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Abstract— A Wave Transport System (WTS) to transport the 

electromagnetic waves from the microwave Reflectometer 

transmitter to the tokamak and back has been designed and 

simulated using the CST Microwave Studio. Operating 

frequency range of the reflectometer is the Ka-band (26.5-40 

GHz) which is decided based on the plasma parameters of 

the SST-1. To reduce propagation losses oversized 

waveguides (WR-90) were selected over the fundamental 

waveguides (WR-28). Oversized waveguides also reduce 

group delay of propagation in waveguides. To avoid 

generation of higher order modes linear transitions from WR-

28 to WR-90 were utilized. The overall losses of the system 

reduce significantly on using oversized waveguides while 

avoiding mode conversion is a major drawback of using 

oversized waveguides. 
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I. INTRODUCTION 

A broadband swept frequency (FMCW) reflectometer is 

being developed for measuring the plasma density profile 

for SST-1, the first superconducting tokamak in India. 

Reflectometry is a microwave technique which is capable of 

measuring the complete electron density profile (ne(r)) with 

minimal access requirements. It is also capable of measuring 

density fluctuations with some hardware modifications [5]. 

An oversized WTS was designed and simulated to 

transport the electromagnetic energy from the microwave 

hardware to the tokamak plasma. The total distance between 

from microwave hardware to the tokamak is 9.5m. A 

primary requirement of such a WTS is the minimisation of 

the transportation losses, namely insertion and reflection 

losses so as to improve the Signal to Noise Ratio (SNR) 

achieved for the system. The primary components of the 

WTS are waveguides and waveguide bends in E and H 

planes which carry the microwave energy and rectangular 

horn antennae to radiate and collect the reflected the EM 

waves from the plasma. In addition since the waveguides 

used are oversized linear taper waveguides from WR-28 to 

WR-90 were used so as to mitigate generation of higher 

order propagation modes. It is found that the total losses in 

the fundamental WR-28 waveguide are 11 dB in the 

waveguide and 50.8 dB in radiation losses due to presence 

of transmission losses of Vacuum windows of the tokamak 

vessel and also the free space propagation losses. To reduce 

the waveguide propagation loss oversized waveguides in the 

X band i.e. WR-90 were used which would support lower as 

well as higher frequencies. To reduce the cost it was deemed 

fit to simulate the propagation characteristics of 26.5-40 

GHz frequency range in the WR-90 waveguides. The 

simulation tool used is the Computer Simulation 

Technology (CST) Microwave Studio [6]. In subsequent 

sections we present below the simulation results of each 

component used for the WTS and finally we discuss the 

results of the designed complete WTS in detail. 

II. OVERSIZED WR-90 RECTANGULAR WAVEGUIDE 

Waveguides are rectangular or cylindrical hollow metallic 

pipes used for carrying microwave signals from one point to 

other. The transmission characteristics of a waveguide are 

like a high pass filter. In a rectangular waveguide for a 

particular mode in wave guiding structure, there is a 

maximum free space wavelength above which the 

propagation just stops. This is called cut off wavelength. 

The normal dominant mode for rectangular waveguides is 

TE10 which has the lowest propagation losses [1]. 

The purpose of using an oversized waveguide is to 

minimize insertion loss so as to improve the SNR achieved 

for the system. It is found that the total insertion losses in 

the fundamental WR-28 waveguide are 7.72 dB. To reduce 

these losses oversized waveguides in the X-band i.e. WR-90 

were used to transport high frequency microwaves ranging 

from 26.5-40 GHz. At frequencies higher compared to the 

fundamental band, wave propagation in oversized 

waveguide emulates free space propagation because of 

much lower interaction with the waveguide walls resulting 

in lower ohmic losses. To minimize insertion loss in 

oversized waveguide the wavelength λ must be less or equal 

to a, where a is the larger dimension of the waveguide. All 

components of the WTS were simulated using the CST 

Microwave Studio [6] using a mesh size of 0.75mm as mesh 

cell should be 0.1λ or less [1] to bring out all the relevant 

features of wave propagation. Geometry of rectangular 

waveguides (WR-90 and WR-28) and simulated E-field 

distribution at 33.25 GHz are shown in Fig. 1 and Fig. 2, 

respectively which indicate TE10 mode propagate through 

waveguide. In the case for simulated results however 

simulations do consider generation of overmodes which 

extract some power from the fundamental mode even 

though they are not seen because of their low power in field 

distribution results in Fig. 2. 

