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In the lower millimetre-wave frequency range, Substrate Integrated Waveguide (SIW) 

circuits have emerged as a reasonable compromise between rectangular waveguide and 

standard microstrip technologies. They are formed by a top- and bottom-metalized 

substrate and two arrays of plated or riveted holes (via holes) to replace the vertical 

metallic walls in conventional rectangular waveguide. Although many passive 

components known from traditional waveguide technology have been fabricated in SIW, 

one of the main challenges is to integrate active components with typical coaxial-type 

interfaces within the SIW environment. 

Therefore, the work presented in this dissertation focuses on new broadband transitions 

from SIW to other planar transmission-line technologies such as microstrip coplanar 

waveguide, coplanar strip line, slot line and coupled microstrips. Several of the new 

transitions are prototyped and experimentally verified. Two of these transitions are then 

used to integrate a low noise amplifier within SIW input and output ports. The 

measurements of fabricated SIW amplifier prototypes show very promising performance 

and clearly demonstrate successful integrations of active components within SIW. 

Finally, one of the new SIW-to-coplanar-waveguide transitions is employed as an 

interface to an SIW-based antenna, thus demonstrating the principle of connectivity of 

SIW to all currently used planar circuit technologies.  
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Chapter 1 Introduction 

1.1. Motivation and Background 

For the purpose of circuit integration in the millimetre-wave frequency regime, 

substrate-integrated circuits (SICs) have emerged as a successful compromise between 

all-metal waveguide and microstrip components, e.g. [1]. Substrate Integrated Waveguide 

(SIW) technology, which is more specifically targeted in this research, demonstrates a 

reasonable compromise between conventional Rectangular Waveguide (RWG) and 

Microstrip (MS) line in terms of loss and Q- factor, but it has the add-on advantage that 

the system can be entirely implemented on a single layer substrate platform. In this 

regard, the vertical metallic walls of the RWG are substituted with two arrays of plated 

via holes which are held by the substrate. Diameters of the vias and distances between 

them play a key role to confine the electromagnetic field and minimize the leakage loss 

[2]. Applications have been demonstrated up to the 100 GHz range [3, 4]. 

As SIW technology is meant to replace that of all-metal waveguides, at least one port 

of the SIW circuitry will be connected to an antenna. This is demonstrated in [5] and [6] 

by employing linearly tapered slot antennas. For connection to uni-planar types of 

antennas such as Vivaldi or Yagi, transitions to proper transmission line technologies, 

e.g. Coplanar-Strip-Line (CPS) or Slot-Line (SL), must be considered. An SIW transition 

to CPS is reported in [7]. 

The other SIW port will have to be integrated with active devices, e.g., low-noise 

amplifiers (LNAs) in millimetre-wave receiver systems, which commonly use coaxial 

(quasi-TEM-type) ports. It is common to interface SIW with microstrip lines, and design 

guidelines are available for single layered [8] and double layered [9] SIW-to-microstrip 
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transitions. In order to exploit connectivity to a higher level of integrated circuits, 

coplanar waveguide (CPW) technology is more amenable to integration with Monolithic 

Microwave Integrated Circuits (MMICs) or Miniature Hybrid Microwave Integrated 

Circuits (MHMICs) [10]. Thus SIW transitions to CPW have been proposed and realized 

in double layered [11] and single layered [12, 13] substrate configurations. However, the 

proposed single layered configurations employ conductor-backed CPWs which are prone 

to higher-order (waveguide-type) mode excitation, thus limiting bandwidth and 

complicating surface-mount component integration. However, they are advantageous in 

stacked multi-board applications. 

1.2. Substrate integrated waveguide 

Substrate Integrated Waveguide (SIW) is an emerging low-cost, low-profile and easy-

to-fabricate transmission-line technology which can be considered as an alternative to 

conventional waveguide technology in the millimetre-wave frequency range. In this 

regard, two arrays of plated or riveted holes (also referred to as via holes) in either 

rectangular or circular shapes, replace the vertical metallic walls in conventional 

Rectangular Waveguide (RWG). This is shown in Fig. 1-1 with all associate parameters 

which determine the frequency range of operation and the overall performance of the 

waveguide. One should keep in mind that SIW is a periodic structure and no analytical 

solution for evaluating its propagation characteristics is available. SIW based circuits 

form a reasonable compromise between microstrip and waveguide technologies in terms 

of loss, Q-factor, physical size, etc. Their advantages made an impact in the lower 

millimetre-wave frequency range, where microstrip components are increasingly lossy 

and waveguides too bulky. Ease of fabrication and integration with other waveguide-like 
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components make SIW an ideal candidate for mass production of future microwave and 

millimetre-wave circuits. Since low-cost, high Q-factor and accuracy are essential, active 

integrated SIW-based systems could replace bulky RWG configurations, thus yielding an 

ultra compact alternative for the receiver’s front end. In this manner, the entire circuit can 

be fabricated on a single layer platform.  

 

Figure  1-1 Substrate-integrated waveguide formed by 20 pairs of via holes and connected to 

all-dielectric waveguides of equivalent width. 

 

1.3. Design guidelines 

In order to make use of the large variety of waveguide design guidelines for the design 

of SIW circuits, the equivalent waveguide width of a SIW is of fundamental importance. 

It is also imperative in modeling SIW ports in commercially available software packages 

such as Computer Simulation Technology’s Microwave Studio (CST MWS – in this 

thesis referred to as CST) and Ansys’ High Frequency Structure Simulator (HFSS – in 

this thesis referred to as HFSS). Therefore, a number of procedures to determine the 

SIW’s equivalent waveguide width aequ have been proposed in the literature, e.g., [2], 

[14]–[18]. These models take into account the via hole diameter d, the longitudinal 

center-to-center spacing p, and the transverse center-to-center spacing a. The SIW 
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parameters are chosen according to a range of practical applications in which the 

equivalent waveguide width is used at some stages in the design process, e.g. [2], [14]–

[16], [18]–[22]. In [23] several models have been compared and it is shown that different 

models produce higher or lower reflection, depending on the ratio d/p of via diameter to 

spacing. Moreover, the influence of the substrate’s permittivity is demonstrated. 

Fig. 1-2 compares the electric field propagation of the fundamental mode in a slab of 

SIW and in its equivalent RWG section. It is shown that as long as a small longitudinal 

spacing between via holes is maintained, the electromagnetic energy can be confined 

within the two arrays of via holes, yielding similar propagation characteristics as in RWGs. 

 

Figure  1-2 Electric field propagation display in a slab of SIW (right) and in its equivalent 

RWG section (left). 

 
 

If the pitch length p is increased while the via hole diameter is unchanged, the 

electromagnetic field starts to radiate outside the via hole arrays. This would give rise to 

leakage loss in addition to the dielectric and conductor loss of the waveguide. The energy 

escaping the SIW channel is graphically shown in Fig. 1-3 where field propagation 

outside the interested region of the waveguide is observed. Thus it is imperative to select 
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SIW parameters such that the leakage loss is maintained within an acceptable range. The 

pitch length, the via hole diameter and their ratio prove to play a key role in confining the 

fields in an optimal manner, e.g. [15], [24, 25]. 

 

Figure  1-3 Electric field propagation comparison in two slabs of SIW with different via 

spacing. 

 

1.4. SIW-based components and devices  

A large variety of passive RF and microwave SIW circuits has appeared in the 

literature covering frequency ranges from 5 GHz [21], over 30 and 60 GHz [22], [26], to 

above 100 GHz [4], [27]. This includes a broad range of SIW filters, antennas, power 

dividers, couplers, etc. The design and synthesis of the component is usually carried out 

by applying standard procedures for dielectric-filled metal waveguides. The translation of 

the dimensions into an SIW structure uses the equivalence relation to waveguide width of 

the dielectric-filled metal waveguide model. Fine optimization of the SIW device 

completes the design. This step can be performed by means of commercially available 

electromagnetic field solvers, e.g. HFSS and CST, or other numerical techniques which 

can be applied to analyze SIW circuits [28, 29]. 
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Microwave and RF filter design is an indispensable part of any passive circuit 

analysis/synthesis and has been largely investigated for integration with other elements in 

an SIW based platform over the last few years, e.g. [18], [21], [30]–[38]. Filters with 

metallic posts and inductive irises in an SIW slab are reported in [30, 31]. Inter-resonator 

cross-coupled filters have been designed and manufactured in SIW technology in [32, 

33]. Filters in multi-layer SIW technology have also been addressed; however, such 

designs are challenging as accurate alignment of the metallic posts during the 

manufacturing process is a crucial factor in the performance of the device [18], [34]. 

Planar antennas in SIW technology, as one of the major parts of receiver and 

transmitter systems, have attracted significant attention, e.g. [7], [12], [14], [39]-[42]. 

Most of the designs reported in the literature apply an antipodal configuration which 

conforms to the SIW geometry. A uni-planar SIW antenna design has also been 

addressed through an asymmetric interface which translates both polarities into the same 

plane [7]. Numerous designs have emerged to cover different applications with broad-

band [12], [30]-[40], narrow-band [14], [41] or multi-beam requirements [42].  

A large variety of other SIW complementary passive components have also been 

investigated which find their rightful place as building blocks in many microwave and 

millimetre-wave integrated circuits [43]-[55]. A few examples are couplers [43]-[48], 

power dividers, multiplexers [49]-[52], T-junctions and orthomode transducers (OMTs) 

[53]-[55]. 

1.5. SIW transitions to other planar transmission line technologies 

For applications in state-of–the-art microwave systems, SIW will have to interface with 

other planar transmission-line media for the purpose of integrating active, nonlinear and 
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surface-mount components. Several transitions to microstrip and coplanar waveguide 

(CPW) technology have been proposed. They can be roughly divided into single-

substrate or multilayered substrate applications. Multilayered connections can be 

typically used in circuits involving a multilayered fabrication process such as Low-

Temperature Co-fired Ceramic (LTCC) [35]. Dual-layered SIW transitions to microstrip 

[9] or CPW technology [11] have been successfully proposed, but multilayered SIW 

circuit implementations often suffer from alignment problems. Thus the vast majority of 

recently published transitions from SIW to other transmission-line media have been 

proposed as single-layered circuits [7, 8], [12, 13], [56, 57]. Design guidelines to 

interface SIW with microstrip lines are available in [8] and [9].  In order to exploit 

connectivity to a higher level of integrated circuits, coplanar waveguide (CPW) 

technology is more amenable to integration with MMICs or MHMICs [9] due to the 

uniplanar arrangement of center conductor and ground planes. To accommodate such an 

interface, SIW-to-CPW transitions are reported in [1], [12], [13] using single-layer 

circuitry. However, all such designs employ conductor-backed CPWs with via-holed side 

walls which are known to be bandwidth-restricted due to higher-order mode propagation 

if the via holes are not close to the CPW slots, e.g. [58, 59]. This would therefore limit 

the potentially wider usable bandwidth and complicate surface-mount component 

integration.  

1.6. Research objectives  

While SIW technology has been largely explored as a low-cost, low-profile 

transmission line in passive microwave and millimetre circuits and devices, little research 

has been done to assess SIW performance in integration with active elements, e.g., Power 
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Amplifiers (PAs) and Low Noise Amplifiers (LNAs).  In [60] a 60 GHz receiver has been 

demonstrated by integrating millimetre-wave substrate-integrated waveguides with GaAs 

MMICs. The module includes a waveguide antenna and a filter, both realized in SIW  

and connected to MMIC LNA through a microstrip transition. The MMIC is immediately 

followed by a mixer and lumped elements for IF filtering. While the paper outlines the IF 

power measurements as well as the radiation pattern of the SIW antenna, crucial 

measurements and simulations including the return loss and the noise analysis of the 

device are not discussed. Furthermore, while it demonstrates the integration of active 

elements with SIW, the integration itself remains incomplete since no other SIW 

components are integrated at the other end of the MMIC LNA. This is addressed in [61] 

with a back-to-back configuration of an X-band single-transistor amplifier incorporated 

within SIW. The input and output matching networks are realized using SIW-based 

components which then connect to the MMIC through a 50 Ω microstrip line. The 

matching networks are indeed dc-blocking printed interdigital capacitors. While the 

device demonstrates promising performance in terms of S-parameters, the noise analysis 

of the device and the effects of interdigital matching circuits on the noise measurements 

are not addressed. In addition, while a matching circuit could be easily realized/optimized 

using interdigital capacitors for the lower range of microwave and millimetre-wave 

frequencies, it is a challenging and tedious task at higher frequencies.   

