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ABSTRACT 

This study demonstrates the operation of 5.8 GHz 
backscatter radio links in a transient, high-voltage 
commercial power line environment.  The measured 
results demonstrate that increased RF carrier 
frequency provides additional resistance to the noise, 
interference, and corona shielding of communication 
antennas that operate on high-voltage lines.  This 
study also lists rules to assist in the design and 
implementation of low-powered wireless sensor 
applications for the future smart grid.  
 
Keywords: Electromagnetic Testing, Measurement, 
Microwave, Noise, RFID, Scattering 

1.0 Introduction 

It has been known for years that high-voltage 
transmission systems produce above average levels of 
radio interference, providing an extra challenge for radio 
frequency (RF) system designers [1]. These links must be 
resilient in the harsh, charged-particle and impulsive-
noise power systems environment in order to provide 
efficient communication. For instance, Wang et al. [2] 
have measured the performance of an 802.11b link in a 
high-voltage environment and determined that the link’s 
data rate is reduced 80% by the electromagnetic 
interference generated by the breakdown of sulfur 
hexafluoride (SF6) gas, a common dielectric for high-
voltage applications. Due to this unreliability and the 
short lifetimes associated with sensor power supplies, 
these types of systems have been largely avoided by the 
power industry.  

The benefits of using radio links in high-voltage 
environments are pivotal to the successful implementation 

of a “smart power grid” [3] [4]. The principle motivating 
application for the links study in this paper is remote fault 
detection at power substations.  

 
For example, capacitor banks at wind farms such as in 
Fig. 1 are dynamically switched in order to balance the 
ever-changing power factor – a scenario that requires 
careful equipment monitoring and sensing. Outfitting 
these substations with a 5.8 GHz backscatter radio sensor 
system would provide the information necessary to 
efficiently and effectively manage the power factor. 

 Remote fault detection is also pivotal in avoiding 
catastrophic substation failures. These failures, possibly 
resulting in fires and explosions, can be caused by sudden 
equipment malfunctions, switching transients, and 
lightning strikes [5].  Wired monitoring solutions are 

 

 

Fig. 1. Image of high-voltage switches for capacitor banks at a wind 
farm in Illinois. Due to the constantly changing power factor that results 
from the use of wind turbines, capacitors must be switched into and out 
of the grid to cancel the effects of reactive power on the lines.  



difficult and unsafe across the high-voltage insulation gap 
due to dielectric breakdown; current transformer (CT) 
tanks that perform a wired measurement of high voltage 
lines inside an insulating oil tank are expensive and 
themselves present a failure point and fire hazard.  5.8 
GHz backscatter is well-suited for this high-voltage 
environment because it is extremely low power (instant 
turn-on, which is required for fault detection), high-
frequency (resistant to corona shielding), and secure 
(short-range, difficult to jam/spoof/intercept).   

Reliable radio links along with low-power sensors 
would allow real-time monitoring of a variety of power 
line conditions, including fault detection, temperature, 
and line sag. Sensors utilizing backscatter radio, 
particularly at 5.8 GHz, allow many of the 
aforementioned problems to be avoided [6].  

This paper first presents background on the radio 
interference of high-voltage environments and SF6 gas in 
particular. The radio interference of time-dependent 
flashovers on a 5.8 GHz backscatter link is then measured 
in the following section. Next, a RF interference 
measurement of a faulty switched placed in an SF6 
container are shown. Finally, a list of design rules for 
backscatter sensors or RF devices operating in high-
voltage environments is presented. 

2.0 Description of High-Voltage Environment 

The high-voltage environment exhibits several key 
behaviors that affect physical layer RF channels, many of 
which differ from conventional wireless systems.  These 
attributes include thermal noise, impulsive noise, and 
plasma shielding. These attributes result from the 
characteristics of the strong electric fields that build up 
around high-voltage power lines. Corona generation and 
arc flashovers, both impulsive and steady-state, can be 
present in this type of environment. 

2.1 Radio Interference Sources 

Arc flashovers result from short circuits that are 
characterized by large amounts of current, bright sparks, 
and loud noises. Large electric fields between conductors 
will cause dielectric breakdown resulting in an arc. While 
natural lightning discharges on the order of 100µs and up 
to 400kA, man-made sources may exist for shorter or 
indefinite time periods which may affect RF 
communication [5]. It has been shown by Skomal, Betz, 
et al. [7] [8] that lightning and man-made sparks produce 
electromagnetic signals rich in spectral content. However, 
the most important figure in determining the contribution 
of this contact to radio interference is the arc’s transition 
time. The shorter the time, the wider range of frequency 
content that will be generated [9]. 

2.2 Radio Channel Effects 

Corona and arc flashover events add both broadband 
and impulsive noise that result from the time-dependent 

transition times of the negative corona Trichel Pulses and 
the flashover discharge time [9]. While the majority of 
spectral energy for these pulses exists at frequencies less 
than 200 kHz, there are significant contributions through 
the VHF radio bands (less than 300 MHz) as measured by 
[10]. As expected and measured by Sporn and Monteith 
[1], radio channel interference is directly proportional to 
line voltage. Moreover, the energy at high frequencies is 
inversely proportional to the transition time. Therefore, a 
5.8 GHz system should experience minimal effects from 
noise sources with microsecond-scale time variations. 

2.3 Use of SF6 Gas 

The first industrial use of SF6 gas for power switching 
was performed by Westinghouse in the early 1950’s [11]. 
SF6 gas was identified as having excellent thermal and 
dielectric properties that helped to overcome the technical 
challenges of extinguishing high-voltage arcs. The high 
dielectric strength allows smaller gaps between high-
voltage components reducing the overall size and weight 
of devices. The thermal properties of SF6 allow the gas to 
better quench arcs during switching operations. While the 
choice of this gas helps to improve equipment 
performance, these qualities also cause shorter arc 
transition times (on the order of nanoseconds) that 
produce higher frequency electromagnetic emissions. 
Therefore, devices that use this dielectric may potentially 
generate more harmful, high frequency radio interference 
than devices that use air gaps. 

 
3.0 Microwave 5.8 GHz Testbed and RF Tag 

The 5.8 GHz testbed consisted of a transceiver in a bi-
static antenna arrangement, a signal generator, and PC 
used for sampling and data processing as shown in Fig. 2 
[12]. The direct-conversion receiver operates in the range 

 

 

Fig. 2. Block diagram of the 5.8 GHz communication system in bi-static 
antenna configuration. BBI and BBQ represent the base-band in-phase 
(BBI) and quadrature (BBQ) signals, respectively. BB1 and BB2 
connect two internal boards in the receiver. 



of 5725-5850 MHz in the ISM band. It then converts the 
in-phase and quadrature elements of the received signal to 
DC where it is sampled by an analog-to-digital converter 
and processed [13]. A signal generator is used to produce 
the 5.79 GHz carrier wave for the transmitted signal and 
also provides a frequency reference for the receiver down 
conversion. 

The RF tag in Fig. 3 repeated a 500 kHz pseudo-
random (PN) sequence with a length of 31 bits. This 
spread spectrum sequence allowed the communication 
system to spread its frequency content along a range of 
frequencies making it less prone to interference and 
narrowband jamming. To reclaim the tag’s data, the 
receiver performs a cross-correlation of the down-
converted received signal with an identical, locally 
generated PN sequence. This cross-correlated data was 
then normalized with the auto-correlated, locally 
generated PN sequence. The normalized data was then 
time-averaged 16 times to produce a reliable complex 
channel coefficient that measures signal levels on the in-
phase and quadrature backscatter components.  This 
measurement technique is discussed exhaustively by 
Griffin in [12].  

 
The PN sequence was generated on the RF tag by using 

a Microchip PIC microcontroller (PIC18F2520). The 31-
bit sequence can be generated by using a 5-bit shift 
register. The outputs of the 2nd and 5th registers were 
XOR-ed together and fed into the input of the 1st register 
in order to generate this sequence. As shown in Fig. 4, 
this microcontroller was connected to a microwave 
gallium arsenide, pseudo-morphic, high electron mobility 
transistor  (PHEMT) switch (M/A-Com MASW-007207 
V2). This switch allowed the RF tag to change the 5.79 
GHz patch antenna’s load between an open and short-
circuited state. These opposite impedances allowed the 
tag to modulate the incoming signal. 

 
4.0   Transient Noise Measurements 

4.1 Experimental Design 

The purpose of the transient – flashover ‘Lightning’ 
test is to determine whether a 5.8GHz backscatter radio 
communication is possible in the presence of transient - 
flashover arcs. A Marx generator was used to generate a 
high-voltage that would flashover between two 
conducting rods. The Marx generator accomplishes this 
task by charging several stages of capacitors from a 
common, constant voltage source. The maximum output 
voltage of the device will then be approximately equal to 
the product of the number of stages and the voltage 
charged per stage. When all capacitors are charged, a 
controllable spark gap creates a new low-impedance path 
for the circuit in which all capacitors can discharge [14].  

