts in connection points

between SIW and microstrip line. Their task is mode matchingof the SIW to microstrip line.

6.5.2 Three-Port PSIW Power Divider Design

The similarity of PSIW power divider with E-plane power divider encourages the researcher

to use E-plane power divider design procedure for designingPSIW counterpart. E-plane SIW

power divider design procedure and its equivalent circuitsare given in [56] and [103]. Our

proposed PSIW power divider is illustrated in Figure 6-11. It consists of three layers. The first

and the second layers are made from RO4003 withǫr=3.55 andtanδ=0.0027 which is cut in

middle part. The second layer is cooper with 0.3 mm thickness. The thickness of copper layer

affects the S-parameters of the structure. Experimental experience indicates that thin copper

layer is suitable for covering the structure. But if a very thin layer is selected, the copper

easily bends, making the height of the structure changed andthis will produce a bad effect

on the results. Thus the optimum thickness of the copper layer between the available copper

in laboratory is 0.3 mm thickness. There is a slot in the second layer for propagating the

electromagnetic wave from layer 1 to layer 3. The minimum width of the slots produce good

results but it is possible to have 1 mm slot width with available instruments. This technology

of manufacturing E-plane PSIW power dividers is very simpleand efficient. By increasing the

number of ports only the length of the structure is increasedand its width remains unchanged.

Therefore this method could be developed to design an n-way PSIW power divider. The

dimension of PSIW power divider without transition parts isshown in Table 6-1.

Table 6.1: Dimensions of PSIW power divider (mm).

Length Width
First Layer 4 16
Slot 16.6 1
Third Layer 8 20.6
Transition Part 4.6 1.5
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Figure 6.11: (a) The proposed PSIW power divider (b) Configuration of PSIW with three
different layers
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6.6 TRL Procedure

In order to measure the SIW structures, they must be connected to microstrip line with tran-

sition parts. These tapered parts and microstrip line affect the loss of SIW structure. So their

contributions must be removed. This is achievable in the light of TRL calibration. Three TRL

calibration standards which have been used for PSIW power divider measurement are shown

in Figure 6-12.

Figure 6.12: TRL Standards (a) True (b) Line (c) Reflect

As it is shown, these standards are hollow inside and containtwo different error boxes. The

error boxes have been designed by considering the input and output ports of PSIW power

divider. For avoiding any radiation effects the reflect standard is a short circuit. The through

standard is made by connecting the two error boxes directly together.

At the TRL calibration procedure in [57], the S-parameter ofDUT is calculated by assumption

of two identical error boxes. But in PSIW standards, error boxes are different from each

other. Also, by selecting the TRL mode in the VNA, the processcan be completed. The

mathematical calculation of DUT parameters has been done asfollows.

Signal flow graph for line standard with two different error boxes are shown in Figure.6-13.
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Figure 6.13: Signal flow graph for Line connection

By using the T-parameters or cascading parameters, it can bewritten:

[Tm] = [Tx][TA][Ty] (6.21)
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The thru has been applied so:

[Tmt] = [Tx][TAt][Ty] = [Tx][Ty] (6.26)

Since for thru connection:

[TAt]
de f
=





















1 0

0 1





















(6.27)
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The line has been applied so:

[Tmd] = [Tx][TAd][Ty] (6.28)

where

[TAd]
de f
=
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0 e−γl





















(6.29)

For this matched lineS 11A = S 22A means thatT21A = T12A

[TY ] = [Tx]
−1[Tmt] (6.30)

Substituting into (6-28) :

[M][TX] = [TX][Ad] (6.31)

where

[M]
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Rewriting (6-31) gives:
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(6.33)

m11X11+ m12X12 = X11e−γl (6.34)

m21X11+ m22X21 = X21e−γl (6.35)

m11X12+ m12X22 = X21e−γl (6.36)

m21X12+ m22X22 = X22e−γl (6.37)

Eliminatinge−γl from (6-34) and (6-35) yields

m21

(X11

X21

)2
+ (m22− m11)

(X11

X21

)

− m12 = 0 (6.38)

Eliminatinge−γl from (6-36) and (6-37) yields

m21

(X12

X22

)2
+ (m22− m11)

(X12

X22

)

− m12 = 0 (6.39)
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The solution for (6-38) and (6-39) are the same, but root choices must be done.

