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ABSTRACT 

 

This dissertation deals with the simulation, design, analysis of Non-Radiative Dielectric 

(NRD) guide based circuits and NRD transitions. NRD guide is a type of waveguide where a 

dielectric strip is kept between two metal plates separated by distance less than the half of the 

free space wavelength. Here Polylactic Acid (PLA) is used as the dielectric medium which is 

used as a cartridge in 3D printing. PLA is a type of bio-plastic which are basically plastics 

derived from biodegradable mass.One of the striking features of PLA is that it is 

biodegradable.The advantages and shortcomings of PLA have been discussed in detail. The 

electrical properties of PLA are mainly focussed where the low S21 values in the transition 

structures were attributed to high dielectric loss tangent value of PLA. In this thesis all the 

simulations were done using FEM simulator HFSS. The NRD transitions such as NRD to 

waveguide transitions, NRD to waveguide transition using horn antenna with E-plane flared 

and H-plane tapered, NRD to microstrip transition have been simulated. All the transition 

structures are analyzed with main focus around 47 GHz. The design and analysis of transition 

structures are of utmost importance so that NRD guide based circuits can be designed in the 

future. A bandpass filter and bandstop filter using NRD to waveguide transition were 

designed and simulated with a centre frequency of 47GHz. NRD to microstrip transition has 

been realized physically and the experimental results are discussed in detail. The 

shortcomings and their solutions have also been discussed. The field lines and propagation of 

different modes of the NRD structures have also been analyzed and solutions are provided if 

anomalies were found regarding it. 
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Chapter 1: Introduction 

 

1.1 Background 

 

Huge development in the communication sector has been observed over the past few 

decades. Conventional frequency bands included in the RF and Microwave have practically been 

filled up. So Millimetre wave bands are used for developing new technologies [1]. Millimetre wave 

bands include frequencies from 30 GHz to 300Ghz. Main advantages of using Millimetre wave 

includes:  

i. Possibility of reusing frequencies. 

ii. Smaller in size and light weighted structures are used. 

iii. Higher capacity and higher resolution. 

Generally technologies used in this region is categorised in two divisions wiz: Planar and   Non-

Planar technologies. Planar technologies are divided in 3 categories wiz: Microwave Integrated-

Circuits (MIC), Miniaturized-Hybrid-Microwave-Integrated-Circuits (MHMIC), and Monolithic-

Microwave-Integrated-Circuits (MMIC) [2], [3]. Non-Planar technologies is categorised in two 

divisions wiz: Metallic waveguides and dielectric waveguides. 

    

1.2 Motivation 

 

Usually planar guided structures include microstrip lines for circuits used in microwave 

region [4]. It is widely used in planar guided structure as mounting of lumped elements can be done 

easily in series configuration. Major shortcomings include high losses in transmission, high 

dispersion in shunt configuration. To overcome this slot-line and coplanar structures were proposed 

[5]. These planar structures failed to provide satisfactory results at millimetre waves due to their 

high loss factors as conduction loss become significantly high after 20 GHz [6]. The non-planar 

structures which include metallic guides also faces the same problem as planar guided structures in 

millimetre waves and their integrated structures are bulky in nature. As a result they can only be 

used in structures where low integration is needed. So dielectric guided structures come into picture 

where one of the main advantages include low losses in transmission but one of the main 
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disadvantage of these guides is high radiation losses at bends and discontinuities. Hence to 

overcome these shortcomings Non-Radiative Dielectric guides come into the picture. Different 

dielectric guides are shown in figure 1.1. 

  

Figure1.1: Different Dielectric guides: (a) H-guide (b) NRD-guide (c) AGNRD-guide 

(Asymmetrically grooved NRD-guide)[7] (d) hyper NRD-guide [8] 

 

1.3 Non-Radiative Dielectric (NRD) Guide 

 

T. Yoneyama and S.Nishida first proposed Non-Radiative Dielectric (NRD) Guide in 1981. 

It consists of 2 metal plates which are separated by a distance less than half the free space 

wavelength by a dielectric strip [9]. The pictorial representation is shown figure 1.2 below. 

 

Figure 1.2:  NRD-guide: (a) general view, (b) cross section. 

 

 In conventional parallel plate waveguide the waves having wavelength higher than half the free 

space wavelength λ0 are attenuated hence they are not guided. For this reason in NRD-guide the 

plate separation is less than λ0/2. The propagation condition of the dielectric strip which is placed 

between the two metallic plate changes locally, so in the air-filled region the wave gets attenuated 

and in the strip it easily gets guided. In the midway between the 2 metal plates the incoming fields 

should show symmetry exhibiting Perfect Magnetic Conductor (PMC).  
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It allows two modes LSE10 mode and LSM11 mode to propagate. In the LSE10 mode the 

Electric(E) field lines are at 90° with the Non-Radiative Dielectric ground plane [10]. So it is 

considered to be parasitic and undesirable. So LSM11 mode is the required mode where the 

Electric(E) field lines are parallel to the ground plane of the guided structure. The propagating 

modes are shown in Figure 1.3. 