 
Fig. 1: Geometry of WR-90 and WR-28 waveguide 

 
Fig. 2: E-field distribution in WR-90 and WR-28 waveguide 

(TE10 mode, 33.25 GHz) 
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WR-90 waveguide WR-28 waveguide 

Parameters Value Parameters Value 

Inner 

dimensions 

22.86×10.16 

mm 

Inner 

dimensions 

7.11×3.56 

mm 

Outer 

dimensions 

25.40×12.70 

mm 

Outer 

dimensions 

9.14×5.59 

mm 

Material Copper Material Copper 

Flange type UG 39 square Flange type 
UG 559/U 

square 

Table 1: Design parameters of rectangular waveguide 

From Fig. 3, it is found that insertion loss of the 

WR-28 waveguide is vary from 0.81 dB/m to 0.59 dB/m 

over Ka-band, while the insertion loss of the proposed WR-

90 waveguide varies from 0.12 dB/m to 0.16 dB/m over the 

band. It means the insertion loss is very less in oversized 

waveguide as compared to fundamental waveguide and 

maximum power is transmitted from port 1 to port 2. 

 
Fig. 3: Insertion loss in WR-28 and WR-90 Waveguide 

From Table 2, we observe that at Ka-band centre 

frequency 33.25 GHz, the oversized WR-90 rectangular 

waveguide has an improvement of ~3 times in insertion loss 

as compared to the fundamental WR-28 waveguide. 

Parameters 
WR-28 

waveguide 

WR-90 

waveguide 
Insertion loss 

Frequency 

(GHz) 

Insertion 

loss 

(dB/m) 

Insertion 

loss 

(dB/m) 

Improvement 

in IL 

(times) 

26.5 -0.8132 -0.1291 4.83 

33.25 -0.6244 -0.1478 2.99 

40 -0.5930 -0.1632 2.69 

Table 2: Insertion loss comparison between WR-28 and 

WR-90 waveguide 

III. OVERSIZED E AND H PLANE WR-90 MITRE BEND 

Mitre bend is a generic term for any offset or change of 

direction in the waveguide. The angles are usually 45 deg 

and 90 deg. The bends can be E bend or H bend. If the bend 

is in direction of the wide dimension, the H lines are 

affected (H bend) and if the bend is in direction of narrow 

dimension, the E lines are affected (E bend). At lower 

frequencies a bend may have to be very long and in such 

cases, a 90 deg. mitre corner would be preferred [3]. 

The purpose of the oversized E and H plane WR-90 

mitre bend is to change of direction in waveguide with 

minimum insertion loss. The oversized mitre bend and 

fundamental curvature bend are designed and simulated. 

Fig. 4 and Fig. 5 show geometry of the proposed oversized 

E and H plane mitre bend and simulated E-field distribution 

at 33.25 GHz frequency, respectively which indicate TE10 

mode propagation through E and H plane mitre bends. 

 
Fig. 4: Geometry of E and H plane mitre bend 

 
Fig. 5: E-field distribution in E and H plane mitre bend 

(TE10 mode, 33.25 GHz) 

From Fig. 6, it is noticed that the insertion loss in 

oversized E plane WR-90 mitre bend from lower to higher 

frequency is from 0.18 dB to 0.43 dB whereas the insertion 

loss in fundamental E plane WR-28 curvature bend from 

lower to higher frequency is from 0.72 dB to 0.50 dB. It 

means the insertion loss is small in propagation through an 

oversized E plane mitre bend as compared to fundamental E 

plane curvature bend. 

E Plane Mitre bend H Plane Mitre bend 

Parameters Value Parameters Value 

Inner 

dimensions 

22.86×10.16 

mm 

Inner 

dimensions 

10.16×22.86 

mm 

Outer 

dimensions 

25.40×12.70 

mm 

Outer 

dimensions 

12.70×25.40 

mm 

W 12.70 mm W 25.40 mm 

Length 30 mm Length 30 mm 

Table 3: Design parameters of E and H Plane Mitre bend 

 
Fig. 6: Insertion loss in E plane oversized WR-90 mitre bend 

and fundamental WR-28 curvature bend 

Parameters 

E plane 

WR-28 

bend 

E plane 

WR-90 

bend 

Insertion  

loss 

Frequency 

(GHz) 