(X11

X21

) de f
= a = e00−

e01e10

e11
(6.40)

(X12

X22

) de f
= b = e00 (6.41)

e00 = b (6.42)

(e01e10)
e11

= b − a (6.43)

Similar procedure can be used for[TY ].

[TY ][N] = [TAd][TY ] (6.44)

where

[N] = [Tmt]
−1[Tmd] =
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Finally two equation are found as follows:

n12

(Y11

Y12

)2
+ (n22− n11)

(Y11

Y12

)

− n12 = 0 (6.46)

And

n12

(Y21

Y22

)2
+ (n22− n11)

(Y21

Y22

)

− n21 = 0 (6.47)

There are some definitions.
(Y11

Y12

) de f
= c = −e33+

e23e32

e22
(6.48)

(Y21

Y22

) de f
= d = −e33 (6.49)

e33 = −d (6.50)

e23e32

e22
= c − d (6.51)

Reflect standard has been used to finde11 ande22.With reflectionΓA coefficient at port 1 of

error box X:

Γmx = e00+
(e10e01ΓA)
1− e11ΓA

(6.52)

ΓA =
1

e11
+

b − Γma

a − Γmx
(6.53)
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With the same terminationΓA on port 2 of the error box Y:

Γmy = e33+
(e23e32ΓA)
1− e22ΓA

(6.54)

ΓA =
1

e22
+

d + Γmy

c + Γmy
(6.55)

EliminatingΓA from (7-53) and(7-55):

1
e22
=

1
e11

( c + Γmy

d + Γmy

)(b − Γmx

a − Γmx

)

(6.56)

During the thru connection,e22 with the port 1 reflectionΓm1 can be calculated.

Γm1 = e00 +
(e10e01)e22

1− e11e22
(6.57)

e11 =
1

e22

(b − Γm1

a − Γm1

)

(6.58)

the value of
1

e22
from (7-56) and (7-58):

e11 =

[

(b − Γmx

a − Γmx

)( c + Γmy

d + Γmy

)(b − Γm1

a − Γm1

)

]

1
2 (6.59)

And from(7-58):

e22 =
1

e11

(b − Γm1

a − Γm1

)

(6.60)

(e10e01) = (b − a)e11 (6.61)

(e23e32) = (c − d)e22 (6.62)

from thru connection:

S 21m = e10e32
1

1− e11e22
−→ e10e32 = S 21m(1− e11e22) (6.63)

S 12m = e01e23
1

1− e11e22
−→ e01e23 = S 12m(1− e11e22) (6.64)

ΓA andγl can be found as:

ΓA =
1

e11

(b − Γmx

a − Γmx

)

(6.65)

e2γl =
bm21+m22

1
a

m12+ m11

In this way error boxes have been characterized and the S-parameters of DUT can be calcu-

lated.
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6.7 Experimental Results of Three-Port PSIW Power Divider

Picture of fabricated PSIW power divider is shown in Figure 6-14. Port 1 is the input port

and ports 2 and 3 are the output ports. Two RO4003 substrate with ǫr=3.55, tanδ=0.0027

and 0.51 mm thickness are used to create the first and third layers. The second layer is a

piece of copper with 0.3 mm thickness. These layers have beenattached together and covered

with two RO4003 substrates as top and bottom layers. Figure 6-15 shows the comparison of

simulated and measurement results of PSIW, return loss and transmissions.

These parameters have been measured with TRL calibration method, so they present the

Figure 6.14: (a)Three layers of fabricated PSIW (b) Top view(c) Bottom view

S-parameters of device under test (DUT) without any effect of transition parts. The measured

transmission coefficients are between -3 dB and -3.5 dB from 8.75 GHz to 10 GHz. Return

loss is less than 10 dB at the same frequency band. Simulationand measurement results are in

a good agreement with each other. As shown in Figure 6-16, themeasured amplitude balance

is between±0.2 dB from 8.75 GHz to 10 GHz. The measured phase difference between

∠S 21 and∠S 31is about±40. It shows that the amplitude balance and phase balance is nottoo

sensitive to frequency of operation.
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Figure 6.15: Simulation and measurement results of PSIWpower divider (a-b) Transmissions
(c) Return Loss
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Figure 6.16: (a) Amplitude balance (b) Phase balance of PSIWpower divider
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6.8 Five-Port PSIW Power Divider Design

A five-port PSIW power divider has been designed and simulated. RO4003 substrate with

ǫr=3.55,tanδ=0.0027 and 0.51 mm thickness has been used for simulation. The port positions

are shown in Figure 6-17. Different layers have been shown in Figure 6-18 individually.