 

(a)                           (b) 

Figure 1.3 Propagating modes of NRD guide (a) LSM11 mode (b) LSE10 mode 

 

1.4 Mathematical Analysis of Non-Radiative Dielectric (NRD) 

Guide: 

 

To start off we will consider a straight single dielectric. Let the dielectric strip width be a, 

thickness b, relative dielectric constant be Ɛr. Here the analysis is accommodated with the purview 

that hybrid modes in the NRD guide can be seen as resulting from TM surface waves which 

propagates in the infinite slab of the same material and same thickness of the dielectric rod and 

bouncing back and forth between the sidewalls. The cutoff of the strip is given by [11]  

    a      where n=0,1,…   (1.1). 

Here λwgn is the guide wavelength of TMn slab mode.   

  

                               (1.2). 
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Here λ0 is the wavelength in free space and qn is the nth solution of the characteristic equation 

derived in [12]. 

  where n is even     (1.3).  

                 where n is odd      (1.4). 

 

From equation (1.1), single mode operation condition is given as  

                                                  (1.5). 

Here λwg0 and λwg1 are the wavelengths of the guide at fundamental and second TM slab modes. The 

region which is bounded by λwg0=2a and λwg1=2a and by the upright line a/ λ0 =0.5. 

 

1.5 Polylactic Acid (PLA) 

 

It is a type of bio-plastic which are basically plastics derived from biodegradable mass. It is 

derived from corn starch or sugar cane which is a renewable resource. One of the striking features of 

PLA is that it is biodegradable. In this day and age climate change is of paramount importance and 

any material which replaces traditional materials which has an adverse effect to the environment 

like Teflon should be investigated properly to have a cleaner future. In this thesis use of PLA as a 

dielectric strip is discussed. The electrical properties of PLA are given below: 

i) Electrical permittivity: 2.7. 

ii) Loss tangent: 0.008. 

 

1.6 Problem Statement 

 

Dissertation objective includes: 

I. To observe transmission and reflection characteristics of NRD guide for waveguide, horn 

and microstrip transitions. 

II. To design bandpass filter and bandstop filter using NRD guide. 

III. To investigate PLA as a dielectric medium as an alternative to Teflon. 
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1.7 Organization of Thesis 

 

Chapter 1 discusses the status of circuits in millimetre wave, motivation for NRD based circuits, 

principle of operation of NRD guide, Polylactic Acid and its electrical properties. 

Chapter 2 discusses about the previous work done in NRD, NRD based circuits and transitions. 

Chapter 3 discusses about the field lines, propagation of NRD based circuits. 

Chapter 4 discusses the NRD to waveguide transitions and NRD based circuits using NRD to 

waveguide transitions and the simulation result obtained from it. 

Chapter 5 discusses the NRD to waveguide transitions with horn antenna and the simulation result 

obtained from it. 

Chapter 6 discusses the NRD to microstrip transition and the simulation and experimental results 

obtained from it. 

Chapter 7 summarizes all the results obtained and discusses about the future scope of this thesis. 
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Chapter 2: Literature Review 

 

The idea of Non-Radiative dielectric waveguide was presented by T. Yoneyama and S. Nishida [9]. 

The advantages of using a NRD guide were discussed over traditional guides like insular guides 

[13], image guides [14], H-guides [11]. At discontinuities and bends decaying of radiated waves and 

free propagation of the waves in the dielectric strip were cited as main advantages over traditional 

guided structures. Loss in transmission, BW(Bandwidth) for single mode operation, coupling 

coefficient were discussed. T junctions, Bends, couplers were implemented and promising results 

were shown. In THz(terahertz) region transmission characteristics of NRD(non-radiative dielectric) 

guide was discussed in [15]. Design constraints such as separation between two metal plates of the 

NRD guide and width of the NRD guide were discussed [16]. The height of the dielectric strip of the 

NRD guide should be nearly equal to 0.45λ0 while the width should be in the range of (0.4  

0.6)* . Main purpose of this paper was to observe the transmission characteristics and compare 

it with a traditional guide like Co-planar guide at frequency 1.5 THz. Comparison of transmission 

loss was made between the aforementioned guide and NRD guide were the NRD guide showed low 

losses as compared to the other guide [17].  

For practical use of NRD guide different types of NRD guide transitions have been used over the 

years. Waveguide transition with tapered dielectric structure was first introduced in J. A. G. 

Malharbe, et-al in 1984 [18]. Here a standard waveguide working in the X-band was used for 

transition. The reflection coefficient of the tapered structure was observed and the different 

parameters like impedance at different position of the tapered strip. Proper matching of the 

transition structure was stressed to obtain optimum result. S. Mbe Emane, et-al [19] took it forward 

and designed the aforementioned transition for millimetre wave.  Conventional waveguides used for 

frequencies 30-40 GHz and 45-55 GHz were used and their S21 and S11 values for the above 

mentioned frequency bands were assessed. The authors made an astute observation that the both the 

height and width matching of the NRD guide with the waveguide’s height and width is of utmost 

importance for good result .From the results it was concluded that this NRD transition can be used 

for multi-beam system as mentioned in [20].  

T. Yoneyama took a different approach and used horn as transition instead of a waveguide [21]. 

Like [19] even here a tapered dielectric strip is inserted in the transition part. A customised horn was 

used where the H-plane is tapered and E-plane is flared. Malherbe represented similar type of 
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transition which was composite natured [22], where Electric(E) field matching of NRD and horn 

was done. The tapered length was kept constant at 5  and rest of the parameters were varied. 