The objective of this research is to develop transition techniques from SIW to other 

planar transmission-line technologies to active devices, such as Low Noise Amplifiers 

(LNAs) or Power Amplifiers (PAs), and possibly surface-mount components on a single 

substrate layer. Then low-cost and low-profile active integrated SIW-based systems could 
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replace bulky RWG configurations, thus yielding an ultra compact alternative for receiver 

front end circuitry. Since a large number of SIW-based receiver cards may be integrated 

to form a two-dimensional, and eventually dual-polarized, phased array feed, it is 

important that the individual SIW circuits be mass-producible and tolerance-insensitive. 

This is especially true for current radio-astronomy applications, but it will also be 

beneficial to all other commercial technologies involving SIW circuitry in the millimetre-

wave frequency regime. 

The research objectives are concerned with (i) developing suitable transitions from 

SIW to (a) center-conductor-based transmission lines for amplifier integration and to (b) 

slot-based structures for drop-in techniques of surface-mount components; (ii) using such 

transitions to actually integrate active components including appropriate biasing 

networks; (iii) to integrate transitions within an SIW-based antenna; and (iv) to develop 

calibration standards and circuitry for reliable measurements and experimental 

characterization procedures. 

1.7. Contributions  

SIW is an emerging low-cost, low-profile and easy-to-fabricate transmission-line 

technology which can be contemplated as an alternate to conventional waveguide 

technology in the millimetre-wave frequency range. While this new technology is still in 

its research state and has not yet found its potential place in industry, ease of fabrication 

and interfacing with other waveguide-like components make SIW an ideal candidate for 

mass production of future microwave and millimetre-wave circuits. Since low-cost, high 

Q-factor and accuracy are crucial factors, integration with active devices such as LNA’s 

will yield an ultra compact receiver size, fabricated entirely on a single layer platform. 
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Thus the main objectives of this research are: 

a. to design, prototype and experimentally verify transitions from SIW to microstrip, 

coplanar waveguide, coplanar strip line and slot line technology, 

b. to integrate and experimentally verify active components, such as low-noise 

amplifiers within an SIW environment (This can be carried out via wire bonding or 

soldering/welding, depending on the type of amplifier and the substrate metallization. 

For the selected type of the LNA and the substrate soldering was the most appropriate 

method.) 

c. to demonstrate experimentally that the newly developed transitions can be effectively 

used in SIW-based antenna systems. 

The papers that have been published during the course of this research are summarized 

in the publication section of Chapter 5 of this thesis. 
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Chapter 2 Transitions From SIW To Planar Transmission Lines  

2.1. Introduction 

For the purpose of integrating active, nonlinear and surface-mount components in 

substrate-integrated waveguide (SIW) technology, a variety of transitions from SIW to 

other planar transmission lines have been explored. Typical performances are shown 

involving connections to microstrip, coplanar waveguide (both conductor-backed and 

regular), coplanar strip line and slot line technologies. These transitions are implemented 

in single-layer or multi-layer substrate format. 

2.2. Transitions from SIW to microstrip line  

Typical to all transitions involving SIWs is the requirement that the TE10-mode-like 

field in the SIW be adapted to the fundamental mode of the transmission line it is 

interfaced with. Due to the similarity between the fundamental waveguide and microstrip 

modes,  the  SIW-to-microstrip  transition  was  the  first  one  proposed  [62]  and  design  

 

Figure  2-1 A single transition from SIW to microstrip line 
 

guidelines are well understood [8]. Fig. 2.1 shows a single transition from SIW to 

microstrip where two main defining parameters, which determine the performance of the 

transition, are pointed out; Wt =2.3 mm is the width of the transition and Lt =2.7 mm its 
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length. The via hole center-to-center spacing p=1 mm (in propagation direction) and via 

hole diameter of d=0.72 mm are chosen to maintain the leakage loss within an acceptable 

range while avoiding a very tight via perforation. The transition is designed using the 

guidelines available from [8] to operate at K-band between 19-27 GHz and cutoff 

frequency of 15 GHz. Therefore once 

     2
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are applied, via hole center-to-center spacing a=7.28 mm (in transverse direction) and 

equivalent waveguide width   aequ= 6.75 mm are calculated (c.f. Fig.1-1). Using available 

design guidelines for microstrip transitions and optimizing the design as one final tuning 

step, a microstrip-to-SIW transition on RT/Duroid 5880 substrate, a 

polytetrafluoroethylene (PTFE) glass fiber with εr=2.2, tanδ=0.0009, substrate height 

h=0.508 mm, metallization thickness t=17.5 m, and conductivity σ=5.8x107 S/m is 

realized. The width of the microstrip line is synthesized using Agilent’s commercial 

software package Advanced Design Systems (ADS) LineCalc tool to yield a 50 Ω 

characteristic impedance for the given substrate and copper thicknesses. This gives rise to 

the strip’s width of 1.57 mm. The performance of the transition in terms of insertion and 

return loss are reported in Fig. 2-2. The maximum insertion loss of the transition is better 

than 0.25 dB between 19 GHz and 27 GHz and the return loss is better than 22 dB over 

the same bandwidth.  For measurement purposes, a back-to-back configuration of the 

transition must be calculated. This is shown in Fig. 2-3. 
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Figure  2-2 S-parameter simulation of a single SIW-to-microstrip transition. 

 

Figure  2-3 A back-to-back microstrip-to-SIW transition.   

 

The fabrication of the circuit took place at the PolyGrames Research Center of École 

Polytechnique de Montréal, and the measurement was carried out by the candidate on-

site.  The test bench is an Anritsu 3680K series Universal Test Fixture [63].  A schematic 

of the mechanical structure of the test bench is shown in Appendix A. The Vector 

Network Analyzer (VNA) used to perform the S-parameters measurement is an Anritsu 

37397 series [64], operating at the frequency range of 40 MHz to 110 GHz, c.f. Appendix 

A. 

In order to eliminate the effects of the connecting cables and the test fixture parts on 

the measurement, a Through-Reflect-Line (TRL) calibration kit is designed [65, 66]. This 

calibration standard, also known as LRL (Line-Reflect-Line), is mainly applicable to high 
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performance coaxial, waveguide or on-wafer ports. It has the highest accuracy and 

minimal standard definition while it requires very good transmission lines and is band 

limited. An example of a TRL kit with two delay lines is given in Appendix A.  

Fig. 2-4 shows a photograph and performance of a back-to-back microstrip-to-SIW 

transition. The length of the SIW section is 20 mm. The microstrip taper section, which 

has been fine-optimized for extended bandwidth, is clearly visible in the inset of Fig. 2-4. 

Simulations with HFSS, a Finite Element Method field solver, and measurements are in 

good agreement over the entire 16 GHz to 30 GHz bandwidth. The maximum insertion 

loss of the back-to-back transition excluding the length of the microstrip lines is better 

than one dB over most of the frequency range, except between 16.25 GHz and 16.95 GHz 

where it rises to up to 1.26 dB. The measured return loss is better than 15 dB between 

17.5 and 30 GHz (>50 percent). For single and back-to-back transitions, insertion loss 

values better than 1 dB and 1.5 dB and return loss values better than 20 dB and 15 dB, 

respectively, are typically acceptable for a reasonably good transmission performance. 

 

Figure  2-4 Photograph and simulated and measured responses of a back-to-back microstrip-

to-SIW transition. 
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2.3. Multi-layered transition from SIW to microstrip line  

Another transition from SIW to microstrip line can be carried out in a multi-layered 

configuration by an electrical coupling through a via hole. Fig. 2-5 shows the geometry of 

the transition. The three parameters dpad, dclr  and Lref  as well as the radius of the coupling 

via hole can be tuned to optimize the performance of the transition. Lref depends on the 

guided wavelength λg of the signal. In order to maximize the signal strength at the via 

hole location, this distance is initially set to be approximately λg/4 for the midband 

frequency. 

 

Figure  2-5 A single transition from SIW to microstrip line in a multi-layered configuration. 

 

Figure  2-6 Screen shot of the electric field as it travels through a multi-layered SIW-to-
microstrip transition. 
 

As can be seen from Fig. 2-5, while the signal travels in the SIW section of the lower 

substrate, it gets coupled through the via hole and is transferred to the upper substrate, 
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where it is guided by the microstrip line. This is more descriptively shown in Fig. 2-6 in a 

3D view and in Fig. 2-7 and 2-8 with electric field displays at different cross sections.  

 

Figure  2-7 Top view of the multi-layered SIW-to-microstrip transition. 
 

While this is an elegant design and would be a potential choice in circuits involving a 

multi-layer fabrication process such as LTCC, the via hole alignment is a factor which 

can impair the performance of the transition. However, no investigation with respect to 

the misalignment of via holes has been performed. 

Fig. 2-9 and Fig. 2-10 show the S-parameters of a single and a back-to-back multi-

layered microstrip-to-SIW transition on RT/Duroid 5880 substrate. The transition is 

designed using the design guidelines outlined in [9] to perform over the K-band 

frequency range. The maximum insertion loss of the single transition is better than 0.76 

dB over the entire 20-27 GHz bandwidth while the back-to-back transition is better than 

1.52 dB. The return loss for the single transition is better than 15 dB between 20.5 GHz 

and 26.5 GHz and that of the back-to-back transition remains below the same value 

between 20.5 GHz and 25.5GHz. The performance of transition is overall good; however, 

mostly due to the frequency dependence of Lref, it is not as wideband as the single-layered 

transition in the previous section. 
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                                (A)                                                                 (B) 

  
                                (C)                                                                 (D) 

  
                                (E)                                                                 (F) 

  
                                (G)                                                                 (H) 
Figure  2-8 Screen shots of the electric field at midband frequency of 23 GHz at different 

cross sections as it travels through the transition. (Note that field levels are arbitrarily scaled for 

better visibility.) 
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Figure  2-9 S-parameter simulation of a single multi-layered SIW-to-microstrip transition. 
 
 

 
Figure  2-10 S-parameter simulation of a back-to-back multi-layered SIW-to-microstrip 

transition. 

 

2.4. Transition from SIW to grounded coplanar waveguide (GCPW) 

While it is common and simple to interface SIW with microstrip lines, in order to 

exploit connectivity to a higher level of integrated circuits including surface-mount 

devices, coplanar waveguide (CPW) technology is more amenable to integration with 

MMICs or MHMICs. An example of such a transition with a ground plane has been 

designed on RT/Duroid 5880 substrate with εr=2.2, tanδ=0.0009, substrate height 

h=0.508 mm and metallization thickness t=17.5 m. Its operation is based on the division 



 19

of the electric field as in an E-plane waveguide T-junction. The transition is designed 

following the guidelines provided in [13] to operate in the K-band frequency range. For a 

given slot width of S=100 µm, the center conductor width is calculated to be Ws=2.3 mm 

for a 50 Ω impedance line. As for the transition performance, one can identify three main 

parameters that are adjusted to optimize the return loss and insertion loss properties. 

These parameters are labelled as Lt , Wt and Wedge in Fig. 2-11. 

 

Figure  2-11 A single transition from SIW to GCPW. 

 

The simulation results from the frequency domain solver of HFSS and the time domain 

solver (hexahedron mesh) of CST MWS for single and back-to-back SIW-to-GCPW 

transitions are shown in Fig. 2-12 and Fig. 2-13, respectively. For the single transition, 

the maximum insertion loss including all material losses is 0.30 dB. The return loss 

predictions differ between HFSS (24 dB, solid line) and CST (21 dB, dotted line) yet, in 

both cases, confirm good performances. In the case of a back-to-back transition, the 

insertion loss is calculated as 0.72 dB by HFSS and 0.69 dB by CST. The return loss 

exceeds the 20 dB mark at several frequencies as predicted by both HFSS (15.4 dB) and 

CST (14.5 dB). It is assumed that the SIW-to-SIW discontinuities at either end contribute 



 20

to the performance displayed in Fig. 2-13. Note that a back-to-back transition in [13] 

achieved a return loss of 20 dB over the entire Ka-band whereas a similar one in [12] 

failed to achieve 20 dB over a frequency range from 6 GHz to 10 GHz. That would 

suggest that the overall performance of a back-to-back transition depends on the length of 

SIW line between the individual transitions. 