The tapered parts and transition parts design procedure aresimilar to three-ports PSIW power

Figure 6.17: Five-port PSIW power divider

Figure 6.18: Configuration of five-port PSIW power divider

divider. The input port transition parts are different from output ports transition parts, so the

TRL standards have different error boxes in their two ports. It consists of three PCBlayers
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and two copper layers with 0.3 mm thickness as shown in Figure6-18. The dielectric layers

have been cut inside and dielectric part has been removed. These parts have been covered by

copper layers. There is one slot in the first copper and two slots in the second copper. The

slot position is symmetric due to upper layer. The electromagnetic wave has been propagated

from these slots to upper layers. The slot width is 1 mm. The via diameter and the space

between vias is 0.8 mm and 1 mm respectively. Transition partwidth and length are 8 mm

and 12.48 mm respectively. The tapered part has 8 mm width and4 mm length. S-parameter

of whole PSIW structure without transition part is a matter of concern. The DUT of the five-

port PSIW is shown in Figure 6-19. The dimension of DUT is given in Table 6-2.

Figure 6.19: DUT of five-port PSIW power divider

Table 6.2: Dimensions of five-ports PSIW power divider (mm).

Length Width
First Layer 6 15.6
Second Layer 60 20.6
Third Layer 11 22.6
Transition Part 12.5 8

The simulation results of five-port PSIW power divider are shown below. According to the

Figure 6-20 the return loss is below than 10 dB from 9 GHz to 11 GHz.The transmissions in

Figure 6-21 are between 6 dB and 6.5 dB at the same frequency band.
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Figure 6.20: Simulation results of five-port PSIW power divider, Return loss

Figure 6.21: Simulation results of five-port PSIW power divider, Transmissions

Isolation between port 2 and port 3 is shown in Figure 6-22. There is not a good isolation be-
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Figure 6.22: Simulation results of five-port PSIW power divider, Isolation

tween output ports as expected, because there is not any resistance between outputs. Isolation

between other ports is similar to that shown in Figure 6-22.
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CHAPTER 7

CONCLUSIONS

7.1 Thesis Summary and Conclusions

SIW based component has some advantages like low cost, low weight, and capability to in-

tegration with other components. The three-port and five-port SIW power dividers have been

designed and fabricated. Compact in size and the capabilityof being developed into n-port are

two important factors in design process. Generally, the design procedure has two main parts.

First part is SIW design, which is done based on the similarity between SIW and rectangular

waveguide. Second part is SIW power divider design which hasbeen completed based on

similarity between SIW power divider and E-plane power divider. The measurement results

are in a good agreement with simulations. As it has been explained in chapter 4, a novel

measurement set up has been established for TRL calibrationof multi-port device. This set

up has been used for reconstruction of the S-parameters of both structures. The fabrication

process and the measurement results can be summarized as follows:

• For three-port SIW power divider the return loss below -10 dBhas been achieved from

9 GHz to 11 GHz. Transmissions are between -3.5 dB to -4 dB at the same frequency band.

There is a poor isolation between output ports as expected, because there is not any resistance

between output ports. Measured amplitude balance is less than± 0.5 dB from 9.5 GHz to

11 GHz and the measured phase difference between∠S 21 and∠S 31 is about±4o . It can be

concluded that the amplitude balance and phase balance is not too sensitive to frequency of

operation.

• For five-port SIW power divider, transmissions are approximately between -6.5 dB to -7

dB from 9.5 GHz to 10.5 GHz. There is a poor isolation between output ports as expected,
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because there is not any resistance between output ports. Measured amplitude balance is less

than±0.5 dB from 9.5 GHz to 10.8 GHz, and the phase balance is approximately±0.5o. The

phase balance and amplitude balance are not sensitive to operation frequency in the desired

band. There are similar results between other output ports.

• Loss mechanism in SIW structure has been investigated. Dielectric loss is considerably

larger than the other losses. PSIW structure has been proposed, in which dielectric loss has

been significantly decreased. At the PSIW structure transmission medium is air instead of di-

electric. Three- port PSIW power divider has been designed and fabricated. Its measurement

has been accomplished with TRL standards. These TRL standards have been constructed with

two different error boxes. The design and measurement procedure is similar to the full SIW

power dividers.