Micro-strip transitions have also been used. The main principle involved in this transition technique 

is aperture coupling [23]-[25]. In the micro-strip transition reported by L. Han, et-al [26] both the 

dielectric strip and micro-strip line have a common ground plane. For coupling the slots are made on 

the ground plane. The slots are at an angle 90° with the micro-strip line and parallel to the dielectric 

strip. Further optimization of the aforementioned design was done [27] where the reflection 

coefficient(S11) and transmission coefficient(S21) due to variation of the open ends of the micro-

strip and coupling slots were observed. Even different types of slots were used and were simulated 

to obtain optimized results. Further improvements were made in [28] where a metallic mode 

suppressors were used to nullify unwanted modes and improve reflection coefficient(S11) and 

transmission coefficient(S21) over the desired band of frequency of the transition. 

NRD guide based circuits such as band-pass filter and band-stop filter showed positive outcomes as 

well. First band-pass filter which used gap coupling was reported in [29].  Realization of band-stop 

filter using NRD guide is difficult but band-stop filter using  dielectric stub configurations have 

been reported in [30]-[31]. A band-stop at 33.5GHz filter with suspended strip-line transition has 

been reported in [32].    
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Chapter 3: Simulation and Analysis of NRD based circuits 

 

3.1 Introduction: 

Initial simulations were done without transitions using HFSS software to determine whether the 

results were promising enough for practical realization. For ease of computation NRD guide with 

magnetic walls (for symmetry) is used. Due to this symmetry only the bottom half is simulated. 

PLA (Polylactic acid) is used as the dielectric strip. The relative permittivity is taken as 2.7 with 

0.008 loss tangent. The basic structure of a NRD waveguide with magnetic wall is shown in figure 

3.1. 

 

Figure 3.1 Basic structure of NRD guide. 

 

3.2 Variation of separation between the metal plates: 

 

The optimum gap between the plates should be greater than λg/2 and lesser than λ0/2. The center 

frequency is considered to be 47 GHz. So the optimum gap b should be between 1.97mm to 3.24 

mm. Our main target is to have high attenuation and low propagation for any modes higher than 2 

and low attenuation and high propagation for modes 1 and 2. Mode 1 is still considered to be 
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parasitic mode while mode 2 is our desired mode.  The dispersion plot of propagation values for 

different gaps and modes are shown below where the x axis denotes the frequency and y axis 

denotes the propagation constant: 
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  Fig 3.2: Dispersion plot for 1.2 mm gap NRD guide 
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  Fig 3.3: Dispersion plot for 1.3 mm width of dielectric strip 
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  Fig 3.4: Dispersion plot for 1.4 mm gap NRD guide 
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  Fig 3.5: Dispersion plot for 1.5 mm gap NRD guide 

 

It should be noted that in all the simulations width of the dielectric strip was fixed at 2.3mm. From 

the above results it can be seen that on increasing the gap the value of propagation constant 

increases. For getting a proper propagation constant (β) for mode 2 which is our desired mode the 

optimum gap between the 2 plates is considered to be 2.6m (1.3 mm half length) based on the 

dispersion plots as it shows low attenuation and high propagation constant value for modes 1 and 2 

and low propagation and high attenuation for other higher modes. 
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3.3 Variation of width of dielectric strip: 

 

To fine-tune our results even further dispersion plot for different width of the dielectric strip were 

observed. The dispersion plots are given below. 
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Fig 3.6: Dispersion plot for 2.2 mm width of dielectric strip 
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Fig 3.7: Dispersion plot for 2.4 mm width of dielectric strip 
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Fig 3.8: Dispersion plot for 2.6 mm width of dielectric strip 
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 Fig 3.9: Dispersion plot for 2.8 mm width of dielectric strip 
Based on the simulation results both the optimum width and height is taken as 2.6mm. The gamma 

values at different mode for this configuration for port 1 at 47GHz are shown in the table 3.1. 

 



                                            13 
 

 

Mode Number Attenuation Propagation 

1 11.495 784.44 

2 13.2 551.3 

3 691.45 2.253 

4 802.61 0.7525 

Table 3.1: Gamma values for different modes at port1 at 47GHz frequency. 

The main purpose of these simulations was to obtain the configurations for which only first two 

modes are allowed to pass in the NRD guide. 

 

3.4 Band-pass Filter Design and analysis: 

Now a simple band-pass filter is proposed having structure shown below: 

 

Fig 3.10: Top-view of Single element band-pass filter 
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The different dimension of the structure is given below.  

 

 Figure 3.11: Top view of dielectric strip of Single element filter. 

 

 

 

Table 3.2: Dimension of the Single element bandpass filter 

 

 

Structure name  X-dimension 

(mm)  

Y-dimension 

(mm)  

Z-dimension 

(mm)  
 
Step 1,Step 2 0.4 6 1 (0.3 mm above 

lower metal plate) 

 
Step 3,Step 4          1  6 1 (0.3 mm above 

lower metal plate) 

 
Gap-strip 1, Gap-strip 2  1.2  2.6 0.1  

 
Mid strip 2.6 2.6 1.3 
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The height of the structure is 1.3mm.The S11 and S21 plots are given below: 
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Fig 3.12: S11 and S21 plot for frequencies 45-49 GHz single element band-pass filter 

In figure 3.10 the S21 value at center frequency 47GHz is quite low. Moreover the passband is not 

sharp enough. Now a 3 element periodic structure is used to improve the above result. The top view 

& the different dimensions of the structure are shown: 

 

Fig 3.13: Top view of 3 element Band-pass filter  
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 Table 3.3: Dimension of the 3 element bandpass filter 

The remaining part of the strip length on either side of gap-strip 1 and gapstrip 2 is 24.8 mm.  