 
In our case, the low impedance path included an air gap 
between two metal rods as seen in Fig. 5. Thus, when the 
circuit discharged, an arc would be created between the 
two metal rods. The Marx generator used 11 stages whose  
capacitor values were nominally 0.6µF and rated at 75 
kV. These capacitors were charged until the output 

 

 
Fig. 5. Diagram of spark gap setup relative to transmit and receive 
antennas. All devices were placed on a large metal ground plane that 
was attached to the quasi-shielded room’s ground. 

 
 
 

 

 
Fig. 4. Circuit diagram of the 5.8 GHz RF tag, modified from [13]. 

 
 
 

 

 
Fig. 3. Image of 5.8 GHz RF tag. The RF tag is printed on a 2 layer FR-4 
PCB and contains a 5.8 GHz slot antenna, switching transistor to change 
the antenna’s impedance between and open- and short-circuit antenna 
loads, and a microcontroller to produce the PN sequence. 

 
 
 



voltage was approximately 310 kV line-to-ground.  
The transmit and receive antennas were connected to a 

digital oscilloscope whose trigger was attached to the 
Marx generator. Therefore, only the instance of the arc 
discharging would be recorded. 

4.2 Measured Results 

Before testing tag functionality, it was of interest to see 
how the lightning waveform appeared on the vertically 
polarized receiving patch antenna, which has localized 
frequency reception at 5.79 GHz compared to a 3 meter 
long, horizontally polarized wire antenna. Broadband 
radiation from sparking is sufficiently depolarized, so the 
antenna orientation should make little difference.  The 
time domain plot of the received waveforms as measured 
at the antenna terminals with an oscilloscope for the patch 
and wire antennas can be seen in Fig. 6 and Fig. 7, 
respectively.  

 
The patch antenna waveform has peak power 28.5 dB 

less than the wire antenna at 5.8 GHz.  Thus, this 
narrowband patch antenna more effectively filters the 
noise power of a lightning strike, whose spectral content 
is greater at low frequencies.  Therefore, the radio design, 
which is built to operate at 5.8 GHz, strongly mitigates 
the effects of lightning, which might otherwise be seen at 
lower frequencies.  Also, the noise has duration of less 
than 1 microsecond, meaning that the effect on data 
transmission and bit loss would be minimal (providing 
chip time was sufficiently low). 

Finally, after analyzing the system without an active 
tag signal, the RF tag was activated and the effects of a 
lightning strike on the tag were witnessed.  As can be 
seen in Fig. 8, the strike caused the tag to reset, and it 
stopped broadcasting its PN sequence for approximately 
65 milliseconds. However, it is important to note that the 
tag reactivated itself and continued broadcasting after the 

interference signal dissipated. This outcome is similar to 
the effects on WiFi radios seen in [2]. This reaction shows  

 
that, due to the early stage of prototype development and 
lack of proper shielding, the lightning was able to reset 
the microprocessor on the RF tag. However, the tag was 
undamaged and continued to function and transmit its PN 
sequence. 

 
Since the lack of shielding caused the tag to reset, 

rudimentary shielding was constructed using aluminum 
foil, and the test was run once again.  This time the tag 
functioned throughout the strike, although the transient 
noise was still visibly present.   

For the lightning test, another interesting parameter to 
address is the RMS delay spread of the environment.  The  

 

 
Fig. 7. Time domain transient of the spark as seen by the horizontally 
polarized wire antenna. Note how the voltage levels are significantly 
higher than those received by the 5.79 GHz patch antenna. 

 
 
 

 

 
Fig. 8. Transient view of the received un-shielded tag waveform as seen 
by the vertically polarized 5.79 GHz patch antenna. The flashover 
occurs at time zero and causes the tag to reset (low magnitude voltage), 
remaining off until 65 ms later when the PN sequence resumes (high 
magnitude voltage). 

 
 
 

 

 
Fig. 6. Time domain transient of the spark as seen by the vertically 
polarized 5.79 GHz patch antenna.  

 
 
 



RMS delay spread describes the time-domain dispersion 
due to reflections in the environment [15].  In short, this 
parameter can be used to determine the maximum 
interference time a lightning strike could have on the data 
signal.  For this calculation, two different sets of 
measured data were used: data from a lightning strike as 
measured at the output of the receiving patch antenna and 
data from a lightning strike as measured at the output of 
the 5.8 GHz receiver.  The delay spreads calculated from 
these two sets of data and were 1.17  
µs (as seen by at the antenna output) and 3.83 µs (as seen 
by the receiver output).  The receiver output has a slightly 
 higher delay spread than the antenna because it performs 
low-pass filtering, which provides smoothing and 
stretches out the delay.  However, both delay spreads are 
extremely short and would cause minimal data distortions 
if the digital symbol periods of backscatter signaling was 
kept greater than or equal to these delay spreads.  Also, it 
should be noted that these delay spreads are a worst-case 
representation because the test facility was essentially a 
Faraday cage and reflections were thus higher than in an 
outdoor line of sight (LOS) environment.  Thus, it is not 
expected that impulsive noise would significantly hamper 
data transmission. 

 
5.0 SF6 Measurements 

5.1 5.8 GHz Testbed Measurements 

To determine the effects of an SF6 arc on the 5.8 GHz 
communication link, the same setup was used as for the  
transient noise measurements. However, instead of an air 
gap between two conductors, a pressurized cylinder of 
SF6 gas containing a high-voltage switch was used. The 
time-domain response of the system under these 
conditions can be seen in Fig. 9. As can be observed, the  

voltage spike is more narrow in the time domain 
compared to the discharge through air measurements. 
This impulsive signal will contribute additional 
broadband content in the frequency domain as illustrated 
by the spectral measurements of the failed switch.  

5.2 Spectrum Measurements of Faulty Switch 

To assist in the determination of the effects of SF6 on 
communication channels, spectrum measurements were 
performed on a pressurized cylinder of SF6 gas 
containing a high-voltage switch. This switch was known 
to disrupt cell phone communications near the substation 
containing the switch due to an internal fault.  This fault 
was causing internal, impulsive sparking 120 times per 
second, during the sinusoidal peaks of every AC cycle. To 
affect cell phone communications, the switch would have 
to produce significant spectral content in the UHF bands 
or have radiated electromagnetic interference that could 
affect the base station hardware. Therefore, it was of 
interest to determine the power spectrum of these 
contributions. 

The switch was connected to a high-voltage test 
production set at 70 kV line-to-ground (119 kV line-to-
line) at 60 Hz. A spectrum analyzer using a broadband, 
bi-conical antenna (500 MHz to 3 GHz) then measured 
the resulting spectral content from a distance of 10 meters 
away. The gas pressure in the switch was 355.7 kPa. 
Spectral measurements were made with the switch 
connected and disconnected to the power supply in order 
to verify that the spectral content seen was that from the 
switch and not from background noise. These 
measurements were taken by using a maximum hold 
function on the spectrum analyzer for 20 seconds. 

 
Measurements were taken over several different bands 

(5 MHz – 50 MHz, 50 MHz – 250 MHz, 850 MHz – 900  
MHz, and 1 GHz – 3 GHz). In the 850 MHz – 900 MHz 
and 1 GHz – 3 GHz bands, no additional frequency 
content was measured other than expected GSM and WiFi 

 

 
Fig. 10. Spectral content of faulty switch in the 5 MHz – 50 MHz band. 

 
 
 

 

 
Fig. 9. Time domain transient of the received shielded tag waveform 
(discharge through SF6) as seen by the 5.79 GHz patch antenna. The 
PN sequence is also interrupted in this case due to the lack of adequate 
shielding on the RF tag. 

 
 
 



signals when the switch was closed. However, content 
was found in the 5 MHz – 50 MHz and 50 MHz – 250 
MHz bands as shown in Fig. 10 and Fig. 11. The spectral  

 
content at these frequencies is consistent with transition 
times on the order of 4 ns – 200 ns. These results follow 
the claim that SF6 gas quench arcs on the order of 
nanoseconds. 

6.0  Conclusion 

The 5.8 GHz backscatter system worked well in the 
high-voltage power environment, revealing several 
interesting design parameters for radio systems in this 
area.  While the system was not impervious to all corona 
and impulsive-noise conditions, it has been shown that 
through rudimentary hardware modifications and 
communication layer protocol implementations, these 
problems may be overcome. 

The following design rules for microwave backscatter 
and RF devices in general are suggested, especially when 
operating in high-voltage environments [16]. 
1. Keep digital symbols larger than 1 microsecond and 

add forward error correction or error detection to 
maintain reliability in arcs.  This will prevent lightning 
and other arc-over events from making burst errors in 
the communication link. 

2. Add low-pass filters with break points around 250 
MHz to receiver antennas to filter out the bulk of air-
gap arc over, SF6 spark noise, and broadband corona 
noise.  

3. Small, resonant antenna types with less than 3% 
bandwidth (like the patch) are preferred for use as 
transmit, receiver, or backscatter antennas since they 
provide an extra level of filtering for the broadband 
noise sources of the high-voltage environment. 