Note that throughout this work, discrepancies between HFSS and CST MWS results 

are observed. Differences were brought to the attention of respective software support 

teams, and presented performances include their input and recommendations. 

 
Figure  2-12 Performance of a single SIW-to-GCPW transition. 

 
Figure  2-13 Performance of a back-to-back SIW-to-GCPW transition. 
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2.5. Transitions from SIW to coplanar waveguide (CPW) 

While the transition from SIW to GCPW is straightforward and easy to design as both 

transmission lines share a common ground plane, it is known to be band-limited due to 

the higher order mode propagation if the via holes are not placed at the very vicinity of 

the CPW slots. This spacing is furthermore limited due to the manufacturing process. 

Higher order modes are not desirable since they carry part of the wave energy. The 

location of the maximum of the field for the fundamental mode and the higher order 

modes are different and as a result, due to multi-mode propagation, the entire propagating 

power can not be coupled out by a single probe. Therefore, single mode propagation is a 

prerequisite for successful measurements.  

Transitions from SIW to regular CPW, without conductor backing and via-holed side 

walls, could be potentially more wideband because the next higher order mode is the 

surface mode which does not appear up to about 100GHz. 

Shown in Fig. 2-14 are the dispersion curves for a GCPW with via holes (dashed lines), 

using design considerations similar to those in [12], [13] and the regular CPW (solid 

line). For the substrate as specified in the previous section, the center conductor of the 50 

Ω regular CPW is 2.3 mm wide; its slot widths are 0.1 mm.  

It is noted that in the conductor-backed CPW (GCPW), the main waveguide mode due 

to vias and conductor backing appears at 34 GHz (dashed line) and thus limits the 

operational bandwidth of an SIW-to-GCPW transition which, due to the second 

symmetric mode in the SIW, could potentially extend to 45 GHz (dotted line). This 

limitation is not present in the regular CPW (solid line) whose surface wave will start 

propagating at beyond 100 GHz [67]. The propagation constant of the quasi-TEM mode 
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is higher in the GCPW (dashed line) since the field is more concentrated in the dielectric 

than in the regular CPW. The normalized propagation constant of the fundamental mode 

in the SIW (dotted line) approaches 1 48r . . 

 

Figure  2-14 Normalized dispersion diagram for regular CPW, SIW, and GCPW with via 

holes; kz and k0 are the propagation constants in the transmission line and in free space, 

respectively. 

 

Based on this investigation and as one of the main contributions of this work, five 

different transitions from SIW to regular CPW are developed and presented. These 

transitions are realized on RT/Duroid 6002 substrate, a PTFE ceramic with εr=2.94, 

tanδ=0.0012, substrate height h=0.508 mm, metallization thickness t=17.5 m, and 

conductivity σ=5.8x107 S/m. The frequency range of interest is 19 GHz to 27 GHz, and 

the cutoff frequency of the SIW is 15 GHz. All the transitions follow the same principal. 

The design of individual SIW-to-CPW transitions involves the rotation of electric fields, 

which are perpendicular to the substrate in the SIW, to settle into the slots of the CPW 

where they are oriented parallel to the substrate. By tracing instantaneous charges on the 

top and bottom planes of the SIW, Fig. 2-15 provides two different solutions for such a 

field rotation to take place. 
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                                          (a)                                               (b) 

Figure  2-15 Electric field rotations for SIW-to-CPW interconnects: Rotation A (a) and 

Rotation B (b). 

 

Rotation A (Fig. 2-15a) channels the presumed positive charges on the top plate of the 

SIW to the center conductor of the CPW and those on the bottom plate to the left and 

right ground planes of the CPW. Rotation B (Fig. 2-15b) transfers the presumed positive 

charges on the top plate of the SIW to the CPW ground planes and connects the SIW 

bottom plate to the center conductor of the CPW. 

2.5.1. SIW-to-CPW interconnects using rotation A 

Fig. 2-16 shows the top and bottom metallization planes of the three proposed 

transitions following the scheme of Rotation A. They are labelled Type I (Fig. 2-16a), 

Type II (Fig. 2-16b) and Type III (Fig. 2-16c) interconnects. Such transitions from the 

SIW to the CPW involve a section of microstrip line whose ground plane is gradually 

removed and thus forces the fields in the microstrip to rotate into the slots of the CPW. 

The difference between the three transitions lies mainly in the initial opening of the slot 

at the intersection to the SIW. In transition Type I, the opening is beyond the SIW width 

whereby the transition resembles a quasi-microstrip line at the beginning where no field 

interaction at the outer edge of the cut takes place. The opening of the Type II transition 

is limited to the width of the SIW. In the Type III transition, the via hole array is limited 

to the edge of the SIW as in Type II; however, the width of the opening slot is as well 



 24

limited to the slot width of the CPW line but spans across the SIW section to pick up the 

signal at the optimum location.  

 
(a) 

 
(b) 

 
(c) 

Figure  2-16 Layouts of broadband SIW-to-CPW interconnects of Rotation A; Type I 

(a), Type II (b), Type III (c); top metallization on the left, bottom on the right. 

 

In order to highlight the general design strategy for the interconnects presented in this 

section, Fig. 2-17 presents SIW-to-CPW transitions through a variety of possible cuts and 

slots in the top and bottom metallization as applied to the Type I (Fig. 2-16a), Type II 

(Fig. 2-16b) and Type III (Fig. 2-16c) transitions. Note that other transition topologies 

based on Fig. 2-17 could be applied, but they are expected to yield similar results. 

For the transition of Type I, a parametric analysis with respect to the transition lengths 

LTrans and microstrip width WTrans is performed in Fig. 2-18. Note that the width of the 

CPW center conductor and slot widths are fixed to provide a 50  impedance for the 

CPW transmission line as explained earlier. 
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Figure  2-17 Illustration of SIW-to-CPW transitions: positive charge translation (——), 

negative charge translation from bottom to the top plate (——,——), via hole perforation array 

(······). 

 

It is observed from Fig. 2-18a that as the transition length increases, the reflection 

coefficient, as the main design specification, decreases to a point where two minima 

occur for a length of LTrans =4.4 mm. A further increase of the length results in an 

increase of the reflection coefficient. A similar tendency is observed for the variation of 

the transition width where the two minima are obtained for WTrans=2.25 mm. Thus the 

transition with the largest bandwidth is obtained when both transition length and width 

are close to the respective values provided above. A fine optimization with respect to 

WTrans and LTrans completes the design of the Type I transition. The final dimensions are 

LTrans =4.27 mm and WTrans=2.13 mm and the two minima are visible in the frequency-

dependent response of Fig. 2-19. 

The return loss is found to be better than 20 dB over the entire 18-28 GHz bandwidth. 

HFSS and CST MWS are both used to calculate transmission performances with the 

consideration of full dielectric and metallic losses, and the results are in reasonable 

agreement. The maximum insertion loss obtained in this analysis appears at the highest 

frequency which gives 0.35 dB in CST calculations and 0.44 dB in those of HFSS. 
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(a) 

 
(b) 

Figure  2-18 Parametric analysis of Type I transition (Fig. 2-16a) with respect to the transition 

length (a) and the width of the microstrip line at the SIW (b); c.f. Fig. 2-17. 

 

Based on the design exercise just described for the Type I transition and further tests 

performed during the course of this work, the general design strategy for Type I and Type 

II SIW-to-CPW interconnects using Rotation A can be summarized in the following 

steps: 

1. The width of the microstrip line at the intersection to the SIW is initially 

calculated as the respective width of an SIW-to-microstrip transition as given in [4]. 

2. This width is then tapered to that of the center conductor of the CPW over a 

section of a quarter-wavelength at midband frequency. 
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3. The transition is modeled (within HFSS) in a parametric analysis using 

continuous metallic walls to replace the discontinuous rows of via holes within the 

transition. 

4. A fine optimization with via holes completes the design to satisfy a pre-

designated specification. 

 

Figure  2-19 Frequency-dependent performance of Type I SIW-to-CPW transition and 

comparison of results between HFSS and CST. 

 

The difference between the Type I and Type II transitions lies in the traces of via holes 

that connect the via holes of the SIW to the left and right ground conductors of the CPW. 

The Type II interconnect uses the traces that are shown as the second from the top and 

second from the bottom in Fig. 2-17. Performing a parametric analysis, as shown for 

instance for the transition width in Fig. 2-20, reveals that the reflection coefficient can be 

effectively lowered over a wide frequency band (WTrans=2.0 mm). The optimized 

performance is shown in Fig. 2-21 with final dimension LTrans=3.18 mm and WTrans=1.68 

mm. Very good agreement between HFSS and CST results is observed in Fig. 2-21. The 

return loss is better than 20 dB over the entire frequency range between 18 GHz and 28 
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GHz, and the maximum insertion loss is 0.45 dB obtained by both HFSS and CST 

packages. This verifies the proposed design process.  

 

Figure  2-20 Parametric analysis of Type II transition (Fig. 2-16b) with respect to the width of 

the microstrip line at the SIW; c.f. Fig. 2-17. 

 

Figure  2-21 Frequency-dependent performance of Type I SIW-to-CPW transition and 

comparison of results between HFSS and CST. 

 

The design procedure of the Type III transition in Fig. 2-16c differs from that of the 

previous counterparts as the immediate transition from SIW is at first similar to one to a 

conductor-backed or grounded CPW (GCPW). Therefore, the initial design is similar to 

that reported in [9]. However, a parametric study using the continuous metallic walls to 
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replace the via arrays in the transition (c.f. step 3 as described in the above procedure) 

showed that in view of the gradually removed ground planes, the vertically pointing 

“wings” of the slots shown in [9] are no longer required. The slots span the SIW section 

at different angles, and the optimum performance turns out to happen when the CPW 

connection to the SIW is an almost straight section (Fig. 2-16c). Therefore, this Type III 

interconnect is really not different from types I and II except for the fact that the opening 

of the slot is not varied. The length of the transition is initially set to a quarter-wavelength 

at midband frequency. The final optimized length is LTrans=2.5 mm. The circuit 

performance of the Type III transition is shown in Fig. 2-22. Excellent return loss 

behavior and good agreement between results obtained from HFSS and CST are 

observed. The maximum insertion loss is 0.45 dB for both CST and HFSS simulations. 

 

Figure  2-22 Frequency-dependent performance of Type III SIW-to-CPW transition and 

comparison of results between HFSS and CST. 

 

In order to demonstrate the principle of the transition from the SIW to the CPW 

transmission line, the electric field rotation for the first transitions type I and III can be 

observed at different cross sections along propagation path as shown in Fig. 2.24 and 
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2.25 respectively. The electric field snap shots are taken at the locations noted in Fig. 

2.23. The field rotation for the second transition is similar to that of first transition. These 

screen shots are taken for the mid-band frequency of 23GHz. It is clearly observed that as 

the CPW slots are inserted into the SIW and the ground planes are gradually removed, the 

fields are forced out to adapt to the varying boundary conditions and finally settle into the 

slots of the CPW. 

In assessing the compactness of transitions types I, II and III, we note that the length of 

the transitions reduces with the opening of the aperture. Thus the shortest and most 

compact transition is the one of Type III. 

  

Figure  2-23 SIW-to-CPW transitions Type I (left) and Type III (right) labelled at different 

cross-section points. 
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                                            (A)                                                          (B) 

  
                                            (C)                                                          (D) 

  
                                            (E)                                                          (F) 

  
                                            (G)                                                          (H) 

Figure  2-24 Electric field rotation along Type I CPW-to-SIW transition at 23 GHz. (Note that 

field levels are arbitrarily scaled for better visibility.) 
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                                            (A)                                                          (B) 

                                 
(C)                                                          (D) 

  
 (E)                                                          (F) 

 
(G) 

Figure  2-25 Electric field rotation along Type III CPW-to-SIW transition at 23 GHz. (Note 

that field levels are arbitrarily scaled for better visibility.) 
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2.5.2. SIW-to-CPW interconnects using rotation B 

Two transitions using Rotation B (Type IV and V) are designed as depicted in Fig. 2-

26. For the case of Rotation B, the via holes are located under the center conductor of the 

CPW line to bring the presumed charges on the bottom plate of the SIW to the center 

strip of the CPW. The V-shaped and straight via-hole arrays employ small via holes of 

diameter d=0.25 mm and center-to-center spacing of p=0.5 mm in both cases. The design 

guidelines follow the same principles as those of Rotation A. The frequency-dependent 

performance of these interconnects is shown in Fig. 2-27 and Fig. 2-28.  