The S11 and S22 plot for the frequency range 45-49 GHz is depicted below: 
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 Fig 3.14: S11 and S21 plot for frequencies 45-49 GHz 3-element band-pass filter 

Structure name  X-dimension (mm)  Y-dimension (mm)  Z-dimension 

(mm)  
Step 2 0.4 4 1 (0.3 mm above lower 

metal plate) 

 

Step 1,  Step 3 0.4 3 1 (0.3 mm above lower 

metal plate) 

 
Step 5 1 6 1 (0.3 mm above lower 

metal plate) 

 

Step 4, Step 6           1 5 1 (0.3 mm above lower 

metal plate) 

 

Gap-strip 1, Gap-strip 2 

 
0.1 2.6 0.1 

 
Gap-strip 1, Gap-strip 2  1.2  2.6 0.1  

 
Strip 1, Strip 2, Strip 3 2.6 2.6 1.3 
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From figure 3.14 it is evident that the passband characteristic of the filter has improved considerably 

from the single element band-pass filter. The S11 is -18.61 dB and S21 is -7.22 dB at 47GHz which 

is the centre frequency. To further improve the S21 values we can place a thin arlon sheet of width 

0.136 mm in between the PLA strips. This sheet has a low loss tangent value (0.0009) and a relative 

permittivity of 2.2. But the practical realization of placing the arlon sheet is not feasible as the thin 

sheet needs to be pasted which has its own complications. So this idea was discarded. 

3.5 Conclusion 

 

From the simulations it is quite evident that the S21 values are quite low. This is mainly due to the 

high loss tangent value of 0.008 the dielectric strip PLA. For a low loss tangent value the S21 value 

will drastically improve which will be shown in the next chapters. The S11 and S22 plots slightly 

resemble band-pass filter characteristics. The results are promising enough to be implemented 

practically by using various transitions like waveguide, horn and micro-strip which will be shown in 

the next chapters. 
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Chapter 4: Simulation and Analysis of NRD based millimetre 

wave circuits using NRD to Waveguide transition  

 

4.1 NRD to Waveguide transition 

 

  Waveguide transition was first reported in [18] by J. A. G. Malharbe, et-al in 1984 where a 

tapered dielectric structure was used as the NRD strip. Now in this transition only one mode is 

allowed to propagate.  The width and height of the tapered section and the waveguide is of utmost 

importance to achieve proper matching. Here the waveguide transition was made to operate from 44 

to 50 GHz frequency with main focus around 47 GHz as other NRD based circuits will be simulated 

with 47 GHz as the centre frequency. The main objective of the transition structure is to have low 

S11 values and S21 values for the entire frequency region. The simulation setup is shown in fig 4.1. 

Simulations were done in HFSS 17.1. 

 

 

Fig 4.1: Simulation setup for waveguide to NRD transition 
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The S11 and S21 plot for variation of width of the dielectric strip made up of PLA where height is 

fixed at 2.35mm is shown below: 
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Fig 4.2: S11 and S21 plot for frequencies 44-50 GHz of Waveguide to NRD transition for 4 

mm width of dielectric strip 
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Fig 4.3: S11 and S21 plot for frequencies 44-50 GHz of Waveguide to NRD transition for 

4.1mm width of dielectric strip 
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Fig 4.4: S11 and S21 plot for frequencies 44-50 GHz of Waveguide to NRD transition for 

4.2mm width of dielectric strip 

 

From the above results 4.1mm width dielectric strip was considered to be the optimum width. The 

S11 does not exceed -15dB except at 48 GHz in the entire frequency range which shows good 

matching and the S21 remains nearly constant at 3.5dB for almost the entire frequency range except 

at 48 GHz which is due to discontinuities in the structure. It should be noted that the height and 

breadth of the waveguide used in simulation is same as that of a standard WR22 waveguide. The 

propagation and attenuation value for different modes at port 1 of the structure at 47GHz is shown 

below: 

 

Mode Number Attenuation Propagation 

1 0.12 773.12 

2 870.07 0.29 

3 870.16 0.2 

4 1090.4 0.29 

Table 4.1: Gamma values for different modes at port1 at 47GHz frequency for4.1 mm width 

of dielectric strip. 
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Now both the height and width of the waveguide used in the transition is matched with the dielectric 

strip for matching and getting a proper S21 values in the required frequency region. Here a 

30 4.78 2.39 mm waveguide is used for matching. The strip dimension is shown below: 

 

Figure 4.5: Top view of dielectric strip. 

 

The metal plate length is 20 mm and the tapering starts 5mm inside the transition waveguide. The 

taper width and height at the end is 0.1 mm and 2.35mm respectively. To show the importance of 

matching of height of the waveguide with the dielectric strip a simulation was done with height of 

the waveguide as 10 mm instead of 2.39 mm which was nearly equal to the height of the dielectric 

strip (2.35mm). Instead of allowing a single mode to propagate multiple modes were allowed. The 

same was observed when there is mismatch of width of the dielectric strip where the breadth was 

changed from 4.78 mm to 20 mm. The propagation and attenuation value for different modes at port 

1 of the structure at 47GHz is shown below: 

 

Mode 

Number 

Attenuation Propagation 

1 0.036  933.64 

2 0.0566 778.06 

3 0.0533 768.67 

4 0.087 711.81 

 

Mode 

Number 

Attenuation Propagation 

1 0.06  972.51 

2 0.07 933.67 

3 0.07 865.09 

4 0.09 758.73 

 

. 