4. Extra shielding is needed around all sensor and 
transceiver electronics – baseband circuits as well as 
RF devices – to keep impulsive noise from resetting 
logic circuits and corrupting signal lines. 

5. Higher carrier frequencies for in-line sensors should 
be used as the line voltage increases, as higher UHF 
and microwave frequencies more effectively penetrate 
corona plasmas. 

6. Avoid sharp points and corners in the design of 
antennas and physical layout to diminish the build-up 
of additional corona. 
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Fig. 11. Faulty switch spectral content in the 50 MHz – 250 MHz band. 
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ABSTRACT 
 

There are a large number of antennas needed for 
modern automotive communications systems (AM, 
FM, FM diversity, TV diversity, remote keyless 
entry/start, cellular, Bluetooth, automatic toll 
systems, smart highway information systems, GPS 
and GPS information systems (traffic information), 
and radar systems (backup, side impact, lane 
departure, intelligent cruise control)).  
Manufacturers are looking for ways to reduce the 
total number of such antennas by using 
combinations of a smaller number of antennas.  
 
This paper will discuss a software approach that 
permits the engineer to visualize the antenna 
performance effects of variations in geometry for a 
group of antennas based on either test data or 
simulation.  The antennas are typically defined as a 
set of printed electrically conductive lines on vehicle 
windows.  The number and the location of the lines 
are parametrically varied and the effect on the RF 
performance of the total combined received signals 
for various sets of test data are presented in multi-
parametric visualizations. 
 
This paper will discuss the development of a tool for 
multi-antenna testing that can be used by the 
antenna application engineer to develop an 
optimized multi-antenna design. Both experimental 
test data and theoretical simulation data can be used 
and compared. Examples will be presented. 
 
Keywords: Antenna design, Evaluation, Optimization,  
diversity. 
 

1.  Introduction 
 
In this paper, we will restrict our discussions to 
antennas on automobiles.  Modern computer software 
exists that can model complex geometries and antenna 
structures.  The result is that if the design engineer 
knows (or guesses) the specific geometry of the 
vehicle and antenna (such as shown as an example in 
Figure 1.), it is possible to compute the impedance and 
gain characteristics [1, 2].   

Figure 1.  Example Given Geometry 
 
There is also commercial software available with 
optimization options.  In this case, various 
optimization algorithms (gradient search, genetic, least 
square fitting, etc.) use various types of “cost 
functions” to reach a design.  In this case, the antenna 
is usually defined by a number of variable parameters 
(physical location, wire length, connection points, etc.) 
and the cost function is defined in terms of the antenna 
requirements (average gain, behavior of nulls, 
polarization, etc).  The creation of the cost function is 
an art in itself.  The problem with this approach is that 
the results are presented as a “solution,” but without a 
set of alternatives or “close enough” solutions for the 
design team to evaluate in terms of tradeoffs.  The 
“human touch” can be lost. 
 



The approach developed here is to create a set of 
visualizations so that the consequences of parametric 
variations in the antenna can be observed.  Intermediate 
results such as gain and null variations as a function of 
antenna parameters can be seen as well as overall cost 
function behavior versus antenna parameters [3].   
 
This software is particularly designed to help evaluate 
dual multifunction antennas.  One may imbed 
(conformal) antennas in two locations (rear and front 
windows for example) and observe the overall 
combined performance.   
 
The development of a good cost function is still an art 
form.  It is especially convenient for the design 
engineer to define cost functions and imbed them into 
the software.  
 

2. Software Outline 
 
The software has the following sequence: 
 

1. Using 
a. Theoretical modeling data sets 
b. Experimental measurement data sets. 

2. Create a data set of antenna gain performance 
as a function of 

a. Polarization 
b. Frequency 
c. Increments in antenna geometry 

 
3. Graphically Display the Consequences 

a. Gain vs. Azimuth vs. Antenna wire 
locations 

b. Polarization vs. Azimuth vs. Antenna 
wire locations 

c. Overall dual antenna gain vs. 
Azimuth 

i. As diversity 
ii.  As phase combined 

d. Cost function behavior 
i. Vs. wire and interconnect 

locations 
ii.  Vs. antenna 1 and antenna 2 

 
All of this software is based on a set of (Graphical User 
Interfaces) GUI’s so that the user can see the setup.  
Several examples are shown below; 
 

2.1  Theoretical Model Setup 
 
We theoretically define the automobile in terms of a 
wire grid.  Included in the code is a generic wire grid 

creation program that helps the user easily define and 
visualize the vehicle wire grid. (Not shown here.)  The 
theoretical tool used in this paper is the ESP 5, a 
Method of Moment (MOM) general purpose computer 
code developed at the Ohio State University [4].  
 
Next, there is a GUI to set up a parametrically defined 
pair of antennas on the vehicle. 

 
Figure 2. GUI to Set Up Two Antennas  

 
The GUI shown in Figure 2 is used to define two 
separate antennas on the vehicle in terms of: 

1. End point locations 
2. Interconnect locations 
3. Feed point locations 
4. Multiple increments of some of these 

parameters 
 
(We call these two antennas the “front” and the “rear” 
antenna for convenience, but they actually may be 
anywhere on the vehicle.  They may be monopoles 
rather than conformal antennas on windows.)  
 
Separate GUIs are used to define the locations and 
increments in locations of the wires that make up the 
antennas.   
 

 

 
 

Figure 3.  Define Wire End Points 
 
 

x-coordinate 
 

 
y-coordinate 

 
x-coordinate 

 

  
y-coordinate 

Beginning Point End Point Wire 

direction  



 
Figure 4.  Define Increments in Wire Locations 

 
Figures 3 and 4 show GUI’s for defining the wires that 
make up the antennas and permit the increments in 
those parameters. 
 
Finally, an image of the resulting antennas are shown to 
the user as a quick double check as shown in Figure 5. 

 
Figure 5.  Visualization of Wire Geometry Case and 

Location of Antenna. 
 
The system is now ready to run the simulation.  
Because the number of permutation may be quite large, 
the simulations can take unexpectedly long times 
(days).  For this reason, an execution time estimation 
summary is presented prior to running the simulation.   
 
The software can show the full vehicle and antenna as 
ready for simulation as shown in Figure 6.   
 
Note in Figure 6 that the wire grid is quite sparse.  One 
always wants the simulation software to run as fast as 
possible, so one always makes the grid as sparse as 
possible.  In this case the study is for the FM frequency 
band (88-108 MHz), where the wavelength is 
approximately  3 meters.  Thus the wire grid can be 
quite ‘boxy” and sparse. 

 
 
 
 
 
 
 
 

Figure 6.  Geometry of Vehicle with Conformal 
Antennas 

 
2.2.  Experimental Data Set Usage 

 
The software is set up so that either theoretical data 
sets or experimental data sets may be used for 
visualization.  The experimental data set is generated 
by making gain pattern measurements (typically 
azimuthal cuts at specific elevations of interest at sets 
of frequencies of interest).  These gain patterns are 
made for a set of incremental values of antenna 
geometry positions.  Again, these measurement 
processes can be quite extensive and can take a long 
time (several days).  The final data sets are quite large.  
 

2.3  Final Data Sets for Visualization 
 
At the end, however, full sets of data are available for 
each antenna combination and permutation (separately 
for the “rear” and “front” antennas) at each frequency.  
It remains to use the visualization software to make 
sense of all these antenna pattern values.  The 
visualization software can use either types of data 
(theoretical or experimental). 
 
 

3. Example Results 
 
As an example, let us follow the evaluation of the 
antennas as shown in Figure 6 (front and rear wire grid 
conformal window antennas).   



  

 
Figure 7.  GUI for Setting Up Visualizations 

 
 
As can be seen in Figure 7, it is possible to define 
visualizations based on straight-forward things like gain, 
but it is also possible to set up the visualizations on 
things like “maximum of the minimum nulls” etc.    It is 
also possible to set up the visualizations based on user-
defined functions (so that cost functions can be set up). 
 
An example is the set of azimuth plots shown in figure 8.  
Here we see plots for vertical and horizontal polarization 
for the front and the rear antenna.   
 
It is especially important to be able to visualize the 
behavior of these performance values as a function of 
two independent parameters.  
 

 
Figure 8  Set of Azimuth Plots  

 
Figure 9 shows an example where frequency has 
been selected for the vertical axis and azimuth has 
been selected for the horizontal axis.  The overall 
gain has been selected for the color. 

 



 
Figure 9.  Gain (color) vs. Freq. and Azimuth 

 

 
 

Figure 10.  Computed Parameters vs. Wire Location and 
Frequency. 