Insertion 

loss(dB) 

Insertion 

loss (dB) 

Improvement 

in IL (times) 

26.5 -0.7244 -0.1835 2.90 

33.25 -0.5963 -0.2975 1.92 

40 -0.5075 -0.4340 1.51 

Table 4: Insertion loss comparison between E plane WR-28 

and WR-90 bend 
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From table 4, we observe that at Ka-band center 

frequency of 33.25 GHz, the oversized E plane WR-90 mitre 

bend has an improvement of approximately 2 times in 

insertion loss as compared to the fundamental WR-28 

curvature bend. It must be mentioned here that the bends are 

the biggest source of losses in waveguides and also higher 

order mode generation occurs if the bends are not designed 

properly. 

 
Fig. 7: Insertion loss in H plane oversized WR-90 mitre 

bend and fundamental WR-28 curvature bend 

Parameters 

H plane 

WR-28 

bend 

H plane 

WR-90 

bend 

Insertion loss 

Frequency 

(GHz) 

Insertion 

loss 

(dB) 

Insertion 

loss 

(dB) 

Improvement 

in IL 

(times) 

26.5 -0.7010 -0.2439 3.47 

33.25 -0.5874 -0.3045 1.99 

40 -0.5275 -0.3494 1.18 

Table 5: Insertion loss comparison between H plane WR-28 

and WR-90 bend 

If we compare the loss reduction with E plane 

bends we find that H plane bends are better by 0.2 dB. This 

difference is not due to non-optimal design but this is due to 

inherent nature of E plane, the tilt between the axis of the 

guide and the connecting flange face will give rise to serious 

losses. 

IV. WR-28 TO WR-90 TRANSITION 

The purpose of using linear tapers from WR-28 (ka-band) to 

WR-90 (X-band) is to minimize conversion to higher order 

modes like TE03, TE11 etc. Transition is required to join two 

waveguide sections that have different dimensions for their 

cross sectional areas [2]. Linear transition from WR-28 to 

WR-90 has been designed and simulated in the frequency 

ranges from 26.5-40 GHz. The geometry of the transition 

and E-field distribution at 33.25 GHz is shown in Fig. 8 

which indicates TE10 mode propagation through WR-28 to 

WR-90 linear transition. 

 
Fig. 8: Geometry of the Transition and E-field distribution 

in the transition (TE10 mode, 33.25 GHz) 

Parameters Value 

X band (WR-90) 22.86×10.16 mm 

Ka band (WR-28) 7.11×3.56 mm 

Thickness 1.27 mm 

Length 75 mm 

Material Copper 

Flange type (WR-28) UG 559/U 

Flange type (WR-90) UG 39 square 

Table 6: Design parameters of the transition 

The insertion loss varies from 0.15 dB to 0.45 dB 

over Ka-band. We infer that the insertion loss of the WR-28 

to WR-90 transition increases with increase in frequency.  

Spurious modes are generated in the transitions to 

oversize waveguides no matter how well designed the 

transition is. This is manifest in the S-parameters by dips at 

intervals which are separated by a constant interval. What 

happens here is that the higher order modes generated in  the 

first transition are able to travel only till the second 

transition where it gets reflected back. These modes are 

trapped between the two transitions and take away the 

energy from the fundamental mode as signified by the dips 

in S2,1. 

 
Fig. 9: Insertion loss in WR-28 to WR-90 transition 

Sr. No. Frequency (GHz) Insertion loss (dB) 

1 26.5 -0.15 

2 33.25 -0.24 

3 40 -0.45 

Table 7: Insertion loss in the transition 

V. PYRAMIDAL HORN ANTENNA 

Horn antenna is simply flared out waveguide to ensure a 

gradual change to impedance in order to make sure that 

maximum power is radiated and minimum reflections occur 

due to impedance mismatch. Another function of the horn is 

to produce a uniform phase front with a larger aperture than 

that of a waveguide and hence greater directivity. Horns are 

popular in the microwave band (above 1 GHz) as they 

provide high gain, low Voltage Standing Wave Ratio 

(VSWR) (with waveguide feeds), relatively with wide 

bandwidth, and they are not difficult to make [4]. 