 
   (a) 

 
     (b) 

Figure  2-26 Layout of a broadband SIW-to-CPW interconnects of Rotation B; Type IV (a), 

Type V (b), top metallization on the left, bottom on the right. 

 

The Type IV transition shows a low, broadband reflection coefficient. The return loss 

is better than 21 dB between 18 GHz and 28 GHz, and the maximum insertion loss is 

0.61 dB (HFSS) and 0.50 dB (CST). The 0.1 dB difference between the HFSS and CST 

simulations of insertion loss could be due to inaccurate mesh at the open aperture of the 
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transition. Increasing the mesh resolution can improve the agreement between the two 

softwares. The final transition dimensions are LTrans=3.61 mm and WTrans=1.60 mm.  

 

Figure  2-27 Frequency-dependent performance of Type IV SIW-to-CPW transition and 

comparison of results between HFSS and CST. 

 

Figure  2-28 Frequency-dependent performance of Type V SIW-to-CPW transition and 

comparison of results between HFSS and CST. 

 

The Type V transition shows also a low, wideband reflection coefficient. The return 

loss is better than 26 dB between 18 GHz and 28 GHz, and the maximum insertion loss is 

0.55 dB (HFSS) and 0.47 dB (CST). The final transition dimensions are LTrans=1.24 mm 

and WTrans=1.46 mm.  
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The Type IV and V transitions perform very well, and their responses are comparable 

to those of the Types I, II, III utilizing Rotation A, thus demonstrating the complementary 

nature of Rotations A and B in Fig. 2-15. 

2.5.3. Measurement of the back-to-back transitions  

For the purpose of experimental validation, back-to-back transitions are more 

appropriate in a measurement setup. Therefore, the interconnects Type I to Type III of 

Rotation A and Type V from Rotation B are prototyped and measured in back-to-back 

configurations. Note that no attempts have been made to optimize the length of the SIW 

between the two transitions. The back-to-back transitions have simply been prototyped by 

mirroring the single transitions. 

The example of the Type-I interconnect, Fig. 2-29, shows the locations of the ports for 

deembedding of the CPW taper and the test fixture. Note that the taper became necessary 

as the CPW center conductor of 50  was too wide for the test fixture to work properly. 

A single set of TRL calibration standards was used to measure all three transitions of 

Rotation A. 

 

Figure  2-29 Photograph (top and bottom) of the Type-I back-to-back SIW-to-CPW transition 

including the location of ports (calibration standards) for deembedding tapers and the test fixture. 
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Fig. 2-30 shows the measured performance of the Type-I back-to-back transition and 

its comparison with results obtained by HFSS and CST. The measured return loss is 

better than 17 dB between 18.3 GHz and 27.75 GHz. The maximum insertion loss over 

this frequency range is measured as 1.0 dB. The agreement with simulations is generally 

good. The discrepancies between measurements and simulations in this figure – as well 

as in the two following ones – are attributed to the limitations of the calibration standards. 

Multiple-line TRL kits are potentially better candidates for future wideband 

measurements. 

 

Figure  2-30 Measured performance and photograph of the Type-I back-to-back SIW-to-CPW 

transition and comparison with HFSS and CST. 

 

The back-to-back prototype of the second interconnect (Type II) is shown in Fig. 2-31 

together with measured and simulated performances. While the two simulations agree 

reasonably well, the |S11| measurement deviates especially in the 25 GHz to 28 GHz 

range. Nevertheless, the measured return loss is better than 17 dB between 18.25 GHz 

and 27.25 GHz, and the maximum insertion loss is 1.5 dB and occurs at 27.25 GHz. For 

most of the center band (19.4 GHz – 26.9 GHz), however, the measured insertion loss is 

less than 1 dB. 



 37

 

Figure  2-31 Measured performance and photograph of the Type-II back-to-back SIW-to-

CPW transition and comparison with HFSS and CST. 

 

The Type III transition uses the direct, straight connection between the SIW and the 

CPW. Its measured performance is shown in Fig. 2-32 along with results obtained from 

HFSS and CST. The simulated responses by HFSS and CST are in very good agreement 

and clearly identify this transition as the one having best overall performance. 

Unfortunately, the experimental result, due to the fact that only a single calibration kit 

was available, which showed signs of wear and tear, do not confirm the simulated return 

loss values of better than 25 dB. But the measured return loss is still better than 17 dB 

over the entire 18-28 GHz frequency range with a maximum measured insertion loss of 1 

dB. 

The back-to-back prototype of the Type IV (Rotation B) transition and its scattering 

parameters are shown in Fig. 2-33. Good agreement between simulations by CST and 

HFSS as well as measurements is observed. Over the entire bandwidth, the measured 

return loss is better than 18.5 db with its minimum occurring at 27.2 GHz. The maximum 

insertion loss is 1.28 dB. 
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Figure  2-32 Measured performance and photograph of the Type-III back-to-back SIW-to-

CPW transition and comparison with HFSS and CST. 

 

Figure  2-33 Measured performance and photograph of the Type-V back-to-back SIW-to-

CPW transition and comparison with HFSS and CST. 

 

Thus including bandwidth, return loss and insertion loss, the Type III interconnect 

outperforms the other three transition prototypes. The type V transition is slightly better 

in return loss, but the added insertion loss of 0.3 dB will be seen as a slight disadvantage 

compared to Type III. Moreover, in terms of time, fabrication effort and compactness, the 

Type III interconnect is clearly the easiest transition to design of the four different 

interconnects presented in this section, and it is the most compact of the Rotation A 

transitions. Based on the measurements, the transitions perform similarly. However, 
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based on the simulations, transition type III outperforms the other transitions designed 

based on Rotation A. 

2.6. Transitions from SIW to coupled microstrip (CMS) line 

In this section the design of four wideband interconnects from SIW to coupled 

microstrips (CMS) for potential applications to power dividers is studied. Such circuits 

can be used to replace all-SIW power dividers if transitions from SIW to microstrip lines 

are envisaged for measurement or integration purposes. There exist two fundamental 

quasi-TEM modes with even and odd patterns in a CMS transmission line. These two 

modes are shown in Fig. 2-34.  

 

Figure  2-34 CMS transmission line and its fundamental modes: even (left) and odd (right). 

 

The interconnects in this section are designed on Rogers RT/Duroid 6002 substrate. 

The bandwidth of operation is 18 GHz to 28 GHz. The width of the SIW in Fig. 2-35 is 

WSIW=6.7 mm, and the via hole diameter and center-to-center spacing are 0.62 mm and 

0.86 mm, respectively. The CMS have strip widths of WCMS=0.84 mm and strip 

separation (slot width) of WS=0.15 mm as dictated by typical fabrication restrictions. 

The design proceeds as follows. For an effective microstrip line width that combines the 

two strips and the slot (WEFF=2WCMS+WS), an SIW-to-microstrip transition is designed 

according to [8]. For the symmetric transition to the CMS’s even mode (Fig. 2-35a), the 
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transition parameters WT1, WT2, LT1, LT2 are optimized for a return loss of better than 20 

dB over the entire band of operation. For the asymmetric transition in Fig. 2-35b, the 

optimization goals for the transition are set to excite the even component in the CMS at a 

higher level than the odd one and, at the same time, to maintain the return loss 

specifications. The transition in Fig. 2-35c is similar to the one in Fig. 2-35b but an array 

of via holes is used to connect the top strip to the bottom ground. As a result, the odd 

mode dominates the even mode. Yet in both cases, the field pattern observed at the CMS 

port  has  a  hybrid  composition  where  neither  the  even  nor  the  odd  mode  can  be  

 
(a) 

 
                                                 (b)                                              (c) 

 
(d) 

Figure  2-35 Wideband transitions from SIW to CMS to excite the even mode (a), two hybrid 

modes (b, c), and the odd mode (d); top (left) and bottom (right) metallization viewed from the 

top. 
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individually distinguished. 

In order to accomplish a dominant odd mode excitation, two additional features are 

required (Fig. 2-35d): First, one of the coupled microstrip lines is separated from the top 

metallization and connected to the ground plane by a row of five small via holes. 

Secondly, the ground plane has to be removed and reintroduced later in the transition in 

order to aid a rotation of the electric field which is perpendicular to the substrate in the 

SIW and parallel to the substrate in the odd mode of the CMS. 

The transition performance is verified by the time-domain hexahedral-mesh solver of 

CST and by HFSS. The dimensions of the three interconnects in millimeter are tabulated 

in Table 2-1. Fig. 2-36 to 2-39 display the performances of the SIW-to-CMS transitions 

along with the field pattern at the CMS port. 

 

Table  2-1 Dimensions of SIW-to-CMS Transitions in mm 

 WSIW WCMS WS LT1 LT2 WT1 WT2 

Fig. 1a 6.7 0.84 0.15 1.71 1.4 1.32 1.32 
Fig. 1b 6.7 0.84 0.15 2.4 2.4 1.27 0.80 
Fig. 1c 6.7 0.84 0.15 1.7 2 0.91 0.75 
Fig. 1d 6.7 0.84 0.15 2.0 2.5 0.8 0.68 

 

Due to the symmetric character of the transition in Fig. 2-35a, only the even mode in 

the CMS is excited. This is shown in Fig. 2-36. The maximum insertion loss to convert 

the fundamental TE10 mode of the SIW to the even mode of the CMS occurs at the lowest 

frequency and is 0.185 dB as computed with both CST and HFSS. The return loss is 

better than 24 dB, and a very good agreement between CST and HFSS is observed. It is 

obvious that a separation of the two microstrip lines at the end of the transition will result 

in a symmetric 3dB power divider with microstrip output ports. 
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Figure  2-36 Performance (left) of the symmetric transition from SIW to CMS (Fig. 2-35a) to 

excite the even mode, and cross section of the electric field at the CMS port (right). 

 

The performances of the transitions from the SIW to the hybrid mode of the CMS 

(containing both even- and odd-mode components) are shown in Fig. 2-37 and Fig. 2-38. 

In the first case, corresponding to Fig. 2-35b, due to the separation of one of the 

microstrip lines from the top metallization of the SIW, the field in the CMS will contain a 

dominant even part but also an odd part resulting from the asymmetry of the transition. 

 

Figure  2-37 Performance (left) of the asymmetric transition from SIW to CMS (Fig. 2-35b) to 

excite the hybrid mode with higher even-mode component, and cross section of the electric field 

at the CMS port (right). 
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Fig. 2-37 depicts the level of the even-mode excitation as between -1.5 dB to -1.8 dB 

while that of the odd mode is -5.4 dB to -5.9 dB. At the lower frequencies of the band, 

the return loss values are slightly below 20 dB, namely 19.2 dB as simulated with CST. 

However, from 18.9 GHz onward, the return loss remains below 20 dB. HFSS predicts 

the return loss to be better than 20 dB over the entire band. For the second hybrid mode, 

which corresponds to the transition in Fig. 2-25c, due to the via-hole connection of the 

isolated strip of the CMS to the ground plane, a rotation of the electric field is forced, and 

thus a significant component of the hybrid field in the CMS is formed by the odd-mode 

component as shown in the cross-section field plot. The odd mode is excited at a level of 

-1.9 dB across the band while the respective number for the even mode is -5.1 dB. The 

return loss is better than 23 dB as simulated with HFSS and CST. The agreement between 

CST and HFSS is generally good. The slight discrepancies occur at levels below -23 dB 

which is usually acceptable in practical applications. 

 

Figure  2-38 Performance (left) of the asymmetric transition from SIW to CMS (Fig. 2-35c) to 

excite the hybrid mode with higher odd-mode component, and cross section of the electric field at 

the CMS port (right). 
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The performance of the transition depicted in Fig. 2-35d to excite the odd mode of the 

CMS is shown in Fig. 2-39. The ground metallization is partly removed and via holes are 

used, whereby the even mode is significantly suppressed. Its transmission coefficient 

increases between 18 GHz and 28 GHz from -20.5 dB to -16.3 dB in CST and from -21.5 

dB to -17.3 dB in HFSS simulations. The maximum insertion loss of the odd mode 

occurs at the highest frequency and is calculated as 0.87 dB in CST and 0.83 dB in HFSS. 