 

 
Finally, Figure 10 shows a pair of computed values vs. 
wire location and frequency. 
1. Mean of Gain of rear antenna (Phi polariz.) 
2. Minimum of the maximum gain (worst case gain) 
 

4.  Conclusions 
 
We have created an antenna optimization visualization 
system to be used by automotive design engineers.  It 
is able to work with two separate antennas so that the 
design engineer can develop diversity systems as well 
as multi-function antennas.    The system is flexible 
enough to permit the design engineer to develop 
his/her own visualizations.  Of particular importance is 
the ability to develop special purpose cost functions.  
The final result is that the design engineer can rapidly 
and effectively compare many parameters of the 
design simultaneously in order to yield the best overall 
design.   
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ABSTRACT 
RF measurement of the dielectric properties of very 
thin films (less than 1/100 wavelength thick) presents a 
challenge using traditional techniques. Many 
techniques, such as conventional transmission line-
type measurements, are not sensitive enough to 
measure a single thin sheet of material. Moreover, in 
the case of waveguide, the method of mechanically 
fastening the material in place properly is challenging. 
 
In this paper, we explore several different strategies 
for measuring thin films and compare the merits of 
each. In particular, coaxial line measurements with 
stacked layers, waveguide measurements, and cavity 
measurements are discussed. The methods will be 
compared in terms of their accuracy and sensitivity. 
Measurements are carried out using the various 
methods on several low-loss thin-film materials. The 
measurements are then compared and validated using 
known reference materials.  
 

Keywords: Dielectric, Material Measurement, Thin Film 

1. Introduction 

Dielectric measurement of thin-film materials at 
microwave frequencies presents challenges that are not 
seen when measuring bulk materials. At frequencies 
where the thickness of the material is much less than a 
wavelength, it is difficult to obtain a high enough level of 
interaction between the sample and the RF fields to obtain 
an adequate level of sensitivity. 

In this paper, several dielectric measurement techniques 
are evaluated with regard to their performance for thin-
film materials. In particular, we examine a coaxial 
transmission line method, a waveguide method, and a 
cavity measurement approach.  An approach where a thin 

film is sandwiched between a coaxial probe and ground 
plane as proposed in [1] was also investigated. However, 
we found it difficult to achieve an acceptable level of 
precision for this technique with the measurement 
equipment on hand.  

In this paper, we consider mainly low-loss materials, and 
thus will be concerned primarily with the real component 
of the permittivity. In particular, samples of Teflon, black 
Kapton, and black polyester are measured. 

2. Coaxial Transmission Line Method 

In this technique, a coaxial transmission line is loaded 
with a dielectric sample, and all four S parameters are 
measured with a network analyzer. The dielectric 
constant of the material can then be extracted. This 
technique is discussed in [2-3] as well as in many 
standard reference texts. 

For this effort, GR900BT-type coaxial line was used 
along with an Agilent E5071C ENA series network 
analyzer. The Agilent 85071E dielectric measurement 
software package was used to calculate the measured 
permittivity from the S parameters at frequencies from 
DC to 7 GHz. A full two-port calibration was performed 
on the network analyzer using the conventional 
Short/Open/Load/Thru method. 

For our test case, a 1 mil thick black polyester sample 
was first placed in the coaxial line. Because the sample 
was so thin, a Teflon ring was needed to hold the sample 
in place against the dielectric of the transmission line. 
The effects of the Teflon ring and the length of the 
sample holder were calibrated out. This was confirmed 
with a successful measurement of the permittivity of air. 
Figure 1 shows a cutaway view of the coaxial line with 
the Teflon sample holder in place.  

However, we were unable to measure the permittivity due 
to large fluctuations over the frequency band. Upon 



examination of the S parameters, it was apparent that the 
measured reflection from the sample was so small that 
very little sensitivity would be possible in attempting to 
calculate permittivity values from S parameters.  

 

Figure 1 – Coaxial Line with Sample Holder 

In an effort to increase the reflection from the sample 
under test, 15 layers were stacked and tested. Results 
were somewhat better, and are shown below in Figure 2. 
However, measurement variations were still present, 
especially at lower frequencies where the electrical 
thickness of the material is smaller. It should be noted 
that the Nicolson-Ross polynomial fit measurement 
option was selected in the Agilent measurement software. 
A more accurate permittivity value for this material 
measured by the cavity approach (described below in 
Section 4) is 3.05. 
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Figure 2 – Measured Permittivity of Polyester Using 
Coaxial Line Method 

Although the measurement of the stacked layers yielded 
better permittivity values than the measurement of a 
single layer with this technique, it raised the question of 

the potential unintended effects of the stacking process, 
such as air gaps between sample layers. Thus, overall, the 
coaxial line method is only effective for high frequencies 
or thick samples. 

3. Waveguide Method 

The waveguide method is similar to the coaxial probe 
approach in that a sample is placed in a section of 
transmission line and the material properties are backed 
out of the measured scattering parameters [4]. However, a 
key difference in this method compared to the coaxial 
method is that slots can be made in the waveguide wall 
through which the sample can be fed into the waveguide 
[5]. This allows a very accurate measurement of the 
difference in scattering parameters with and without the 
sample in place which, in turn, allows for much greater 
measurement sensitivity.  It is similar to a perturbation 
technique in that differences in scattering parameters are 
used in the calculations rather than the scattering 
parameters themselves. 

Figure 3 shows the WR-90 slotted X-band waveguide 
used for the measurement. The waveguide is 1” long with 
the sample placed at the center. The sample is fed through 
narrow slots in both side walls (rather than the 
longitudinal slot of [5]) prior to the first measurement. It 
is held taut by pulling on both ends of the sample. This 
novel approach enabled the sample to stay in place 
without foam or Teflon supports. After the first 
measurement is taken, the sample is removed through one 
of the slots, and a second measurement is taken of the 
system without the sample. 

 

Figure 3 – Slotted X-band Waveguide 

 

In this measurement, only the reflection parameter was 
measured, the other port of the waveguide being 
terminated in a shorting plate. Again, the Agilent 85071E 
dielectric measurement software package was used to 
calculate the measured permittivity from the difference in 

Cavity-measured value 



the reflection scattering parameter with and without the 
sample. The results for a single layer of black Kapton are 
shown below in Figure 4. The cavity perturbation 
technique of Section 4 gives a value of 8.07. 
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Figure 4 – Measured Permittivity of Black Kapton 
Using Waveguide Method 

 

It should be noted that the authors had also made several 
previous attempts to measure thin samples supported in 
conventional waveguides (without slots) using foam 
pieces and a method similar to [4], but the measurements 
were largely unsuccessful. It is conjectured that this is 
because the reflection from the sample was too low to be 
detected unless a more sensitive measurement technique 
such as that described above was used. 

4. Cavity Measurement Approach 

Cavity measurements offer increased sensitivity for thin 
films, as perturbation techniques are well-suited for small 
sample volumes [6-7]. 

In practice, most cavity measurements are also subject to 
certain pitfalls. The thin material must be self-supporting 
or supported in the proper place within the cavity. 
Typically, this is done with some low permittivity 
material such as foam or Teflon, whose effects must 
usually be calibrated out. This introduces sources of error 
to the measurement if the cavity is not assembled in 
exactly the same way for both the sample-loaded 
measurement and the unloaded reference measurement 
(i.e., with and without the thin material of interest). 
Problems can arise if the sample holder shifts position or 
a fastening bolt has even slightly different tension on it. 
Even the process of handling the cavity may cause 
temperature variations which could affect the geometry 

enough to be significant to the measurement, which 
requires measuring frequency shifts well under 1%. 

To solve this problem, a slotted cavity is employed that 
allows the sample to be inserted and removed without 
perturbing the measurement setup. The same waveguide 
section used in the waveguide method discussed above is 
used again here with the addition of two coupling irises. 
Each iris is 0.03" thick and 0.08" radius and serves to 
couple energy from WR-90 input waveguide into the 
dominant TE101 mode of the cavity. Two-port 
measurements were selected over one port because very 
good signal-to-noise ratio can be obtained in S21 by 
increasing the input source power. Figure 5 shows the 
cavity with irises. 

 

Figure 5 – Slotted Cavity with Coupling Irises 

 

The standard perturbation formula was used [8]: 

 

f

f

t

c
R


 1  (1) 

 

where c is the cavity length, t is the thickness of the 
sample, and f is the resonant frequency.  Plots of S21 
showing the resonant shift due to the addition of the 
Teflon sample are shown in Figure 6. 
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Figure 6 – Measured S21 of Slotted Cavity With and 
Without Teflon Sample 

 

The results for the 8.8 GHz dominant mode are shown in 
Table 1 for 1 mil thick samples of Teflon, black 
polyester, and black Kapton. Coupling is typically -50 
dB, and Q values are typically 2500. Excellent agreement 
is obtained with the known permittivity of Teflon 
(between 2 and 2.1). This validates the sensitivity of the 
technique. Performing the measurements more than once 
indicated the results were repeatable to less than 1% 
precision. 