30 mm 
3mm 3 mm 

4.1mm 

Table 4.3: Gamma values for different modes at port1 at 

47GHz frequency for width 20mm of the waveguide 

Table 4.2: Gamma values for different modes at 

port1 at 47GHz frequency for height 10mm of the 

waveguide 
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Generally the S21 values for NRD transitions are observed to be around 1 dB for waveguide 

transitions where a material having low loss tangent value like teflon is used as a dielectric medium. 

But in the above simulations the S21 values hover between 3-5 dB. Teflon has low dielectric loss 

tangent of 0.004 whixh can be the main reason for high S21. So this low S21 value is due to the 

high loss tangent value of PLA (0.008). Now for low loss tangent value the S21 value will 

drastically improve. The effect of loss tangent on S21 is depicted in figure 4.6.  
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Figure 4.6: S21 plot with variation of loss tangent  
 

So the above plot proves that the design works properly and low S21 value is due to the high loss 

tangent of PLA. 
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4.2 Simulation and analysis of Bandpass filter with NRD to 

Waveguide transition 

  

A Single element and a 3 element bandpass filter having a structure similar to that of a step 

impedance resonator is designed with centre frequency 47GHz. Main purpose of simulation of this 

structure is to check whether hybrid technology configuration such as bandpass filter can be realized 

using this transition.  A simple Single element bandpass filter is proposed whose simulation setup is 

and the top view of the dielectric strip is depicted in figure 4.7 and 4.8. . 

 

 

Figure 4.7: Simulation setup for Single element filter. 
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Figure 4.8: Top view of dielectric strip of Single element filter. 

 

  

Table 4.3: Dimension of the Single element bandpass filter 

 

Here just like the waveguide to NRD transition a tapered dielectric strip is used. The end width and 

end height of the tapered structure is 0.1 mm and 2.5 mm respectively. The length of the tapered 

section is 21 mm and it starts from 7mm inside the waveguide and the length of the strip inside 

NRD is 40mm. The dimension of the non-tapered portion is 54 4.2 2.5 mm. The S11 and S22 plot 

of the proposed filter is shown below: 

Structure 

name  

X-dimension 

(mm)  

Y-dimension 

(mm)  

Z-dimension (mm)  

 
Step 1,Step 2 0.7 3 2.1 (0.2 mm above lower metal 

plate) 

 
Step 3,Step 4          1.66  7 2.1 (0.2 mm above lower metal 

plate) 

 
Gap-strip 1, Gap-strip 
2  

1.4  4.2 0.1  

 
Mid strip 4.2 4.2 2.5 

Step 3 

Step4 

Step 1 

Step 2 

Gap-strip 1 

Gap-strip 2 Mid-strip 
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Fig 4.9: S11 and S21 plot for frequencies 44-50 GHz of the Single element filter. 

In figure 4.9 the centre frequency of the filter is 46.9 GHz which is close to 47GHz. S11 and S22 at 

46.9 GHz is -39.7928 dB and -4.96 dB. The passband of the filter is quite poor and requires further 

improvement. So a 3 element filter is designed. The simulation setup is similar to that of the Single 

element bandpass filter. The top view of the dielectric strip and its dimensional analysis is depicted 

below. 

 

 

 

 

Figure 4.10: Top view of dielectric strip of 3 element filter. 

Inside the 

NRD:  40mm 

20 mm 
20 mm 

8mm 

8mm 

Inside the waveguide 

Inside the waveguide 

Step 1 

Step 2 

Step 3 

Gap-Strip 1  

Gap-Strip 4 

Gap-Strip 2 
Gap-Strip 3 

Step 4 
Step 5 

Step 6 

Strip 1  

  Strip 3  

  Strip 2  
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Table 4.4: Dimension of the 3 element bandpass filter 

The end width and end height of the tapered structure is 0.1 mm and 2.5 mm respectively. The S11 

plot and S21 plot for the 3 element filter is shown in figure 4.11. 
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Fig 4.11: S11 and S21 plot for frequencies 45-49 GHz of the 3 element filter. 

 

Structure name  X-dimension (mm)  Y-dimension (mm)  Z-dimension (mm)  
 

Step 1, Step 2, Step 3 0.7 3 2.1 (0.2 mm above lower metal plate) 

 
Step 5 1.66 9.5 2.1 (0.2 mm above lower metal plate) 

 

Step 4, Step 6           1.66  7.5 2.1 (0.2 mm above lower metal plate) 

 
Gap-strip 1, Gap-strip 2 

 
0.1 4.2 0.1 

 
Gap-strip 1, Gap-strip 2  1.4  4.2 0.1  

 

Strip 1, Strip 2, Strip 3 4.2 4.2 2.5 
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The centre frequency of the filter is 46.7 GHz which is quite close to 47 GHz which was our target 

centre frequency. The S11 and S21 at the centre 46.7 GHz is -25.464 dB and 5.47 dB respectively. 

The passband of the filter has improved considerably as S21 values dip to -15 dB and -16 dB at 

46GHz and 47.4 GHz. The bandwidth obtained is 1.4 GHz in this structure. 