The minimum of the reflection coefficient differs by about 1 GHz between CST and 

HFSS at a level below 40 dB, but both software packages simulate the return loss to be 

better than 17 dB over the entire band and better than 20 dB over most of the band. 

 

 

Figure  2-39 Performance (left) of the asymmetric transition from SIW to CMS (Fig. 2-35d) to 

excite the odd-mode component, and cross section of the electric field at the CMS port (right). 

 

The structure of Fig. 2-35b is used to implement an uneven 10 dB power divider with 

50  microstrip ports. The dimensions are shown in Fig. 2-40 (left). The performance 

comparison between CST and HFSS simulations is very good. Over the 10 dB coupling 

range between 22 GHz to 26 GHz, the return loss is better than 19 dB, and the insertion 
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loss is 1.3 dB. The power division ratio can be controlled by the transition to a certain 

degree. However, ratios requiring a higher odd-mode component for power division will 

have to incorporate via holes such as shown in Fig. 2-35c (left). A direct relationship 

between the ratio of even/odd mode excitation and power division ratio has not been 

investigated. 

 

Figure  2-40 Layout, dimensions (left) and performance (right) of an asymmetric transition 

from SIW to CMS (Fig. 1-35b) operating as a 10 dB power divider. 

 

2.7. Transition from SIW to coplanar strip (CPS) line  

The coplanar strip (CPS) line is similar to CMS but there is no ground plane present, 

and the fundamental mode is a quasi-TEM mode similar to the odd mode of CMS. An 

interface between SIW and CPS was proposed in [7] and applied to a narrowband SIW 

feed of a printed two-element Yagi-Uda antenna. The transition isolates a part of the top 

metallization and connects it to ground using additional via holes. Thus the slot mode 

between the two conducting strips of the CPS can propagate. 

Fig. 2-41 shows a modified version of the transition in [7] on RT/Duroid 6002 

substrate with εr=2.94, tanδ=0.0012, substrate height h=0.508 mm, metallization 
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thickness t=17.5 m, and conductivity σ=5.8x107 S/m. The transition has the same 

configuration as that of Fig. 2-35d to excite the odd mode. The only difference is that in 

the case of SIW-to-CMS transition, the ground plane has to be eventually introduced 

(Fig. 2-35d); however, for the SIW-to-CPS transition, there is no ground metallization at 

the CSP end. The insets of Fig. 2-41 show top and bottom metallization, both as being 

viewed from the top. In modifying the transition and using a row of via holes, which are 

located on the side of the conductor that is farther away from the slot, the bandwidth has 

been significantly increased. The return loss is better than 20 dB between 18 GHz and 

26.3 GHz (37 percent bandwidth), and the maximum insertion loss within this range is 

predicted as 0.9 dB. The good agreement between HFSS and CST results demonstrate 

that a SIW-to-CPS transition is feasible over a fairly wide bandwidth. 

 

Figure  2-41 Top/bottom metallization (as seen from the top) and response of a transition 

between SIW and CPS. 

 

The rotation of the field within the transition from an SIW mode to the CPS quasi-

TEM mode can be further seen in the electric field screen shots in Fig. 2-43 at different 

locations along the propagation path as labelled in Fig. 2-42. While the electromagnetic 
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field is expected to be confined within the SIW via hole arrays at location B, the screen 

shot of the electric field exhibits leakage of the energy from the opening at the edge of 

the transition at location C (Fig. 2-43C) which gives rise to the observation of fields 

above the top metallization at location B (Fig. 2-43B). 

 

Figure  2-42 SIW-to-CPS transition labeled at different cross-section points. 

 

2.8. Transition from SIW to slot line (SL)  

A SIW-to-slotline interface has only been attempted in [57] within the context of a 

four-port SIW network (magic T). A slot line has the same structure as the CPS line 

except for much wider conductor widths. Our new approach to realize a direct transition 

employs modifications of the CPS transition in Fig. 2-41, in which we widen the strips to 

form the slot line. 

Fig. 2-44 shows the top and bottom metallization as seen from the top and the overall 

performance of the transition on RT/Duroid 6002. Good agreement between HFSS and 

CST verifies the design. The return loss is better than 20 dB over the entire 18 GHz to 28 

GHz (43 percent) bandwidth. Insertion losses are slightly higher than those for the SIW-

to-CPS transition and amount to a maximum of 1.6 dB towards the end of the band. This 

is similar to the CPS line and is attributed to leakage of the electromagnetic field. 
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                                     (A)                                                                       (B) 

  
                                     (C)                                                                       (D) 

  
                                     (E)                                                                       (F) 

                                      
                                                                        (G) 
Figure  2-43 Electric field rotation along SIW-to-CPS transition at 23 GHz. (Note that field 

levels are arbitrarily scaled for better visibility.) 

 

The electric field screen shots as labelled in Fig. 2-45 show the field rotation along the 

transition, Fig. 2-46. The backward radiation can be once again seen in sections A and B. 

One might also take note of a slight difference between the fields in the SL and CPS in 

sections G and H of Fig. 2.43 and Fig. 2.46, respectively; while in the case of the SL, the 

energy is mainly confined in the slot, there still is some electromagnetic field bounded to 
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the edges of the CPS strips. This is suppressed as the metallic strips are widened over the 

substrate and the SL is formed. 

 

Figure  2-44 Top/bottom metallization (as seen from the top) and response of a transition 

between SIW and slotline. 

 

Figure  2-45 SIW-to-SL transition labeled at different cross-section points. 

 

2.9. Conclusions  

SIW circuits can be interconnected with a wide range of planar transmission line 

technologies such as microstrip, coupled microstrips, coplanar waveguide (CPW), 

grounded CPW (GCPW), coplanar stripline (CPS) and slot lines. It is demonstrated that 

such interfaces operate over a wide bandwidth which is close to the monomode 

bandwidth of the SIW. The designs are verified by measurements and full-wave 
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simulations using commercially available software packages. It is expected that the 

transitions presented here will contribute to integration capabilities of active, nonlinear 

and surface-mount components with SIW technology.  

In order to summarize the performances of transitions in this chapter, S-parameter 

values and bandwidths of single transitions are provided in Table 2-2. 

 

Table  2-2 Summary of transition performances from SIW to other planar transmission lines 

Transition Substrate Bandwidth 
[GHz] 

Return Loss 
[dB] 

Insertion Loss 
[dB] 

SIW-microstrip (single 
layer) 

RT/Duroid 5880 19-27 22 0.25 

SIW-microstrip (multi 
layer) 

RT/Duroid 5880 20-27 15 0.76 

SIW-GCPW RT/Duroid 6002 18-27 21 0.3 
SIW-CPW RT/Duroid 6002 18-28 20 0.61 

SIW-CMS (Even mode) RT/Duroid 6002 18-28 24 0.18 
SIW-CMS (Odd mode) RT/Duroid 6002 18-28 16.3 0.87 

SIW-CPS RT/Duroid 6002 18-26.3 20 0.9 
SIW-SL RT/Duroid 6002 18-28 20 1.6 
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                                     (A)                                                                       (B) 

  
                                     (C)                                                                       (D) 

   
                                     (E)                                                                       (F) 

  
                                     (G)                                                                       (H) 
Figure  2-46 Electric field rotation along SIW-to-SL transition at 23 GHz. (Note that field 

levels are arbitrarily scaled for better visibility.) 
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Chapter 3 Low-Noise Amplifier Integration 

3.1. SIW integration with active components and devices 

SIW technology has been vastly investigated in passive microwave and millimeter 

circuits and devices. This chapter is devoted to SIW integration with active elements, e.g. 

Power Amplifier (PA) and Low Noise Amplifier (LNA). The active device in this 

experiment is a Hittite HMC751LC4  SMT GaAs pHEMT MMIC low noise amplifier, 17 

- 27 GHz. This frequency range has been selected due to the potential applications in 

radio astronomy and radio receivers and, therefore, the transitions in the previous chapter 

are also designed to operate at this band. Furthermore, it is a good starting point for the 

proof of active device integration within an SIW circuitry where the associated sizes of 

the elements are easy to accurately fabricate and measure. Once a reasonable 

performance is achieved, higher frequency ranges for future application could be 

considered. However, one must keep in mind that the size of the circuits will be smaller 

and the accuracy of fabrication becomes more questionable. In addition, the availability 

of the measurement equipment at higher frequency should be considered; this includes 

for example CPW connectors which are still under development for frequencies higher 

than 26.5 GHz.  

The LNA is 50 Ω input/output matched and is manufactured in a RoHS compliant 4 

mm x 4 mm package housing. The HMC751LC4 provides a typical 25 dB of small signal 

gain, and the nominal noise figure is 2.2dB. It is amenable for surface mount 

manufacturing applications. Further information regarding the LNA can be found in 

Appendix B. 
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 Different interfaces could be used to integrate SIW with the active device depending 

on device specifications and ease of fabrication process. Direct integration of the LNA 

with SIW using a probe from the top side of the SIW is not practical due to the low 

height of the substrate which could lead to a short circuit. On the other hand, LNAs with 

waveguide ports are comparatively much more expensive than regular LNA packages. 

Therefore, in the next sub section, LNA integration using MS and CPW transitions is 

demonstrated. 

3.2. LNA integration with SIW-to-microstrip transitions 

Integrating SIW with an LNA using a microstrip interface is the most straightforward 

approach in terms of ease of connection, fabrication and adaptation between the two 

transmission lines. Furthermore, the bottom ground in the microstrip circuit can be easily 

accessed through via hole perforation to provide an adequate heat dissipation medium for 

the LNA which otherwise fails to operate efficiently and correctly. An LNA as an active 

device, which is constantly fed by a DC bias circuitry, produces considerable heat which 

needs to be guided away from the element by devising proper thermal outlets. 

The layout of the integrated back-to-back microstrip-SIW-microstrip-LNA is shown in 

Fig. 3-1.  The circuit is entirely designed on a slab of RT/Duroid 6002 substrate with 

εr=2.94, tanδ=0.0012, substrate height h=0.508 mm, metallization thickness t=17.5m, 

and conductivity σ=5.8x107 S/m. The frequency range of interest is 19 GHz to 27 GHz, 

and the cutoff frequency of the SIW is 15 GHz. The width of the microstrip line Wµs, 

which is synthesized to yield a 50 Ω signal line, is 1.315 mm which is much wider than 

the LNA’s lead paddles Wpad which vary between 0.24 mm and 0.36 mm. However, as 

long as the connecting length between the microstrip edge and the edge of the package 
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body Lclr is maintained at its minimal value with respect to fabrication and manufacturing 

limitations, the signal clearly transits through. This clearance distance was limited to 

127.5 m (5 mil) in this design.  

 

Figure  3-1 A back-to-back SIW-microstrip-LNA transition layout with bias circuitry. 

 

The purpose of integration is to place the active device in a circuit with SIW input and 

output ports; the two SIW-to-microstrip end transitions are added for measurement 

purposes only and will be eventually calibrated out. The fabricated versions of the bare 

layout of the circuit as well as the circuit with mounted elements are shown in Fig. 3-2 

and Fig. 3-3, respectively.  

The via holes are added to connect the top ground pads to the circuit’s backside 

ground. The calibration standard used in this measurement is a TRL kit. The ‘Thru’ 

connection in this case is a back-to-back SIW-to-microstrip transition; the ‘Line’ is 

similar but has a longer SIW section to provide a differential phase between 20 and 160 

degrees at the midband frequency. The ADS LineCalc toolbox is used to find the 
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respective length for the equivalent waveguide. The ‘Reflect’ is the same back-to-back 

transition which is shorted in the middle of the SIW section. The complete calibration 

standard kit is shown in Fig. 3-4. 

 

Figure  3-2 Top view of the bare layout of the SIW circuit with microstrip transitions to 

LNA. 

 

Figure  3-3 Top view of the LNA-integrated SIW circuit with microstrip transitions. 

 

 

Figure  3-4 TRL Calibration kit with Thru, Line and Reflect (short or open) standards. 
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The measurement set up consists of an Anritsu VNA 37397 series, a Universal Test 

Fixture and power supplies. Fig. 3-5 and 3-6 show the test bench connections and the 

measurement set-up, respectively. 

 

Figure  3-5 LNA-integrated SIW board installed on a test fixture. 

 

Figure  3-6 Measurement set-up. 

 
The S-parameter measurements are given in Fig. 3-7 which demonstrate a very good 

performance and establish a successful integration. The input and output return loss 
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measure better than 10.1dB and 11.7dB, respectively, between 18 GHz and 26.9 GHz. 