Material Measured Relative r 

Teflon 2.05 

Black Polyester 3.05 

Black Kapton 8.07 

Table 1 – Measured Permittivity of Several Thin 
Materials Using a Slotted Cavity 

 

5.  Summary 

The focus of this effort was to compare several 
approaches for dielectric measurement and evaluate their 
effectiveness and sensitivity for thin-film dielectrics. It 
was found that conventional transmission line techniques, 
such as coaxial cable and waveguide measurements, are 
generally ineffective for thin films. This is because the 
measured reflection from these samples is very small, 
hence limiting the sensitivity. 

One waveguide technique that was found somewhat 
effective employed a slot in the waveguide wall. Because 
a difference in S parameters between a loaded and 

unloaded waveguide is used in this technique, increased 
sensitivity is possible. Additionally, the slot allowed the 
sample to be easily inserted and removed without 
otherwise perturbing the measurement setup. 

Of all the techniques examined, the cavity technique gave 
results that were the most repeatable, and also believed to 
be closest to the true values of the dielectric constant. 
Great care was taken to ensure that the cavity itself was 
physically unaltered between the measurement of the 
loaded cavity and the measurement of the unloaded 
cavity. 
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ABSTRACT 

 
This paper discusses the designing of circular waveguide 

antenna, mode & field propagation analysis with in 

circular waveguides, cutoff frequency analysis & radius 

along with calculations for millimeter region 

Electromagnetic waves ranging between 1GHz-

40GHz.This analysis will be based on Finite Element 

Method using Ansoft HFSS, therefore Finite element 
Method has also been briefly discussed.  Circular 

waveguide’s cutoff frequency & radius can be directly 

calculated by using SAND’s constant; a method 

generated through the optimization of approximated 

cutoff frequency equation refined by using FEM 

numerical technique. Graphical analysis for cutoff 

frequencies ranging between 1GHz-40GHz against 

waveguide radii has also been discussed. SAND’s 

constant variation for entire frequency range of 1GHz-

40GHz have also been discussed.  
 

Keywords: Waveguide Antenna, cutoff frequency, Finite 

Element Method, SAND’s constant. 

 

1. INTRODUCTION 
 

Electromagnetic waves can be transmitted through free 

space (wireless connections) or along waveguides. 

Waveguides have been widely used as feeding mechanism 

for antenna applications due to their high power handling 

capability & wide bandwidth characteristics. Various 

antenna applications which include waveguides are conical 

horn antennas, pyramidal horn antenna, sectoral horn 

antenna, corrugated horn antenna, waveguide antennas [1, 
2, 3, 4]. However waveguides have many applications 

under their belt such as waveguides act as high pass filter as 

they have the tendency to pass higher order frequencies & 

reject below a certain frequency range, i.e. cutoff frequency 

below which no propagation exists [5,6]. Another 

application of waveguides includes polarizer such as 

septum polarizer which converts linear polarization to 

circular polarization [7, 8]. Other applications of waveguide 

include directional couplers, waveguide switches & mode 

converters [9, 10, 11]. 

 

2. CIRCULAR WAVEGUIDE MODE 

PROPAGATION ANALYSIS 
 

Waveguide can be expressed as cylindrical tube supporting 
TE & TM modes independent of each other. Since it is 

cylindrical in nature, it can easily be expressed in the form 

of cylindrical coordinates. The inner radius of circular 

waveguide which determines the cutoff frequency is 

expressed as “a”. Transverse E-field & H-Field cylindrical 

components within the waveguide are as follows: 

 

Eρ=  

 

Eφ=   

 

Hρ=  

 

Hφ=    

 

(a) TEmn MODE PROPAGATION 

ANALYSIS 
 

The cutoff wavenumber decides the TEmn modes where 

“n” represents number of circumferential φ variations and 

“m” refers to the number of radial p variation. [12] 

kcnm=  

The cutoff wavelength of degenerated Emn mode is [13] 



λ'ci= a  

 & cutoff frequency is given by [12] 

fcmn =  =  

Therefore the first mode to propagate is TE01 mode. The 

propagation constant of the TEnm mode is [12] 

 

βnm= =  

 

The transverse E-field components can be solved by using 

above mentioned equations and Bessel’s Differential 

equations and is given by equations below [12] 

Eρ=   

Eφ=    

Hρ=   

Hφ=   

(b) TMmn MODE PROPAGATION 

ANALYSIS 
 

The cutoff wavelength of degenerated Hmn mode is [13] 

λ"ci= a  

& cutoff frequency is given by [12] 

fcmn =  =  

Thus the first mode to propagate is TM01 mode. 

The propagation constant of the TMnm mode is [12] 

 

βnm= =  

 
The transverse H-field components can be solved by using 

above mentioned equations and Bessel’s Differential 

equations and is given by equations below [12] 
 

Eρ=   

Eφ=   

Hρ=    

 Hφ=   

3. FINITE ELEMENT METHOD 
 

Finite Element Method handles inhomogeneous materials & 

complex geometries with ease as compared to other 

methods as problems are converted into mesh generation 

rather than solving using electromagnetic theory. In order to 
generate electromagnetic field solution HFSS employs 

Finite Element Method. Ansoft HFSS is the global market 

leader software using Finite element method.  

 

There are two approaches to FEM 

 

(1) Variational Analysis 

(2) Weighted Residual Analysis 

 

Both originate from Partial Differential Equation (PDE) 

form of Maxwell’s Equation [14]. 

 

In both above mentioned cases structure is divided into 

triangles for surface meshing & tetrahedron structure for 

volumetric meshing as these are simplest geometrical 2D & 

3D form of proper meshing. 

 
Two types of problems can be addressed by using FEM. 

 

(1) Eigen analysis (source free) 

(2) Deterministic (driven) 
 

Problems without external or internal field source fall into 

category of Eigen analysis. They are not time or frequency 

but Eigen value solvers. Example of Eigen values are cavity 

resonators & waveguide problems. 

However problem involving a source fall in category of 

deterministic analysis as here the response of structure to 

this excitation is calculated. Examples of deterministic 

analysis include a very large class of electromagnetic 

applications such as FEM including antennas, radar cross 

section, microwave circuits & periodic analysis [14]. 

 

In conclusion FEM is efficient method for microwave 

antenna & Eigen problem analysis.   
 



4. DESIGN, SIMULATION & 

MEASUREMENTS  
 

The operating cut-off frequency of a rectangular waveguide 

is calculated by a formula, [15] 
 

=  
 

Where, 

Fc = cut-off operating frequency 

c = velocity of light 

a = waveguide width dimension 
 

However, the cut-off frequency in MHz of the circular 

waveguide is approximated from, [15] 
 

fcutoff (MHz) =  

 

Where, 

dmm = inside diameter of circular feed horn in mm. 

The dielectric inside waveguide is filled with air, therefore 

the actual wavelength is calculated as, [15] 
 

 =   

 

where, 

λ g = wavelength in the waveguide 

λ 0 = wavelength in free space 

Fc = waveguide cut-off frequency 

F = operating frequency 

And waveguide impedance is calculated as, [15] 
 

Z=   
 

In order to get FEM solution to circular waveguide antenna 

through HFSS, i have come up with solution in form of a 

constant named as SAND’s constant. It is approximation 

method for calculation of waveguide radii and cutoff 

frequency of circular waveguide antenna using Finite 

Element Method numerical solution technique. My 

approximate solution to above mentioned case is as follows: 
 

r (mm) * fc (GHz)= SAND’s constant 
 

r (mm) * fc (GHz)= 89 
Where, 

SAND’s constant= 89 

r= radius of circular waveguide antenna 

fc= Cutoff Operating Frequency 

 

Here radius r is in mm, & cutoff frequency fc is in GHz. 

I have come up to this solution after conducting simulations 

ranging from 1GHz to 40 GHz in Ansoft HFSS with a step 

size of 100MHz in between two frequencies resulting a 

total of 400 simulations in total. However, this formula can 

be practically used to calculate radius & cutoff frequency of 

circular waveguide antenna for any frequency range with 

good accuracy. 

 

  
 

Graph shows how the radius of waveguide varies with the 

increase of frequency for range of 1GHz to 40GHz. It can 

be seen that radius decreases exponentially as the frequency 

increases. 

 

 
 

This graph shows the SAND’s constant variation against 

cutoff frequency for range between 1GHz to 40GHz. 

However the standard deviation found in graph i.e. 

inaccuracy is approximately +/-0.2. The range for SAND’s 

constant comes out to be 88.8 to 89.2. This range is held 
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true for all ranges of frequencies & is developed on basis of 

FEM numerical solution in Ansoft HFSS. 

 

Several measurements are conducted on conical horn 

antennas, choke ring horn antenna, corrugated horn 

antennas & waveguide antennas for verifying the reliability 

of SAND’s constant and results have been verified through 

waveguide cutoff frequencies measurements at particular 

frequencies & radii & vice versa. Measurement Results 
comply well with simulation results to prove the 

effectiveness of SAND’s constant. 

 

5. CONCLUSION 
 

SAND’s constant is a valuable tool for calculating radius & 

cutoff frequency of circular waveguide antenna with great 
accuracy. FEM approach provides with realistic solution to 

electromagnetic problems with help of Maxwell’s 

equations. In this case FEM provides accurate 

electromagnetic analysis for circular waveguide antennas. 