 

4.3 Simulation and analysis of Bandstop filter with NRD to 

Waveguide transition 

   

  A bandstop filter with centre at 47GHz is designed using spurline element. The 

length is equal to one-fourth the guided wavelength (λg/4) which for 47 GHz is equal to 0.97 mm. 

The top view of the spurline structure is shown below: 

  

 

 

Figure 4.12: Top view of Spurline element. 

 

 

 

 Figure 4.13: Top view of Dielectric strip. 

       a 

       e 

    λg/4   
        b 

        b 

        b 
 

Inside the 

NRD Guide: 

20mm 

Inside the 

Waveguide: 

23mm 

Inside the 

Waveguide: 

23mm 
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Figure 4.14: Equivalent circuit of spurline section. 

 

The height and width at the end of the taper is 2.5mm and 0.1 mm respectively. Variation of the 

breadth of the dielectric strip was simulated as shown in fig: 4.13 with height fixed at 2.5mm, b 

fixed at 0.5mm and e fixed at 1.2mm respectively. 
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Figure 4.15: S21 plot for variation of the breadth of the dielectric strip 

 

From the figure 4.13 it is evident that varying the breadth of the dielectric strip shifts the centre 

frequency of the bandstop filter. The width of the dielectric strip is fixed at 4.5mm based on the 

result obtained from figure 4.13. To optimize further variation of a and e is done. 
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 Figure 4.16: S21 plot for variation of a 

 

Based on the result obtained from the above fig 4.15 a is fixed at 0.5mm. 
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   Figure 4.17: S21 plot for variation of e 
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Based on the results obtained e is fixed at 1.2mm. The final structure consists of a dielectric strip of 

width 4.5mm, a = 0.5mm, e =1.2 mm. The S21 plot after optimization is given below. 
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  Figure 4.18: S21 plot for bandstop filter 

The centre frequency is obtained at 47.1 GHz which is near to the target centre frequency 47 GHz. 

The S21 value at centre frequency is -14.942 dB. 

   

4.4 Conclusion 

 

In this chapter NRD to waveguide transition was designed which showed promising result 

for the frequency range 44-50 GHz. After optimization S21 was seen to be around 3.5 dB with its 

worst value being 8.3 dB at 45.5 GHz frequency. The low value of S21 was assumed to be due to 

the high loss tangent value of PLA which was used as a dielectric medium in the guided structure. 

The effect of loss tangent on S21 showed in figure 4.6 proves that our assumption was correct. A 

Single element and a 3 element bandpass filter with centre frequency 47GHz was designed and 

simulation results were promising. The 3 element filter depicted good passband characteristics. The 

final structure had centre frequency 46.7 GHz. Then a bandstop filter was designed with centre 

frequency 47.1 GHz using a spurline structure. Even though the results were promising one major 

flaw in this waveguide transition is that it allows parasitic mode to propagate through it.  
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Fig 4.19: E field lines at port 1. 

 

The mode allowed by the guided structure consists of E field lines perpendicular to the dielectric 

strip as shown in figure 4.18. So further NRD based circuits were not done with this transition. Poor 

matching and transmission characteristics were observed when the E field of 1
st
 mode of the NRD 

guide was parallel to the dielectric strip.To solve this issue a waveguide transition with horn antenna 

can be used which will be discussed in the next chapter. 
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Chapter 5: Simulation and Analysis of NRD to Waveguide 

Transition using Horn Antenna 

 

5.1 NRD to Waveguide transition using Horn Antenna 

 

 As reported by T. Yoneyama in [21] a customised horn was used where the H-plane is 

tapered and E-plane is flared. A tapered dielectric strip is inserted in the transition part just like in 

the waveguide transition. Here the tapered length was fixed at 3 times the free space wavelength. 

Here the length of the flared part of the horn antenna was fixed at 3 times the free space wavelength. 

Here the matching of height of the flared part of the horn antenna with the height of the dielectric 

strip of the NRD guide is of utmost importance for proper matching. The matching of the breadth of 

the tapered dielectric with that of the width of the waveguide is also important for obtaining proper 

result. Here the height and breadth is fixed at 2.39mm and 4.78 mm respectively in simulation. The 

length and breadth is same as that of the WR22 waveguide which is a standard rectangular 

waveguide. The simulation setup of the transition structure is given below: 

  
Fig 5.1: Simulation setup of the transition structure 
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Simulations were done for frequency range 44.5 GHz to 49.5 GHz with main focus around 47 GHz. 

The main objective of the transition structure is to have low S11 values and S21 values for the entire 

frequency region. Simulations were done in HFSS 17.1. The S11 and S21 plot for variation of 

breadth of the dielectric strip made up of PLA where height is fixed at 2.8mm is shown below: 
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Fig 5.2: S11 and S21 plot for frequencies 44.5-49.5 GHz of NRD to horn transition for 2.2mm 

width of dielectric strip. 
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Fig 5.3: S11 and S21 plot for frequencies 44.5-49.5 GHz of NRD to horn transition for 2.3mm 

width of dielectric strip. 
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Fig 5.4: S11 and S21 plot for frequencies 44.5-49.5 GHz of NRD to horn transition for 2.35mm 

width of dielectric strip. 
 