The gain is measured better than 20.5 dB between 18 GHz to 28 GHz. The nominal input 

and output return loss specification of the LNA provided by the manufacturer is 15 dB. 

Considering the abrupt discontinuity at the connection of the MS line to the lead paddle 

of the LNA, as well as the efficiency of the welding/soldering process for mounting the 

LNA and assembling the bias circuit (which could create undesired parasitic effects), a 

reflection coefficient better than 10dB is a good figure. The same arguments go for the 

gain measurement. The nominal gain value provided by the manufacturer is 25dB. 

Taking aforementioned factors into account as well as the SIW-MS circuit loss and 

reflection on both sides of the LNA, which would cost roughly 2dB, a gain measured 

above 20dB is deemed to be a reasonable figure. The discrepancies between the measured 

and nominal gains are investigated in Section 3.5 by comparison between this design and 

the evaluation board provided by the manufacturer of the LNA. 

 

Figure  3-7 S-parameter measurement for LNA-integrated SIW circuit with microstrip 

transitions. 

 

A thorough evaluation of the performance of the LNA-integrated SIW board requires 

further inspection with regard to the noise behavior. The SIW-to-MS transitions and short 
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abrupt discontinuities as passive parts of the circuit are expected to add their respective 

insertion loss to the dB value of the noise figure. The other potential source of additive 

noise is the DC bias circuit with three voltage sources and capacitive elements. The 

configuration of the bias circuit, positioning of the lumped elements and the quality of the 

soldering to minimize parasitic effects, have impact on the additive noise.  

The noise analysis is carried out using an Agilent N8975A Noise Figure Analyzer 

(NFA) and an Agilent N4002A series Noise Source (NS); the frequency range is 10 MHz 

to 26.5 GHz. Further information regarding the noise figure instruments can be found in 

Appendix C. 

Fig. 3-8 shows the device under test (DUT), in this case the LNA-integrated SIW 

board, connected to the noise source. A primary noise source calibration is performed to 

eliminate additional noise contributions from measurement equipment and other 

surrounding objects such as cables, the noise source, etc. This is an indispensible step in 

order to minimize the measurement’s uncertainty level and to obtain accurate noise figure 

measurements for the DUT. The entire measurement setup is shown in Fig. 3-9. 

 

Figure  3-8 Noise source connection to the DUT. 
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Figure  3-9 Noise figure measurement setup. 

 

 The NFA used in this experiment is capable of measuring the noise figure as well as 

the gain of the device. The measured results are shown in Fig. 3-10. The gain 

measurement is in good agreement with the VNA measurement and remains better than 

19.95 dB for the entire 18-26.5 GHz bandwidth. For the same frequency range, the noise 

figure maintains a steady behaviour with the maximum value of 4.3 dB. It is larger than 

the nominal NF provided by the manufacturer company of the LNA, which is expected; 

the NF includes the noise values from the LNA, the added noise from the microstrip 

discontinuity at the lead paddle edge, the SIW-microstrip transition, the environmental 

and measurement equipment’s impacts and the bias circuit which plays a crucial role in 

making an accurate noise measurement. For a better evaluation of the performance of the 

integrated circuit, a comparison between measurements of the proposed circuit and the 

evaluation board provided by the manufacturer of the LNA will be presented in the last 

section of this chapter. This will rule out the environmental factors and the uncertainty of 
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the measurement since the devices are measured under the same condition with the same 

instruments. 

 

Figure  3-10 Noise figure and gain measurements by Agilent NFA 

 

3.3. LNA integration with SIW-to-CPW transitions 

While the microstrip transition provides a straightforward integration approach and the 

measured results are promising for future applications, CPW circuits are more amenable 

to integration with MMICs or MHMICs. Therefore, in this section, an LNA-integrated 

SIW circuit with CPW transitions is investigated. CPW transitions are also used for the 

measurement ports; however, this is of no concern since their impact will be excluded by 

applying calibration standards. In this regard, one might as well use microstrip ports. This 

is addressed in the next section with an improved design. 

The layout of the integrated back-to-back CPW-SIW-CPW-LNA is shown in Fig. 3-11.  

The circuit is entirely designed on a slab of RT/Duroid 6002 substrate with εr=2.94, 

tanδ=0.0012, substrate height h=0.508 mm, metallization thickness t=17.5 m, and 

conductivity σ=5.8x107 S/m. The frequency range of interest is 19 GHz to 27 GHz, and 
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the cutoff frequency of the SIW is 15 GHz. The dimensions of the CPW transition can be 

found in Chapter 2, Section 2.5.1. 

 

Figure  3-11 A back-to-back SIW-CPW-LNA transition layout with bias circuitry. 

 

Fig. 3.12 shows the front side of the integration layout. There are considerable 

differences between this layout and that of the microstrip case. As opposed to the 

microstrip line, the CPW has no backside ground metallization and the grounds are on the 

same plane as the central strip. Therefore, a different topology must be applied to connect 

the LNA’s backside ground and ground labeled lead paddles to those of the CPW. This is 

shown in Fig. 3-11 where the backside ground of the LNA connects to the side grounds 

of the CPW through the four corners as shown by red arrows. They also indicate the heat 

dissipation path and areas which are significantly smaller, compared to the microstrip 

case. The backside of the fabricated circuit is shown in Fig. 3-13. 

The calibration standard used for the measurement is once again a TRL kit as shown in 

Fig. 3-14 along with the test fixture setup. The S-parameter measurements are set out in 

Fig. 3-15.  
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Figure  3-12 Front side view of the LNA integrated SIW circuit with CPW transitions. 

 

 

Figure  3-13 Back side view of the LNA integrated SIW circuit with CPW transitions. 

 

 

Figure  3-14 Test fixture setup and the TRL calibration kit. 
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The input return loss gets at high as 4.9 dB at 24.9 GHz, and |S21| drops below 15 dB at 

many frequency points between 19 GHz and 27 GHz. During the measurement, 

considerable heating of the LNA was noticed which made reliable measurements 

impossible; the VNA prompts an error message on the screen when it is unable to 

perform an accurate measurement. The heating issue was alleviated with external cooling 

of the device, and the VNA was able to provide a stable 

 

Figure  3-15 S-parameter measurement for LNA-integrated SIW circuit with CPW transition. 

 

measurement response. Nevertheless, it caused unmistakable adverse effects in the 

measured results, as compared with the microstrip transition in the previous section.  As 

outlined in the data sheet available in Appendix B, the input and output return loss seem 

to remain intact with the temperature, but the heat produced by the LNA would adversely 

affect the noise and gain performance of the transistors. The variation of these two 

important figures are given in Appendix B for different temperatures up to which the 

LNA performance is still stable and reliable, i.e. 85 ºC. It can be seen that from 25 ºC up 

to 85 ºC, the gain and noise figure measurement of the amplifier degrades by 2 dB and 1 

dB, respectively. While no temperature measurement was possible at the time of the 

measurement of the LNA integrated SIW circuit, the VNA error message, out of range S-
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parameter results and touching the LNA top side for temperature sensing suggest 

excessive heating beyond the reliable measurement range of the device, and thermal-

related malfunction of the circuit.  

While the excessive heat is clearly affecting the LNA performance, the substrate 

permittivity is expected to be much less vulnerable to temperature variation. In this case, 

the substrate is RT/Duroid 6002 with a constant permittivity thermal coefficient of +12 

ppm/ºC over -50 ºC to 150 ºC. The thermal expansion coefficient provided by the 

manufacturer for the three physical dimensions are 16, 16 and 24 ppm/ºC for x, y and z 

directions, respectively. These values are valid for 0 ºC to 100 ºC and are not expected to 

have significant impact on the circuit size for the frequency range of operation. This is 

obviously an important factor to be considered for very high frequencies where the 

dimension of the circuits becomes very small. In terms of heat dissipation factor, the 

thermal conductivity of the substrate is 0.6 W/m/ºC. According to the application, 

possible usage of other substrates with better thermal conductivity could potentially 

alleviate the heating issue, for example Ceramic with 0.8W/m/ ºC. Unfortunately using 

ceramic was not an option due to the manufacturing limitations associated with ceramic 

substrate at the fabrication site. 

As a result, a revised topology for the layout of the circuit with CPW transitions must 

be devised to resolve the overheating problems of the LNA. This is addressed in the next 

section. 

3.4. Modified layout for LNA-integrated SIW-CPW circuit with heat sink 

An improved version of the LNA-integrated SIW circuit with CPW ports is obtained 

by revising the heat dissipation paths and areas. In this regard, the grounding scheme of 
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the LNA is modified such that all NC (not connected) lead paddles are unified with the 

ground labelled paddle. This provides a wider opening at the lower side of the LNA 

where the produced heat is easily spread out, Fig. 3-16. Furthermore, a backside heat sink 

is devised to serve the same thermal function of that of the microstrip circuit, Fig. 3-17. 

 

Figure  3-16 Front side view of the modified LNA-integrated SIW circuit with CPW 

transitions. 

 

Figure  3-17 Back side view of the modified LNA-integrated SIW circuit with CPW 

transitions. 

 

The geometry of the heat sink must be carefully devised. If it is extended below the 

slots, then it could potentially deteriorate the field pattern of the CPW by creating an 

abrupt CPW to GCPW transition. Having this in mind, the heat sink is extended vertically 

below the LNA and is length-wise limited to the LNA’s backside ground width. Once it 
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is stretched far off the CPW slots where GCPW mode propagation is no longer an option, 

the heat sink widens in both directions. 

In addition to other modifications, microstrip transitions are used for the measurement 

ports since they are simpler to accurately measure and calibrate. This is not expected to 

have any impact on the circuit performance since they will be excluded from 

measurements through calibration standards. The final fabricated circuit front and back 

side views are respectively shown in Fig. 3-18 and Fig. 3-19. 

 

Figure  3-18 Front side view of the prototyped LNA-integrated SIW circuit with heat sink. 

 

 

Figure  3-19 Back side view of the prototyped LNA-integrated SIW circuit with heat sink. 

 

The S-parameter measurements are set out in Fig. 3-20 which confirms an improved 

performance and the success of this integration design. The measured input and output 

return loss values remain mostly below 10 dB for the interested frequency range of 19 

GHz to 27 GHz. However, they reach 9.1 dB and 7.2 dB at the maximum in small 
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regions of the bandwidth. |S21| measures better than +19.2 dB between 18 GHz and 28 

GHz which establishes a considerable improvement compared to the design in the 

previous section. 

 

Figure  3-20 S-parameter measurement for LNA-integrated SIW circuit with heat sink. 

 

Figure  3-21 Noise figure and gain measurement by Agilent NFA. 

 

In order to complete the evaluation of the LNA integration efficiency, the noise figure 

and gain measurements are once again carried out using the Agilent NFA and noise 

source similar to section 3.2. The measured results are shown in Fig. 3-21. The gain 

measurement is in good agreement with the VNA measurement in Fig. 3-20 and remains 

better than 19.1 dB for the entire 19-26.5 GHz bandwidth. For the same frequency range, 

the noise figure maintains a steady behaviour with a maximum value of 4.8 dB.  
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3.5. Performance comparison between the three prototypes and the LNA 

evaluation        

In this section, the performances of the three manufactured prototypes are compared 

and benchmarked against that of the LNA evaluation board provided by the 

manufacturing company.  

The input return loss and insertion loss measurements of the three circuits are 

simultaneously shown in Fig. 3-22.  A significant difference between the two circuits 

with CPW transitions can be observed by comparing the dashed and dotted curves which 

correspond, respectively, to the circuit without backside heat sink and the circuit with 

improved thermal dissipation outlets and a backside heat sink. The input return loss and 

|S21| have improved by an average of 5 dB and 7 dB, respectively. Comparing the dotted 

and the solid curves, which correspond to the circuit with CPW transition with heat sink 

and the one with microstrip transitions, reveals similar performances.  

 

Figure  3-22 S-parameter comparison between the three measured prototypes 

 

While the input return loss in the case of microstrip transitions performs better in the 

lower part of the frequency band, the circuit with CPW transitions is more promising in 

the higher frequency range. As for the insertion loss, the circuit with microstrip ports 
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exhibits a rather steady behaviour, while the circuit with CPW connections appears to 

have slight fluctuations throughout the bandwidth, while maintaining a good average 

performance. 