In this paper the applications, TE & TM modes propagation 

analysis for circular waveguide antennas have also been 

discussed. Variation of radius & SAND’s constant against 

cutoff frequency has also been discussed in the form of 

graph. SAND’s constant reliability has been proved through 

measurements conducted for circular waveguide antenna 

cutoff frequencies & radii. SAND’s constant is result of the 

optimization of approximated cutoff frequency equation 

mentioned above refined by using FEM numerical 

technique.  
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ABSTRACT 

Computational Electromagnetics (CEM) Techniques 

have found wide use in scattering analysis of 

structures due to the fact that they require less cost 

and time than doing physical measurements. 

Numerical methods both in the time and frequency 

domain such as the Finite Integration Technique (FIT) 

[1], Method of Moments (MoM) [2], Multilevel Fast 

Multipole Method (MLFMM) [3], Transmission Line 

Method (TLM) [4] and Finite Element Method (FEM),  

have been known to provide accurate results for Bi-

static as well as Mono-static Radar Cross Section 

(RCS) analysis in general but their practical 

applicability to specific types of structures is 

frequently misunderstood thus leading to mistrust in 

the results obtained. 

A result comparison between the different techniques 

is typically the best way of gaining trust in the results 

obtained, however this involves the general principle 

of result convergence which must be achieved for each 

individual solution technique.  Using one of the 

standard benchmark radar targets which is the Cone-

sphere [5], a comprehensive description of how to 

achieve result convergence for each technique will be 

presented and the final results will be shown to agree 

with published measured results [7, 8]. This target will 

be used in different configurations (with and without a 

slot) as well as coated with Radar Absorbent Material 

(RAM). 

  

Keywords: RCS, Measurement, Analysis, Algorithms, 

Software, Time Domain, Modeling, FIT, MLFMM 

 

1.0 Introduction 

Measured results are typically used as benchmarks in 

judging accuracy of results obtained by other means, but 

contrary to popular belief these results are not always 

accurate. This is mainly due to the fact that there are a lot 

of variables to be taken into account thereby increasing 

the likelihood of human error. During the course of this 

paper the fallibility of measured results will be proven.  

The general purpose of this paper however is to describe 

to the reader how to obtain accurate scattering results 

using Computational Electromagnetics Techniques in 

general, hence the techniques discussed here are drawn 

from all areas of the Numerical Computational 

Electromagnetics spectrum as shown in Figure 1. 

Figure 1 – Numerical methods 

By using commercial software in this presentation we gain 

insight into the practical applicability of these techniques. 

CST Microwave Studio is so far the only widely used 

commercially available software known to have all the 

above techniques and therefore was the obvious choice for 

this analysis. 

2.0 Cone-sphere Model 

The cone-sphere has been used extensively as a 

benchmark in the validation of Numerical code scattering 

results because it is geometrically simple but requires the 

analysis of complex electromagnetic propagation effects 

such as creeping waves, grazing waves and tip reflection. 

The mathematical definition of the cone-sphere is given in 

[5] and the geometrical description is shown in Figure 2. 

Judging from the shape of this structure it would be right 

to assume that the incident direction where it would be 

most difficult to capture back-scattering accurately would 

be looking into the tip as shown in Figure 3, hence the 

reason why results from this incident angle and angles 
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close to this will serve as accuracy checks during the 

course of this presentation.    

                            

Figure 2 – Geometrical Description of the PEC Cone-

sphere in centimeters  

 

Figure 3 – Plane Wave incident on the tip of the cone-

sphere 

3.0 Result Convergence 

In the majority of Numerical Electromagnetic codes there 

are 2 major groups of settings which significantly affect 

the results obtained which are, the mesh settings and 

solver accuracy settings. The mesh provides a detailed 

geometrical description of the model which is of course 

necessary for result accuracy. The solver accuracy settings 

define the accuracy of the solution; hence it is usually 

advisable to adjust these settings to the best options first 

before adjusting the mesh settings. The next logical quest 

would be to determine what the most adequate settings 

are, because there is always a tradeoff between result 

accuracy and computational resources. The goal is to 

come up with a solution which does not change 

significantly with any increase in either the mesh or 

accuracy settings. This is generally called a converged 

solution and is determined by how much accuracy the user 

requires. Next, using each of the above mentioned 

Numerical techniques but concentrating on two in 

particular, the process for obtaining a converged solution 

will be explained using the cone-sphere. All computer 

simulations were performed on a Windows 64 bit 8 core 

2.67GHz machine with 48GB of RAM. 

4.0 Broadband Result Convergence 

For broadband Radar Cross-Section (RCS) simulations it 

is always advisable to make sure the mesh and accuracy 

settings are adequate for the entire simulation frequency 

range. In the case of the cone-sphere analysis the 

simulation range of interest was from 5 GHz to 24 GHz. 

Typically for a broadband simulation a time domain 

simulator would be the best option because the results for 

every frequency can be obtained from a single simulation 

[1,4]. However in the case of the FIT and the TLM a 

volumetric discretization (mesh) is used which leads to a 

higher amount of discretization compared to the MoM [2] 

and MLFMM [3] where only a surface discretization is 

required. This model was analyzed with all 4 techniques 

and the results will be presented but due to the 

aforementioned reasons, this section of the presentation 

will be based on using the MoM and MLFMM. 

 To start off the process, the solution accuracy was set to 

the maximum possible so basically only the mesh needed 

to be varied to obtain convergence. Figure 4 shows the 

surface mesh at 5 GHz used in the MoM and MLFMM 

which is set by number of steps per wavelength (spw). 

               

Figure 4 – 5 GHz surface mesh with curvature 

refinement 

In order to determine the mesh which provides a 

converged solution the steps per wavelength was 

incrementally increased from 5 steps per wavelength. All 

comparisons in this section were done for the Bi-static 

RCS case with plane wave incidence on the cone-sphere 

tip. The MoM RCS results in Figure 5 for a cut along φ = 

0 from -180 < ϑ < 180, show that the solution reasonably 

converges around 7 steps per wavelength. The MLFMM 

results in Figure 6 also show that the solutions converge 

around 7 steps per wavelength so it can be assumed that 

this is the ideal mesh setting at 5 GHz. 



 

 

Figure 5 – RCS results along φ = 0, -180 < ϑ < 180 

obtained by MoM 

 

Figure 6 – RCS results along φ = 0, -180 < ϑ < 180 

obtained by MLFMM 

At 7 steps per wavelength the MoM simulation took 14 

minutes and required 10 GB of RAM while the MLFMM 

simulation took 5 minutes and required 740 MB of RAM. 

Therefore for such a problem the MLFMM would be the 

method of choice. Figure 7 shows a comparison between 

the MoM and MLFMM results at 7 steps per wavelength, 

which agree with each other. 

In the absence of measured results such as in this case the 

best way of confirming a simulation result is to get 

agreement between results obtained using different 

techniques. The MoM and MLFMM are quite similar in 

their methodology so it was necessary to crosscheck the 

results with the TLM and FIT as shown in Figure 8. 

 

Figure 7 – RCS result comparison between converged 

MoM and MLFMM results 

 

Figure 8 – RCS result comparison between MoM, 

MLFMM, FIT and TLM results 

As an additional verification of the MLFMM simulation 

process used, the cone-sphere was coated with 10 mm 

thick RAM (Radar Absorbent Material) with dispersion 

properties at 5 GHz set to ε’=4.2, ε’’=1.6, µ’=2.6, µ’’=0.8 

(Figure 9). As a possible alternative a surface impedance 

model of the coating could have been used in this case to 

reduce the amount of resources required. The advantage 

of this technique is much more pronounced when 

modeling thin multilayer coatings. 



        

Figure 9 – Coated cone-sphere 

As shown in the results in Figure 10 the RCS at ϑ = 0 

drops by about 20dBsm which proves that the effect of the 

RAM is being taken into account. Further work on fully 

characterizing the effect of RAM using simulation tools 

will be done in the future.   

 

Figure 10 – RAM Coated Cone-sphere RCS results 

obtained by MLFMM at 5 GHz 

 

The next step in the analysis was to confirm that the mesh 

settings used in the 5 GHz simulation were adequate for 

the upper frequency range of 24 GHz. At the latter 

frequency however the estimated amount of memory 

which would be required for the MoM simulation would 

be so large that it would make the technique impractical 

for this problem therefore the mesh convergence study 

was only done with the MLFMM as shown in Figure 11. 

An option which could be used to solve such a problem 

with the MoM would be to apply a type of divide and 

conquer strategy by domain decomposition which 

basically divides the computational domain into separate 

parts and solves these on a homogeneous cluster of 

machines. The FEM would also prove difficult to use in 

the case for the same reason as the MoM. 