From the above plots dielectric strip breadth of 2.3mm shows good matching and transmission 

characteristics of the transition structure as the S11 remains less than -21 dB and S21 remains 

mostly at 7dB throughout the frequency range. So the breadth of the strip is taken as 2.3mm. The 

dip in S21 at certain frequencies is due to discontinuity in the transition structure. This transition 

structure allows a single mode to propagate. The propagation and attenuation value for different 

modes at port 1 of the structure at 47GHz is shown below: 

 

Mode Number Attenuation Propagation 

1 0.121 773.85 

2 870.08 0.29 

3 870.21 0.197 

 

 
Table 5.1: Gamma values for different modes at port1 at 

47GHz frequency for 2.3mm width of dielectric strip. 
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Fig 5.5: Side view of the dielectric strip 
 

The tapering of the dielectric starts 3mm into the horn antenna and the tapered length is 19.5mm. 

The end-width and height of the tapered structure is 2.3mm and 0.4 mm respectively. The length of 

the tapered structure is 19.5mm. The dimension of the transition structure is given below: 

 

 

 Fig 5.6: Side view of the transition structure 
 

The breadth of the rectangular waveguide is 2.39 mm. Generally the S21 values for NRD transitions 

are observed to be around 1 dB for waveguide transitions where a material having low loss tangent 

value like teflon is used as a dielectric medium. But in the above simulations the S21 values hover 

between 7-9 dB. The low S21 value is due to the high loss tangent value of PLA (0.008). Now for 

low loss tangent value the S21 value will drastically improve. The effect of loss tangent on S21 is 

depicted in figure 5.7 which proves that our assumption is correct.  
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Fig 5.7: S21 plot with variation of loss tangent  
 

5.2 Conclusion 

 

In this chapter NRD to waveguide transition with horn antenna was designed which showed 

promising result for the frequency range 44.5-49.5 GHz. After optimization S21 was seen to be 

around 7 dB with its worst value being 9 dB. The low value of S21 was assumed to be due to the 

high loss tangent of PLA which was used as a dielectric medium in the guided structure. The effect 

of loss tangent on S21 showed in figure 5.7 that our assumption was correct. In this transition only a 

single mode is allowed to propagate and the E field lines of that mode is parallel to the dielectric 

strip which is the field line of the desired mode (LSM 11). 

 

 

Fig 5.8: E field lines at port 1. 
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Chapter 6: Simulation, Analysis and Measurement of NRD to 

Microstrip Transition 

 

6.1 NRD to Microstrip Transition 

 

In this chapter NRD to Micro-strip transition has been designed, simulated and realized practically. 

In this transition both the dielectric strip and micro-strip line have a common ground plane [25]. For 

coupling the slots are made on the ground plane. The slots are at an angle 90° with the micro-strip 

line and parallel to the dielectric strip while the microstrip lines are at an angle 90° with the 

dielectric strip for single mode operation. The simulation setup is shown below: 

 

  Fig 6.1: Simulation setup of the transition structure 

 

In the simulation Rogers/RT duroid 5800 (Ɛr=2.2) is used as substrate which has a height of 

0.254mm. The region above the microstrip line should be air, so for that an air region is taken which 

encompasses the entire transition structure. As mentioned in L. Han, et al in [12], the performance 

of the transition is mainly dependant on the open end of the microstrip line and slot. The separation 

between the microstrip line is fixed at 63mm, microstrip line width is 1mm, substrate dimension is 

80 54 0.254 mm, the lower metal plate dimension is 80 50 4 mm, the dielectric strip dimension 

is 66 2.3 2.8 mm, the dimension of ground plane made up of copper is 80 54 0.018 mm. A 
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50 2 2.8 mm metal channel is used to hold the substrate. The simulations are done using HFSS 

17.1 for frequency ranges 46.4 to 47.6 GHz with main focus at 47GHz. 

   

  

  Fig 6.2: Top view of microstrip line and slot part of transition 

 

So plot of S21 with variation of the length of open end of microstrip line (ls) is shown below: 
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 Fig 6.3: S21 plot with variation of length of open end of microstrip line 
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The length of the open end of the microstrip line is set at 1mm and total length of the microstrip line 

is 28mm. So plot of S21 with variation of length of open end of the slot is shown below 
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Fig 6.4: S21 plot with variation of length of slot. 

 

The length of the slot is fixed at 4mm based on the results obtained from fig 6.4. The S21 and S11 

plot after optimization is given below 
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Fig 6.5: S11 and S21 plot for NRD to Microstrip transition 
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The optimized result shows a bandwidth of 500 MHz where the S21 value does not drop below -

10dB and S11 remains less than -15dB. The S21 values are quite low due to high dielectric loss 

tangent of PLA which is 0.008. For low loss tangent value the S21 will drastically improve. The 

effect of loss tangent on S21 is depicted in figure 6.6. 
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Fig 6.6: S21 plot with variation of loss tangent  

 

S21 plot in Fig 6.6 proves that our assumption is correct.  The transition structure allows only a 

single mode to propagate. The propagation constant at port 1 for frequency 47 GHz is given below: 

 

Mode Number Attenuation Propagation 

1 1.4782 1347.4 

2 1122.7 0.158 

3 1604.3 0.385 

Table 6.1: Gamma values for different modes at port1 at 47GHz frequency. 
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6.2 Experimental Setup and Results 

 

The experimental setup is shown below: 

 

 

 

Fig6.7 :Top view of substrate with connector 

 

 

Fig 6.8 :Top view of ground plane with connector 

and slots 

 

 

  

    
Fig 6.9: Front view of the assembled structure 
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Aluminium metal plate has been used. The ground plane and microstrip lines are made up of copper. 