The explanation for this behaviour is believed to be the outcome of the difference 

between the field rotations at the discontinuity between the signal lines and the LNA’s 

RF input and RF output ports. This is in a more descriptive manner set out is Fig. 3-23. 

Since the electric field in a microstrip line is located between the conductor and the 

ground plane, a fair amount of the field occurs at the centre of the strip and thus at the 

input of the LNA. As for the CPW line, the maximum of the field is concentrated in the 

slots. Fig. 3-23 shows the propagation paths in both cases. It is obvious that while in the 

microstrip case, the signal’s maximum is delivered to the RF input port of the active 

device without suffering much from the abrupt discontinuity, the signal in the CPW line 

undergoes further deterioration at the discontinuity, having to rotate at a 90-degree bend 

on both sides. This explains the fluctuations that are observed in the S-parameter 

measurements of the circuit with CPW transitions, in contrast to the smooth behaviour in 

the microstrip case. One might also take note that in both cases, the transmission lines are 

designed to yield 50 Ω impedance lines on an RT/Duroid 6002 substrate, whereby the 

width of the microstrip line is calculated to be 1.315 mm which is far less than 3.1 mm in 

the CPW case. It is thus expected that a CPW transmission line with a smaller center 

conductor width on a higher permittivity substrate produces better results. Further 

investigation of the nature of the difference between the two circuits requires accurate 

full-wave modeling of the LNA with the two discontinuities on both sides as well as 
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efficient estimation and modeling of the thermal condition. However, the latter is 

believed to be mainly affecting the noise measurements.  

 

Figure  3-23 Electromagnetic field propagation in microstrip line (left) and CPW (right). 

 

In order to verify the performance of the measured prototypes with respect to the 

nominal values provided by the manufacturer of the LNA, the noise figure and gain of an 

evaluation board provided by Hittite is measured under the same conditions as the 

prototypes. Fig. 3-24 shows a picture of the evaluation board which is integrated with 

GCPW feed lines on Rogers’ 4350 substrate. The type of the transmission line and the 

substrate permittivity allow the synthesized center conductor width of the line to be 

nearly equal to the width of the RF input and output lead paddles of the LNA package, 

whereupon the 90-degree discontinuity bends are eliminated and the signal suffers the 

least possible distortion. 

Fig. 3-25 shows the performance of the evaluation board, the LNA-integrated SIW 

board with microstrip and with CPW transitions. The CPW case without heat dissipation 

consideration is excluded from this comparison due to the heating issues which invalidate 

the measurements.  
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Figure  3-24 Hittite evaluation board. 

 

Figure  3-25 Noise and gain measurement comparison between the fabricated prototypes and 

the Hittite evaluation board. 

 

As can be concluded by inspecting Fig. 3-25 in terms of gain measurements, the 

evaluation board with GCPW transitions (dashed curves) finds its place between the two 

fabricated prototypes with a relatively smooth curve. It slightly outperforms the circuit 

with CPW transitions (dotted curves) due to an optimized choice of the GCPW line width 

with minimized discontinuity. The noise measurement for the CPW case exceeds that of 

the evaluation board by 0.5-0.7 dB on the average which nevertheless confirms a 

promising integration. This is, as mentioned earlier, mainly attributed to the quality of the 

bias circuit and the soldering process which might have not been as efficient in blocking 

the noise from DC voltage sources. Other contributing sources are the wide 
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discontinuities at the RF input and output paddles of the LNA and possible thermal 

conditions which add up to the thermal noise.   

The noise performance of the prototyped circuit with microstrip transitions (solid 

curves) and the evaluation board with GCPW line are almost identical while one might 

note that the overall gain measurements of the LNA with microstrip transitions 

outperforms that of the evaluation board. Note that the measurement of the Hittite board 

includes the losses of the GCPW lines. 

3.6. Conclusions  

The amplifiers circuits presented in this chapter are shown to be successful integrations 

of LNAs within SIW circuitry. The LNA with SIW-to-microstrip transitions performs 

slightly better than that with SIW-to-CPW transitions which requires additional measures 

to provide heat dissipation. The performance difference between the two amplifiers is 

attributed to the width of the CPW center conductor which, for the low-dielectric 

substrate used and a nominal value of a 50  line, is much wider than the paddle width of 

the Hititte LNA chip. Therefore, the LNA with SIW-to-CPW transitions is expected to 

show better performance on substrates with higher permittivities that require a smaller 

width of the CPW’s center conductor. In comparison with an evaluation board supplied 

by the LNA manufacturer, the LNA with SIW-to-microstrip transitions shows slightly 

better gain performance and very similar noise figure.  
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Chapter 4 SIW-Based Antenna Integration 

4.1. SIW-based linear tapered slot antenna (LTSA) with broadband CPW feed 

The concept of active component integration with SIW using different transitions is 

well established in Chapter 3. As SIW technology is meant to replace that of all-metal 

waveguides for a transceiver system design, at least one port of the SIW circuitry will be 

connected to an antenna. In this respect, SIW-based antennas with different feeds, e.g. a 

CPW feed, could be further studied, modeled and experimentally tested. One example of 

such an antenna is an antipodal linear tapered slot antenna (ALTSA) which is the subject 

of this chapter. 

Due to its end-fire characteristics, wide bandwidth and ease of fabrication, the printed 

Tapered Slot Antenna (TSA) [68,69] has found numerous applications in arrays [70], 

phased and scanning arrays [71] and dual-polarized focal-plane imaging systems [72]. Its 

uni-planar version has excellent polarization performance that has been demonstrated for 

frequencies in the millimeter-wave [73] and terahertz ranges [74].  

Whereas the profile of a TSA, either in exponential or linearly tapered form, is well 

known, the challenge usually lies in the selection of an appropriate feed. A common 

method consists in using a microstrip-to-slotline transition [71, 72] where the microstrip 

line is positioned on one side of the substrate and the slot, feeding the TSA, on the other. 

Such transitions are usually bandwidth-limited as they incorporate frequency dependent 

transition elements. 

The direct connection to a microstrip line requires the TSA to become antipodal 

(ATSA) such that the field in the microstrip line, which is oriented perpendicular to the 
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substrate, can be rotated to lie in the plane of the substrate [75, 76]. This method results 

in extremely broadband performance [77].  

The field rotation between SIW and the ATSA is similar to that of the microstrip feed, 

but the SIW losses at millimeter-wave frequencies are lower than those of the microstrip 

line. Thus a number of ATSAs have been proposed which incorporate SIW feeding 

technology. For measurement and/or modeling purposes, however, the microstrip line 

remains, but it is instead connected to the SIW directly. 

It is well known that for millimeter-wave integrated circuits, coplanar waveguide 

(CPW) technology has several advantages over microstrip lines which include surface-

mount integration, lower phase velocity variation, lower cross talk and radiation [78, 79]. 

Therefore, a case can be made that millimeter-wave TSAs or ATSAs rather be fed by 

CPWs than microstrip. Since a direct connection between CPW and TSA or ATSA 

requires bond wires and/or air bridges [80, 81], which complicates fabrication, this 

chapter presents a SIW-based antipodal linearly tapered slot antenna (ALTSA) with a 

new CPW feed, but without air bridges. Two millimeter-wave designs for 4161 GHz 

and 90120 GHz are presented and experimentally verified by prototype measurements 

between 21 GHz and 31 GHz. 

4.2. Design technique  

Fig. 4-1 shows a sketch of the SIW based ALTSA with broadband CPW feed including 

its main design parameters. The operation of ALTSA follows the principles of the regular 

Vivaldi antenna [68]. However, an antipodal configuration is adopted for connection to 

SIW. The electric field of the TE10 mode in the SIW is slowly rotated as the antipodal 

fins open up, and detaches itself toward the end of the fins. The frequency range is 
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determined by the SIW circuit whose equivalent waveguide width is determined by (2.1). 

The width WSIW of the SIW (c.f. Fig. 4-1) is obtained from a number of published 

approaches that provide very accurate values depending on the ratio of the via diameter to 

spacing, d/p, as presented in [82]. Note that a d/p ratio of 0.5 or higher is recommended 

in practice to avoid leakage through the vias. 

 

Figure  4-1 SIW based ALTSA with broadband CPW feed and dimensional parameters. 

 

  The second design step involves the ALTSA for which several previously published 

guidelines are utilized. According to [69], the condition for the aperture opening is 

     0 2aW           (4.1) 

and the effective thickness has to satisfy 

    
0

0 03 10 005   eff
eff r. ,

t
. t 


 b        (4.2) 

where b is the substrate thickness. For the antenna length, [83] recommends 

           0 083  antL                      (4.3) 

When considering the length of the antenna, certain substrate thickness is required for 

stability reasons. This usually leads to the violation of (4.2). Therefore, it is common to 



 76

cut a certain amount of the substrate, e.g. parameter Lcut in Fig. 4-1, to lower the effective 

r in the aperture and thus satisfy (4.2). 

In order to reduce cross polarization levels, and at the same time reduce the overall 

recommended height, Wb, of the antenna [84], corrugations are employed in the upper 

and lower fins of the ALTSA. Their dimensions Wg and Wf are obtained from scaled 

values of the 60 GHz design in [84]. Further investigation with respect to the influence of 

the corrugations on gain, return loss and cross polarization is reported in [85]. 

The third design step concerns the CPW-to-SIW transition at the antenna input. It is 

based on a slight modification of the Type 4-1 interconnect presented in Section 2.5.1 of 

this thesis.  

Table  4-1 Dimensions [in mm] according to Fig. 4-1 

Parameter 21-31 GHZ 41-61 GHZ 90-120 GHZ 

r 2.94 2.94 2.94 
b 0.508 0.254 0.127 

Wa 5.8 3.02 1.41 
Wb 10.2 5.02 2.29 

Lant 89.5 45.0 30.0 
Lcut 39.0 22.0 9.5 
Wf 0.26 0.13 0.14 
Wg 0.26 0.13 0.14 

WSIW 6.27 3.5 1.8 
d 0.62 0.62 0.4 
p 0.86 0.86 0.65 

Wt 1.85 1.1 0.7 
Lt 3.21 1.45 1.17 
Ws 0.65 0.76 0.64 
s 0.15 0.2 0.15 

 

After the initial design, a fine optimization in HFSS is performed to improve cross 

polarization and input return loss. The final dimensions of all three designs in presented 

in this chapter are summarized in Table 4-1. Note that the feeding CPW impedance 

differs from 50  due to size limitations of available CPW test fixtures. Their effect has 
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been calibrated out as described in Section 4.4 of this chapter. As frequency increases, 

the substrate thickness must be reduced for satisfactory performance of the ALTSA and 

the CPW feed. Thus the 21-31 GHz, 41-61 GHz and 90-120 GHz ALTSAs are designed 

on 508 m (20 mil), 254 m (10 mil) and 127 m (5 mil) substrates, respectively (c.f. 

Table 4-1). 

4.3. Simulation results  

This section presents the results obtained from the design process outlined in the 

previous section. Note that in addition to the dimensions presented in Table II, the 

following substrate parameters are considered in the simulations: r=2.94, tan=0.0012, 

metallization thickness t=17.5 m, and conductivity =5.8x107 S/m. 

The input reflection coefficient (in dB) of the 41-61 GHz ALTSA is shown in Fig. 4-2, 

along with its gain, as simulated with the frequency-domain solver HFSS and the time-

domain solver of CST. The input return loss is better than 20 dB over the entire 20 GHz 

frequency range which is attributed to the very good match between the new CPW feed 

and the SIW as well as between the SIW and the ALTSA.  

 
Figure  4-2 Input reflection coefficient and gain in dB of the 41-61 GHz ALTSA and comparison 

between HFSS and CST. 
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Note that over a narrow frequency range (around 49 GHz), return loss values in excess 

of 30 dB can be obtained. The gain is better than 13.5 dB at 41 GHz and increases to 14.9 

at the end of the band. Overall the gain is reasonably flat over the entire band, as 

evidenced by the both CST and HFSS, with the CST results marginally higher than those 

of HFSS. 

 

                                    (a)                                                                    (b) 

 

                                    (c)                                                                    (d) 

Figure  4-3 Radiation patterns of the 41-61 GHz ALTSA at 42 GHz (a), 50 GHz (b), 54 GHz 

(c), and 61 GHz (d). 
 