 

Figure 11 – RCS results along φ = 0, -180 < ϑ < 180 

obtained by MLFMM at 24 GHz 

The MLFMM simulation with 7 steps per wavelength 

took 42 minutes to run and required 12 GB of RAM 

which was impressive considering that this problem had 

523,038 unknowns. As in the previous case, the MLFMM 

results were compared to results obtained using the FIT as 

shown in Figure 12.  

 

Figure 12 – RCS result comparison between MLFMM 

and FIT results 

From this convergence study and result comparison with 

other techniques for the lower and upper bound of the 

frequency range of interest, a reasonable degree of 

confidence is achieved in the results so as to be able to 

run calculations within the entire frequency range without 

going through the same process at each frequency point. 

Figure 13 shows the results obtained from 5 to 24 GHz 

which took 6.5 hours in total to simulate. 



 

Figure 13 – RCS results along φ = 0, -180 < ϑ < 180 

obtained by MLFMM from 5 to 24 GHz 

The result comparisons presented so far however only 

prove accuracy for one mono-static RCS calculation at tip 

incidence therefore the next logical step is to find out how 

adequate the settings are for the entire mono-static RCS 

analysis. 

5.0 Mono-static RCS Result Validation 

Measured results for the cones-sphere RCS are available 

for 869 MHz and 9 GHz in [5] and were used to validate 

simulated RCS results. This was done not only for the 

exact cone-sphere but also for the cone-sphere with a slot 

added as described in Figure 14. 

          

Figure 14 – Cone-sphere with a 0.25 inch slot 

 The size of the slot is 0.635 cm so it can be inferred that 

this feature won’t significantly affect the results at 869 

MHz where it is about λ/54 in size, which serves as an 

additional verification of any results obtained. At 9 GHz 

the size of this feature is about λ/5 therefore some 

difference should be noticed between the results with and 

without the slot. Shown in Figures 15 and 16 are 

comparisons between simulated and measured results for 

the cone-sphere at 869 MHz for both HH and VV 

polarization, where the MoM was used because at this low 

frequency the MLFMM is not suitable. 

 

Figure 15 – HH Polarization Mono-static RCS at 869 

MHz for φ = 0, results for cone-sphere 

 

Figure 16 – VV Polarization Mono-static RCS at 869 

MHz for φ = 0, results for cone-sphere 

A significant discrepancy was noticed in the result 

comparison which was also mentioned in the reference 

material [5] therefore it was essential to analyze this 

model with other Numerical techniques to gain confidence 

in the simulated results. Figure 17 shows a result 

comparison for the HH polarization case using different 



solution techniques; FIT, FEM, and MoM. The results 

agree with each other almost perfectly which implies the 

measured results are probably at fault thus proving the 

fallibility of measured results which in most cases is 

typically not expected by practicing engineers. 

 

Figure 17 – Simulated results comparison 

Next, shown in Figures 18 and 19 are result comparisons 

between simulated and measured results for the cone-

sphere with a slot at 869 MHz where the MoM was used. 

On average the entire Mono-static RCS simulation for 

each calculation took 1 minute to solve. It is noticeable 

that the results with the slot are almost identical to the 

case without the slot, which is due to the very small 

electrically size of the slot as explained earlier. This 

serves as an additional check for the results. 

 

Figure 18 – HH Polarization Mono-static RCS at 869 

MHz for φ = 0, results for cone-sphere with slot 

 

Figure 19 – VV Polarization Mono-static RCS at 869 

MHz for φ = 0, results for cone-sphere with slot 

In the 9 GHz case the simulation was done with the 

MLFMM and shown in Figures 20 to 23 are the results for 

both polarizations with and without the slot. Here we see 

that as expected there is quite a difference in the results 

between the case with a slot and without a slot because the 

electrical size of the slot is large enough as previously 

explained. The simulated results agree with the measured 

results in all cases.  Each simulation took on average 12 

hours and required 2GB RAM. Given that the MLFMM 

simulated results agreed with measured results it was not 

necessary to run the simulations using other Numerical 

techniques. 

 

Figure 20 – HH Polarization Mono-static RCS at 9 

GHz for φ = 0, results for cone-sphere 



 

Figure 21 – VV Polarization Mono-static RCS at 9 

GHz for φ = 0, results for cone-sphere 

 

Figure 22 – HH Polarization Mono-static RCS at 9 

GHz for φ = 0, results for cone-sphere with slot 

 

 

Figure 23 – VV Polarization Mono-static RCS at 9 

GHz for φ = 0, results for cone-sphere with slot 

 

6.0 Summary 

Measured results are typically a good way of validating 

simulated results however the reverse is also true but 

rarely utilized due to inexperience in obtaining accurate 

results by means of Numerical simulation. This paper 

therefore explained the process of obtaining accurate 

results via simulation and validated these results against 

measured results, but also showed the reverse case where 

measured results needed to be validated by simulated 

results. The main focus was on using the MoM and 

MLFMM validated by other techniques, but the same 

convergence principles apply to those techniques and 

future work is planned for the same kind of description for 

them as well. 
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ABSTRACT 
Many periodic structures are often built up of 
multiple layers to improve the electromagnetic 
performance such as the frequency bandwidth. Two 
approaches can be employed to analyze multi-layer 
structures: one is to formulate and analyze a multi-
layer structure in its entirety; the other is to compute 
the generalized scattering matrix (GSM) for each 
layer and then obtain the total GSM of the structure 
by simple matrix calculations. The second approach is 
more flexible and efficient to practical problems 
where several layers may be cascaded in arbitrary 
sequences. This paper describes an efficient procedure 
to analyze multi-layer periodic structure using the 
finite difference time domain (FDTD) method. Based 
on the constant horizontal wavenumber approach, the 
procedure first computes the GSM of each periodic 
layer. The scattering parameters of the entire multi-
layer structure are then calculated using the cascading 
formulas. The validity of this algorithm is verified 
through several numerical examples including 
frequency selective surfaces (FSS) with different 
periodicities and under different incident angles. The 
numerical results of the developed approach show 
good agreement with the results obtained from the 
direct FDTD simulation of the entire structure, while 
the new procedure saves the computational time and 
storage memory. 
  
Keywords: Finite-difference time-domain (FDTD), 
periodic boundary conditions (PBC), constant horizontal 
wavenumber, generalized scattering matrix (GSM), 
frequency selective surfaces (FSS).  

1. Introduction 

Periodic electromagnetic structures are of great 
importance these days due to their applications in the 
design of frequency selective surfaces (FSS), 
electromagnetic band gap (EBG), corrugated surface, 
radomes, polarizer and negative index materials. Many 
periodic structures are often built up of layers [1]. Two 
approaches can be employed to analyze multilayered 
structures. One is to formulate and analyze a specific 
composite structure in its entirety [2]. The other is to 
compute the generalized scattering matrix (GSM) [3-5] 
for each layer and then obtain the total scattering 

properties of the structure by simple matrix calculations. 
The second approach is more flexible and applicable to a 
practical problem where several and different layers may 
be cascaded in arbitrary form. Moreover, the frame work 
of the cascade connection allows one to take advantage of 
different methods in computing the GSM for each layer 
of a multilayered structure.  

 
This paper describes an efficient technique to directly 
compute the GSM of multilayered periodic structure. The 
technique is based on the analysis of periodic structure 
using finite-difference time-domain (FDTD) constant 
horizontal wavenumber approach [6-10] to compute the 
scattering parameters of each layer. The scattering 
parameters of the entire multi-layer structure are then 
calculated using the cascading formulas. The paper is 
organized as follows: In section 2, the FDTD/GSM 
approach is described; definition, computation and 
conversion of scattering and transmission matrices are 
provided. Section 3 provides numerical examples to 
prove the validity of the FDTD/GSM approach; the 
algorithm is used to simulate different examples of FSS 
with different periodicity, and with normal and oblique 
incidence. The reflection of the entire multilayer 
structures is calculated for both co- and cross-polarization 
components. In section 4, a discussion of the new 
algorithm and conclusion are provided.  

2. FDTD/GSM method 

The generalized scattering matrix approach has long been 
used to study waveguide problems  [3- 4], with both 
propagating and evanescent modes included, and with 
scattering features taken into account by a cascading 
process. In addition, it has been used with method of 
moments (MoM) technique. In  [5] it was recognized that 
the approach could be extended to layered periodic 
structures but included only single mode interaction 
between layers. Other authors have modeled the layered 
structure in its entirety rather than cascading matrices 
which describe the individual layers; this approach has 
serious practical limitations because the required amount 
of computation increases rapidly as the number of layers 
increases, and also because a complete new analysis is 
required every time a change is made in any layer. 
 

2.1. Procedure of FDTD/GSM method 



 
As developed here for multilayered periodic structures, 
the GSM technique can take into account propagating and 
non-propagating modes and interactions between them 
(including cross-polarization effects), it can describes the 
reflection and transmission properties of each layer by a 
scattering matrix for that layer, and use a cascading 
process to obtain a scattering matrix for the overall 
structure. The modes are the spatial harmonics, usually 
called Floquet harmonics, of a plane-wave expansion 
according to Floquet’s theorem, which characterizes the 
reflected and transmitted fields that are allowable when a 
given plane wave is incident on a structure with specified 
periodicity. Each element of a scattering matrix is a 
scattering parameter, either a reflection coefficient or a 
transmission coefficient, which gives the linear 
relationship between the amplitude of a scattered 
harmonic and one of the incident harmonics which 
excites it.  