The lower part of the connector which has to be below the substrate has a height of 5 mm while the 

separation between the ground plane and the metal plate is 2.8mm. The metal plate had to be cut so 

that the connector can be accommodated for obtaining result in the vector network analyzer. The 

dielectric strip made up of PLA was printed in Ultimaker extended 2+ using a 0.6mm nozzle with 

minimum resolution 50 micron. The substrate was made by photo etching. Parts of the dielectric 

strip were attached to the aluminium base plate by an adhesive so that the slots and the strip are 

properly aligned. The connectors were mounted on the substrate as shown in fig 6.8. 

 

 

 

 

 

Fig 6.10: Measurement setup 
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Fig 6.11: Measured S21 plot for frequency range 42-49 GHz 

 

 

 

 

Fig 6.12: Measured S11 plot for frequency range 42-49 GHz 

 

The best S21 and S11 value is -26.2 dB and -13.9 dB at 44.7GHz. 
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6.3 Conclusion: 

 

In this chapter a NRD to microstrip transition has been done. The simulation results depicted 

a band of 500 MHz frequency from 46.7 GHz to 47.2 GHz where S21 value is greater than -10dB. 

The experimental result varies from the simulation result with best S21 and S11 value is -26.2 dB 

and -13.9 dB at 44.7GHz. The frequency shift is due to the variation of breadth of PLA strip from 

2.3mm. The PLA strip is produced by Ultimaker extended 2+ which is a 3D printer. The printed 

strip has non-uniform breadth and height. Even after keeping the infill density of the printer to 

100%, a completely filled solid structure was not fabricated. The baseplate formed at the start of the 

print embeds a pattern at the base of the printed strip. At such high frequencies even a small change 

of 0.1 mm in dimension has an adverse effect in experimental and simulation results. The drop in 

S21 is due to the connector which has its own transmission losses. Moreover, the lower part of the 

connector which has to be below the substrate has a height of 5 mm while the separation between 

the ground plane and the metal plate is 2.8mm. Part of the metal plate had to be cut so that the 

connector can be accommodated for obtaining result in the vector network analyzer. Furthermore, 

the drop in S21 value can be also attributed to the fact that an adhesive had to be used to fix the PLA 

strip on the metal plate which was done so that the slots and the dielectric strip are properly aligned. 

The adhesive could have been avoided if the substrate or the ground plane was thick enough so that 

the metal plate, the substrate and ground plane could have been connected via screws. Moreover at 

high frequencies microstrip lines are not ideal for transition structure as it has its own transmission 

losses. Simulation setup has been made in accordance with the experimental setup.  

  

  

Fig 6.13: Printed structure 
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Fig 6.14: Simulation setup of Microstrip to NRD transition with connector 
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Fig 6.15: S11 and S21 plot for NRD to Microstrip transition 

 

S11 and S21 plot in Fig 6.11 portrays the effect of connector and metal etching as S21 at 47 GHz is 

reduced to -18.7 dB. So the experimental result is expected to match with the simulation result if all 

these factors can be taken care of.  
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Chapter 7: Conclusion and Future Scope 

 

 In this dissertation field analysis and propagation constants of different modes of the NRD 

guide was first analyzed. Then NRD based circuits like bandpass filter were simulated. After getting 

promising results from the simulation different NRD transitions were analyzed and simulated. All 

the 3 transitions (waveguide, a waveguide with horn antenna, microstrip transition) showed 

promising results in simulation. The low S21 values in the transition structures were attributed to 

high loss tangent value of PLA which was used as a dielectric strip. A bandpass and bandstop filter 

with centre frequencies 47 GHz were designed with waveguide transition. The idea of using a 

waveguide transition for realizing different circuits was discarded as it was allowing a single 

parasitic mode to propagate. To solve this, waveguide transition with horn antenna was used for 

simulation where the E-plane was flared while the H-plane was tapered. The physical realization of 

NRD to microstrip transition was made with the main focus on 47 GHz. The experimental results 

did not match with the simulation results due to various factors such as connector losses, metal 

etching due to the connector, high transmission losses of microstrip lines at high frequencies, loss 

due to the discontinuity of coaxial and microstrip line transition, accuracy of the machined 

components especially non-uniformity of PLA strip, etc . At such high frequencies, even a small 

change of 0.1 mm in dimension will have an adverse effect in experimental and simulation results 

One of the major takeaways from this dissertation is that the high loss tangent value of PLA has a 

major role in the transmission characteristics of the NRD based circuits. Moreover, the 3D printer 

Ulltimaker extended 2+ used does not produce a smooth structure required for proper experimental 

analysis of any NRD based circuits. Even after keeping the infill density of the printer to 100%, a 

completely filled solid structure was not fabricated. This factor was not considered during the 

simulation of the NRD transition. The future scope could be to realize NRD based circuits using 

waveguide transition with horn antenna to avoid complications brought on by microstrip transitions. 

The transition with horn antenna showed promising results in the frequency range 44.5GHz to 49.5 

GHz which is important for designing NRD based circuits with centre frequency around 47GHz. 

Moreover in the future if PLA can be made with a lower loss tangent value can be a viable 

alternative to Teflon as PLA being biodegradable is not that harmful as Teflon.  The biodegradable 

aspect of PLA can be of paramount importance in the future especially in the day and age of climate 

change.   
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