• For a three-port PSIW power divider, transmission coefficients are between -3 dB and

-3.5 dB from 8.75 GHz to 10 GHz. Return loss is less than 10 dB atthe same frequency

band. Measured amplitude balance is less than±0.2 dB from 8.75 GHz to 10 GHz. The

measured phase difference between∠S 21 and∠S 31 is about∠4o. So it can be concluded that

the amplitude balance and phase balance is not too sensitiveto frequency of operation .

• For a five-port PSIW power divider, simulation the results show that return loss is below

than 10 dB from 9 GHz to 11 GHz. The transmissions are between 6dB and 6.5 dB at the

same frequency band. As expected isolation between output ports is poor, because there is

not any resistance between outputs.

7.2 Suggestions for Future Studies

SIW power dividers which have been reported in this thesis can be extended to focus on other

related areas. These areas might specifically deal with the following topics:

• There is low isolation between output ports in proposed SIW power dividers, so it seems

that by adding resistance between output ports high isolation can be achieved. The resistance

value and its positions may be critical issues.

• A five-port PSIW power divider can be used as a feed network forarray antenna with

four elements. Therefore it is valuable to proceed with manufacturing the five-port PSIW
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power divider. Measurement results of five-port PSIW power divider can be compared with a

fully dielectric five-port SIW power divider. Good measurement results encourage the future

researchers to use it as a beam forming network for array antenna.

• The simulation and measurement results for SIW power dividers which have been realized

in this thesis show narrow frequency band. Thus increasing the frequency band of the structure

will be a valuable subject.

• Unequal power divider is another important issue. The unequal power divider has been

used with strict restrictions, in both designing and fabricating. The most common unequal

power dividers reported [108]-[115] have been based on microstrip technology. These struc-

tures require a microstrip line with very high impedance, i.e. extremely low aspect ratio

(W�H) or very thin conductor width. It is almost impractical to realize a high impedance

line using the conventional microstrip structure. Although recently Defected Ground Struc-

ture (DGS) microstrip line has been reported to overcome thecharacteristic impedance prob-

lem[109], they have been used for low frequencies. Dual bandmicrostrip power divider in

[111] has been focused on operation centre frequency, but the performance at the frequencies

between these desired two bands has not been considered.

A muliway dual band planar power divider with arbitrary power division in [115] has been

reported. It is a very complicated structure and its operation frequency is low. The above

mentioned structures have the inherent limitation of the microstrip line like radiation loss. Es-

pecially in array systems employing microstrip feeding network, the beam forming network

(BFN) becomes more complicated as a number of array elementsincreases resulting in a sig-

nificant radiation loss caused by the conductor in microstrip line.

SIW as a high integrated microwave component can be employedfor the design of low loss

unequal power divider. SIW is an interference free component, so it is suitable for BFN ap-

plications. Some SIW unequal power dividers in [89] and [91]have been reported. There is

not a clear design equation for calculation of the amount of power desired to deliver to the

specific port. Moreover they are not compact in size, so by increasing the number of ports

the size problem becomes critical. Therefore an unequal SIWpower divider which is similar

to SIW power divider in this thesis, can overcome some of the above mentioned disadvan-

tages. The proposed SIW unequal power divider is illustrated in Figure 7-1. It includes two

layers which are attached to each other. There is a slot between layers for electromagnetic

coupling. The characteristic impedances of two output ports are different from each other due
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Figure 7.1: Unequal SIW power divider

to different dimensions of the ports. So the amount of power which has been propagated to

the ports can be controlled with ports′ dimensions. This idea can be developed for designing

PSIW unequal power dividers. The simulation results of unequal SIW power divide is shown

in Figure 7-2 and Figure 7-3. Table 7-1 shows the dimensions of the structure.

Table 7.1: Dimensions of unequal SIW power divider (mm).

Length Width
First Layer 8.2 9
Second Port 4 11.5
Third Port 4 17.5
Transition Part 4.6 1.5

Simulation results shows that return loss is below than 10 dBfrom 9 GHz to 11 GHz. Trans-

missions show that there is approximately 2 dB difference between output ports from 9.2 GHz

to 10.4 GHz. These results are very satisfactory when compared with the available unequal

power dividers which have been designed for a single frequency or dual mode structure have

been focused on center frequency of dual band.
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Figure 7.2: Return Loss of Unequal SIW power divider

Figure 7.3: Transmissions of unequal SIW power divider
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