We design a horn antenna that operates for 26.5 to 

40 GHz (Ka-band) and achieve a target return loss better 

than 20 dB, high directivity and antenna gain close to 20 dB. 

The final geometry of pyramidal horn antenna is shown in 

Fig. 10. 
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Fig. 10: Geometry of pyramidal horn antenna 

In this section we compile the results obtained on 

repeated simulations using CST MWS. Fig. 11 & Fig. 12 

shows the return loss and gain plot spanning between 26.5 

GHz to 40 GHz for pyramidal horn antenna and it is found 

that all maintain a return loss of less than 25 dB which 

satisfies one of the objectives of return loss better than 20 

dB. The gain of horn antenna increases with increase in 

frequency. 

Parameters Value 

Aperture dimension 44×33 mm 

Waveguide dimension 7.11×3.56 mm 

Antenna length 50 mm 

Flange type UG 559/U 

Material Copper 

Table 8: Design parameters of pyramidal horn antenna 

 
Fig. 11: Return loss of horn antenna 

 
Fig. 12: Gain of pyramidal horn antenna 

Fig. 13 represents the 3D polar plot of radiation 

pattern of designed horn antenna. The designed horn 

antenna is radiating consistently in Ka-band above the cut-

off frequency of waveguide. There are no sudden changes in 

the radiation pattern. 

 

Frequency 26.5 GHz                Frequency 40 GHz 

Fig. 13: Radiation pattern for Ka-band horn antenna 

From table 9 we infer that the directivity of the 

pyramidal horn antenna increases and beamwidth decreases 

with increase in frequency as expected from a well-designed 

pyramidal horn antenna. 

Frequency 

(GHz) 

Directivity 

(dBi) 

Beamwidth 

(degree) 

Gain 

(dB) 

Return 

loss(dB) 

26.5 18.61 21 18.52 -29.83 

30 19.62 18.7 19.29 -28.83 

33.25 19.82 17.6 19.78 -27.38 

36 20.08 17 20.03 -26.33 

40 20.60 16.2 20.58 -28.49 

Table 9: Parameters of pyramidal horn antenna 

Compone

nt 

Total  

compone

nts 

Inserti

on 

loss in 

(WR-

90) 

Total 

loss 

(dB) 

Inserti

on loss 

in 

(WR-

28) 

Total 

loss 

(dB) 

Wavegui

de 
9.5 meter 

0.1632 

dB/m 

1.550

4 

0.8132 

dB/m 

7.725

4 

H Plane 

Mitre 

bend 

3 
0.3494 

dB 

1.048

2 

0.7010 

dB 
2.103 

E Plane 

Mitre 

bend 

2 
0.4340 

dB 
0.868 

0.7244 

dB 

1.448

8 

Transitio

n 
2 

0.4544 

dB 

0.908

8 
- - 

   
4.375

4 dB 
 

11.27

72 dB 

Table 10: Total loss comparison between oversized WTS 

and fundamental WTS 

VI. DESIGNED 2 CHANNEL WTS 

Fig. 14(a) & Fig. 14(b) shows the designed 2 channel Wave 

Transport System (WTS) of length 10 meter which consists 

of the pyramidal horn antenna, WR-28 to WR-90 transition, 

oversized WR-90 rectangular waveguide and oversized E 

and H plane mitre bends. 

 
Fig. 14(a): Isometric of 2 channel WTS (total length is 10m) 

 
Fig. 14(b): Isometric of 2 channel WTS 

 

Horn 
antenna 

Transition (WR 90 to WR 
28) 

WR 90 waveguide 

H Plane mitre bend 
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clearly we see a drastic reduction in losses in the 

oversized waveguides when compared to the fundamental 

waveguide in the Ka-band even though the waveguide is 

only weakly oversized with an oversize ratio of 7.25 to16.52 

with the standard aspect ratio q = b/a ~ 0.5. The loss 

reduction is seen in all the waveguide components including 

in bends which have the largest loss among all waveguide 

components. The overall one way loss reduction is ~ 7 dB 

thus the power transferred in the oversized waveguide and 

reaching the tokamak increases by 5 times over fundamental 

waveguides. Considering the two way trip in the 

transmission and reception a total of 14 dB reduction in loss 

has been achieved. The estimated losses in various 

microwave components are given in table 10. These results 

have been validated using Vector Network Analyzer and 

Power Meter measurements and will be published soon. 
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