Radiation pattern examples of this antenna are shown in Fig. 4-3 for four different 

frequencies. It is observed that the E-plane beam width is only slightly narrower than that 
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in the H-plane and that the beam width slightly reduces with frequency. The pattern 

symmetry is very good over the entire frequency range. Expected is the fact that over 

such a wide bandwidth, cross-polarization levels increase with frequency. They are at 20 

dB at 42 GHz (Fig. 4-3a) and reduce to 13.5 dB at 61 GHz (Fig. 4-3d). Note that the 

maximum cross polarization level in the 45-degree cut is only marginally higher than 

those in the principle planes (Fig. 4-3b, 4.3c, 4-3d). 

The respective performances for the 90-120 GHz ALTSA are shown in Fig. 4-4 

(reflection coefficient and gain) and Fig. 4-5 (radiation patterns). The return loss is better 

than 15 dB up to 104 GHz and then improves to better than 22 dB beyond 104.5 GHz as 

confirmed by both HFSS and CST. As previously noticed, this performance can be 

considerably enhanced over a narrow band (e.g. around 107-110 GHz).  The gain 

variation is only ±1 dB over the entire band with values between 12.6 dB at 90 GHz and 

14.6 dB at 120 GHz by HFSS. The CST data is similar but slightly higher than HFSS as 

previously observed. 

 

Figure  4-4 Input reflection coefficient and gain in dB of the 90-120 GHz ALTSA and 

comparison between HFSS and CST. 
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The radiation patterns of the 90-120 GHz ALTSA in Fig. 4-5 demonstrate the same 

trends as observed for those of the 41-61 GHz antenna.  The beam symmetry in the H-

plane is good but that in the E-plane displays a slight ripple effect towards higher 

frequencies and positive  values (Fig. 4-5b, 4-5c, 4-5d). A similar trend is observed for 

the 41-61 GHz ALTSA in Fig. 4-3c and 4-3d. However, such effects occur usually below 

the 10 db level and thus are not of primary concern in our designs. 

 

                                    (a)                                                                    (b) 

 

                                    (c)                                                                    (d) 

Figure  4-5 Radiation patterns of the 90-120 GHz ALTSA at 91 GHz (a), 103 GHz (b), 109 

GHz (c), and 120 GHz (d). 

 

The cross-polarization levels are around 19 dB at 91 GHz and reduce to 15 dB at 120 

GHz. Note that the difference in cross-polarization variation (4 dB) across the band is 
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smaller than that for the 41-61 ALTSA (6.5 dB) which is due to the fact that the 

percentage bandwidth is reduced from 38 percent at 50.5 GHz to 28 percent at 105 GHz. 

4.4. Measurements  

For verification of the above results, a prototype ALTSA was manufactured according 

to dimensions in Table 4-1 for operation between 21 GHz and 31 GHz. A photograph of 

the prototype including the CPW test fixture is shown in Fig. 4-6. 

  In order to eliminate the effects of the coaxial-to-test-fixture-to-CPW transitions, a 

triple-short (SSS) calibration procedure is used [86]. This technique calls for three shorts 

of increasing lengths L1, L2, L3 such that their reflected electrical lengths, 2Ln in degrees, 

satisfy the conditions 

            (4.4)  0 0
2 120 2 90  L L

            (4.5)  0 0
3 220 2 90  L L

            (4.6)  0 0
3 120 2 160  L L

where  is the phase constant of the CPW at midband frequency. In order to account for 

the connection to the test fixture, a constant length of 1.5 mm was added to all three lines. 

Fig. 4-7 shows photographs of the three calibration standards used. 

Radiation pattern measurements are performed at the anechoic chamber of PolyGrames 

Research Centre of École Polytechnique de Montréal. Fig. 4-8 shows the measurement 

set-up. The pattern measurements are carried out with a test antenna, and gain calibration 

is achieved by replacing the ALTSA with a standard-gain horn and computing the on-

axis ALTSA gains [67]. For the frequency range of 21-31 GHz, two standard-gain horns, 

K- and Ka-band, are required. 
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Figure  4-6 21-31 GHz prototype of the SIW based ALTSA with broadband CPW feed and 

CPW test fixture. 

 

           

Figure  4-7 Triple-short CPW calibration standards to de-embed the effects of the coaxial-to-

test-fixture-to-CPW transitions. 

 

 

Figure  4-8 Antenna measurement set-up in anechoic chamber. 
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Fig. 4-9 shows measured and simulated reflection coefficient and gain performances. 

The general agreement is very good and validates the new combined SIW-CPW feed 

strategy as well as the design process outlined in Section 4.2. The measured return loss is 

better than 15 dB over the entire frequency range and better than 20 dB between 24 and 

31 GHz. It is noted that the reflection coefficient computed by CST is in slightly better 

agreement with measurements than that of HFSS and that the gain computations of HFSS 

and CST are in excellent agreement. The measured gain above 26 GHz is only slightly 

lower than predicted – as one would expect from the non-ideal measurement setup. In the 

21-26 GHz range, however, some inconsistencies in the bore sight E-plane measurements 

have been observed with respect to those in the H-plane. They have been eliminated in 

the radiation pattern measurements of Fig. 4-10a and Fig. 4-10b by normalizing the entire 

set of E-plane measurements to the maximum. However, they do show up as the rippled 

performance in the gain measurements between 21 and 26 GHz in Fig. 4-9. 

 

Figure  4-9 Comparison between simulations (HFSS and CST) and measurement for input 

reflection coefficient and gain in dB of the 21-31 GHz ALTSA prototype. 
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The agreement in the co-polarized E-plane and H-plane pattern measurements in Fig. 

4-10 is very good. The measured half-power beam width varies only very slightly  

between 36 degrees at 21 GHz and 33 degrees at 31 GHz.  

 

                                    (a)                                                                    (b) 

 

                                    (c)                                                                    (d) 

Figure  4-10 Comparison between measured and computed radiation patterns of the 21-31 

GHz ALTSA at 21 GHz (a), 24 GHz (b), 28 GHz (c), and 31 GHz (d). 
 

The measured cross-polarization values follow the trends of those demonstrated for the 

41-61 GHz and 90-120 GHz ALTSAs; however, their levels are increased compared to 

those in the simulations. Measured cross polarization varies between 17.5 dB (simulated 

value of 19.5 dB) at 21 GHz and 10.8 dB (simulated value of 14 dB) at 31 GHz. In the 

simulations of the 41-61 GHz and 90-120 GHz designs in Fig. 4-3d and Fig. 4-5d, 
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respectively, the 45-degree cross-polarization levels come out approximately 1 dB higher 

than those in the principle planes. Since 45-degree cross-polarization cuts could not be 

measured, the worst-case cross-polarization measurement of 10.8 dB at 31 GHz might 

thus increase by approximately 1 dB. 

4.5. Conclusions  

The three antenna designs of this chapter present successful millimetre-wave 

integrations of CPW-to-SIW transitions with antennas printed on the same substrate. The 

three designs introduced for 21-31 GHz, 41-61 GHz and 90-120 GHz demonstrate nearly 

flat gain, almost constant beamwidth and cross-polarization levels comparable with 

similar ALTSAs. The new CPW feed, which is more appropriate than microstrip at 

millimeter-wave frequencies, achieves an excellent broadband match to the SIW and 

ALTSA and eliminates the requirement for air ridges in direct CPW-to-TSA connections. 

Simulated performances in HFSS and CST are validated by measurements which verify 

predicted beam width, return loss and gain performance. The general trend of increasing 

cross-polarization with frequency is also verified.  
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Chapter 5 Conclusion and Future Work 

5.1. Summary  

SIW interconnection with other planar transmission line technologies such as 

microstrip line, coplanar waveguide (CPW or GCPW), coplanar stripline, slot line and 

coplanar microstrip line has been in detail studied, and their performance over a wide 

frequency band has been demonstrated by full wave simulations with commercially 

available software packages such as HFSS and CST MWS as well as measurements.  

Once a proper performance has been established by measurements, selected transitions 

are benchmarked for active and surface-mount device integration; in this case, CPW and 

microstrip line were the potential candidates due to their wideband performance and ease 

of integration. The active component in this research was an LNA operating between 17 

GHz to 27 GHz. The LNA mounted SIW prototypes presented in this work demonstrate 

successful integrations with promising performances. The LNA with SIW-to-microstrip 

transitions slightly outperforms the one with SIW-to-CPW transitions. This is believed to 

be due to the large discontinuity at the interconnection point between the 50 CPW line 

and the RF lead paddle of the LNA as well as the quality of the soldering and surface 

element mounting in the bias circuit for noise cancellation purposes. In comparison with 

an evaluation board supplied by the LNA manufacturer, the LNA with SIW-to-microstrip 

transitions shows very similar performance in terms of noise figure as well as gain.  

In order to complete a receiver front end design in SIW technology, at least one port of 

the SIW circuitry will be connected to an antenna. In this research, three antipodal linear 

tapered slot antenna designs have been studied which demonstrate successful millimetre-

wave integrations of CPW-to-SIW transitions with antennas printed on the same 
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substrate. The three designs operating in the 21-31 GHz, 41-61 GHz and 90-120 GHz 

bands achieve nearly flat gain, almost constant beamwidth and low cross-polarization 

levels. At millimetre-wave frequencies CPW is more appropriate than microstrip, and the 

proposed SIW-to-CPW feed achieves an excellent broadband match to the SIW and 

ALTSA. Simulated performances have been evaluated in HFSS and CST MWS for the 

three frequency bands. For the K-band antenna, the simulation results are validated by 

measurements which verify predicted beam width, return loss, gain and cross-polarization 

performance.  
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5.2. Future work 

While the concept of active component integration with SIW using different transitions 

is well established in Chapter 3, further investigation is required as to the modeling 

process of interactions between SIW-to-microstrip or SIW-to-CPW transitions and the 

LNA. Especially with respect to power amplifier integration, this step is considered vital 

for a transceiver system design built entirely in SIW technology.  

Furthermore, for the front-end circuitry of a receiver, the possibility of arranging the 

CPW-fed antenna of Chapter 4 in one- and two-dimensional arrays for beam-forming and 

multiple-input-multiple-output (MIMO) applications could be investigated using 

available high frequency modeling tools such as HFSS or CST MWS. The simulation 

speed and the memory usage can be a potential challenge for large arrays, and accurate 

high frequency modeling with powerful modeling tools and adequate computational 

resources must be selected.  

In addition to ALTSA, other planar SIW-based antenna topologies could be 

investigated. H-plane horns are potential candidates which are compatible with SIW 

technology. While many H-plane horn designs in SIW circuitry have been investigated, 

using a CPW line to feed the antenna has not been reported.  

In an attempt to demonstrate integration of surface-mount components, the design of a 

variable attenuator could be pursued. Within SIW-to-slotline or SIW-to-CPS transitions 

as proposed in Chapter 2, several PIN diodes can be mounted across the slot guiding the 

electromagnetic wave. The diodes should be spaced slightly less than a quarter-

wavelength at midband frequency. By adjusting the level of the dc bias for the diodes, 

various levels of attenuation can be achieved as required, for instance, in an automatic 
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gain control (AGC) environment. A similar circuit has been proposed with microstrip-to-

slotline transitions in [69]. 
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Appendices 

A.1. Anritsu 3680V series Universal Test Fixture and 37397 series Vector Network 
Analyzer (VNA) 

 
Figure A- 1 Test fixture by Anritsu company formerly known as Wiltron [63]  

 

 
Figure A-2 Vector Network Analyzer/Universal Test Fixture Setup [63] 
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Figure A- 3 Scalar Network Analyzer/Universal Test Fixture Setup [63] 

 
 
 

Figure A-4 3680 Series Universal Test Fixture [63] 
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Figure A-5 Anritsu VNA  37397 series [64] 
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A.2. Through-Line-Reflect calibration standards  

 

 
Figure A- 6 Parameters known to build a TRL calibration kit. [66] 

  

 
Figure A-7 Summary organization of a TRL calibration kit in a HP8510 network Analyzer 

(left) and TRL calibration kit with two delay lines and a short (right) [66] 
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B.        Hittite HMC751LC4  SMT GaAs pHEMT MMIC low noise amplifier [89] 
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C.        Agilent N8975A Noise Figure Analyzer (NFA) and 4002A SNS Series Noise 
Source 

 
Figure C-1 NFA’s front panel view [87] 

 
 

 
Figure C-2 NFA with a Normal Noise Source connected [88] 
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