 
Figure 1 - Multilayered periodic medium and its 

equivalent transmission matrices. 

 
The scattering matrix for a single layer can be 
transformed into a transmission matrix, and the cascading 
procedure applied to the single-layer transmission 
matrices to produce a transmission matrix for the overall 
structure. This matrix can then be transformed to produce 
a scattering matrix for the overall structure.  

 
The proposed algorithm can be summarized as 

follows: 
1. Using the constant horizontal wavenumber FDTD 

with the periodic boundary condition (PBC) the 
scattering parameters of the first layer are calculated 
and the scattering matrix is constructed. 

2. Step 1 is repeated for all different layers. 
3. The scattering matrices of all layers are then 

transformed to transmission matrices. 
4. The total transmission matrix is calculated using 

matrix multiplication of all the transmission 
matrices. 

5. The total transmission matrix is transformed to a 
scattering matrix, and all the scattering parameters 
are extracted from it. 
 

For the multilayered medium shown in Fig. 1, the total 
composite transmission matrix is given by 

( ) ( 2) (1)N

total
T T T T=

where, the transmission and scattering matrices are 
defined by  
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The transformation between [S] and [T] matrices is given 
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When higher harmonics are included, Tij and Sij of 
equation (3) become sub-matrices and the variables aj and 
bj become vectors. 

2.2. Extracting Scattering Parameters Using 
FDTD/PBC Constant Horizontal Wavenumber Method 

 
In this section the scattering parameters of a single layer 
are calculated using the constant horizontal wavenumber 
FDTD/PBC technique [8]. As an example, consider a 
case of a periodic layer with periodicity in both x- and y- 
direction. The layer is illuminated by a plane wave with 
general oblique incidence as shown in Fig. 2. 

 

Figure 2 - Geometry of single layer periodic structure. 

 
Using the constant horizontal wavenumber FDTD/PBC 
technique only one unit cell is simulated to get the 
scattering parameter of the entire layer. The scattering 
parameters are calculated for both co- and cross-polarized 
fields. As shown in Fig. 3 a1, b1, a3 and b3 are related to 
the co-polarized electric field components of the 
dominant mode, while a2, b2, a4 and b4 are related to the 
cross-polarized electric field components of the dominant 
mode. 



                                   

Figure 3 - Reflected and transmitted electric fields for 
co- and cross-polarized components of the dominant 

mode. 

 
As shown in Fig. 3 we have four different field 
components so the scattering matrix will be of the size 
4×4. The S-parameters are then calculated as: 
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for the rest of the S-parameters the excitation will be 
initiated below the layer not above the layer: 
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where Et/r/i
Co/x-pol  are the complex amplitudes of 

frequency domain electric fields [11-13] which can be 
obtained from time domain captured electric field by 
using discrete Fourier transform (DFT).  Similarly the S-
parameter for other layers could be calculated and 
transformed to T-parameter as shown in equation (3). As 
for dielectric layers or air gaps the homogeneity of these 
layers decreases the S-parameters calculation. Also 
symmetry could be used to reduce the calculation of 
individual layer S-parameters. 

3. Numerical Results 

In this section numerical examples to prove the validity 
of the proposed algorithm are provided. The test plan is 
based on testing different multilayer structures with 
different type of plane wave incidence (normal and 
oblique). In all the test cases, the results of the cascaded 
technique are compared with the FDTD simulation of the 
entire structure. The FDTD code was developed in 
MATLAB [14] programming language and run on a 
computer with an Intel Core 2, 2.66 GHz processor.  

 

 

3.1. Test Case 1 
In this test case the multilayer geometry consists of two 
identical FSS structure consisting of dipole elements. The 
dipole length is 12 mm and width is 3 mm. The 
periodicity is 15 mm in both x and y directions [15]. The 
substrate has thickness of 6 mm and relative permittivity 
εr = 2.2 as shown in Fig. 4. The structure is illuminated 
by a normally incident plane wave (with polarization 
along y- axis). The frequency range of interest is 0-16 
GHz. The gap distance d is set to 13.5 mm. 

       

Figure 4 - Two identical dipole FSS geometry (all 
dimensions are in mm). 
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Figure 5 - Reflection coefficients of two identical 
dipole FSS with normal incidence TEz case for d = 

13.5 mm. 

Good agreement between the results obtained from the 
cascading technique and results obtained from the entire 
structure analysis can be noticed in Fig. 5. The 
computational time using the cascaded technique is less 
than the computational time for the entire structure 

a1 b1 b2 a2 

b3 a3 b4 a4 



(which requires large number of time steps to generate 
stable results). The computational time for cascaded case 
is 6 minutes (for getting S-parameters of FSS layer and 
air gap and calculating the total GSM), while for the 
entire simulation of the same case 35 minutes are 
required. In addition, the scattering parameters generated 
for this layer can be saved for future use in any other 
cascading structure that uses the same layer with the same 
angle of incidence and frequency range. 
 
3.2. Test Case 2  
The algorithm is used to analyze the same structure 
shown is Fig. 4. The structure is illuminated by obliquely 
incident plane wave kx = 20 m-1 and ky = 10 m-1 (general 
oblique incident), the range of frequency of interest is 5-
15 GHz. The structure is illuminated by TEz plane wave. 
The FDTD grid cell size is ∆x = ∆y = ∆z = 0.5 mm, and 
3,000 time steps. Convolutional perfectly matched layer 
(CPML) is used as the absorbing boundaries at the top 
and the bottom of the computational domain [16]. The 
reflection coefficient of the structure is calculated using 
the cascaded technique for d = 15mm, and the results are 
compared with the FDTD simulation of the entire 
structure as shown in Fig. 6. 
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Figure 6 - Reflection coefficients of two identical 
dipole FSS for oblique TEz incidence (kx = 20 m-1, ky = 
10 m-1) with d = 15 mm. 

Good agreement between the results obtained from the 
cascading technique and results obtained from the entire 
structure analysis can be noticed from Fig. 6. The 
computational time using the cascaded technique is less 
than the computational time for the entire structure. The 
computational time for cascaded case is 7.5 minutes (for 
getting S-parameters of FSS layer and air gap and 
calculating the total GSM), while for the entire simulation 
of the same case 38.2 minutes are required. In addition, 
the scattering parameters generated for this layer can be 
saved for future use in any other cascading structure that 

uses the same layer with the same angle of incidence and 
frequency range. 
 
3.3. Test Case 3 
In this test case the multilayer geometry consists of two 
different FSS layers. The 1st FSS structure consisting of 
square patch elements where the square patch is 6 mm × 
6mm, the periodicity is 10 mm in both x and y directions. 
The substrate has thickness of 6 mm and relative 
permittivity εr = 2.2. The 2nd layer FSS structure 
consisting of dipole elements (as in Fig. 4), where the 
dipole length is 12 mm and width is 3 mm, the periodicity 
is 15 mm in both x and y directions. The substrate has 
thickness of 6 mm and relative permittivity εr = 2.2 as 
shown in Fig. 7. The structure is illuminated by a normal 
incident plane wave (kx = ky = 0 m-1), the frequency range 
of interest is 0-16 GHz.  The reflection coefficient of the 
structure is calculated using the cascaded approach with d 
= 8mm, and the results are compared with the FDTD 
simulation of the entire structure as shown in Fig. 8. 
     

 
 

Figure 7 - Square FSS and dipole FSS geometry (all 
dimensions are in mm). 

Good agreement between the results obtained from the 
cascading technique and results obtained from the entire 
structure analysis can be noticed from Fig. 8. The 
computational time using the cascaded technique is less 
than the computational time for the entire structure. In 
addition, to simulate the entire structure many unit cells 
are needed for each layer. However, by using the 
cascading technique, only one unit cell is simulated for 
each layer which reduces the computational time. The 
computational time for the cascaded case with d = 8 mm 
is 8 minutes, while for simulation of the entire structure 
130 minutes are required due to the large domain 
simulated (30 × 30 mm in x and y directions, relative to 
10 × 10 mm for 1st layer and 15 × 15 mm for 2nd layer for 
the cascaded method). 
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Figure 8 - Reflection coefficients of square patch FSS 
and dipole FSS for normal TEz incidence with d = 8 
mm. 

3.4. Test Case 4 
The algorithm is used to analyze the same structure 
shown in Fig. 7. The structure is illuminated by obliquely 
incident plane wave kx = 20 m-1 and ky = 10 m-1, the range 
of frequency of interest is 5-15 GHz. The reflection 
coefficient of the entire structure is calculated using the 
cascaded approach with d = 18mm, and the results are 
compared with the FDTD simulation of the entire 
structure as shown in Fig. 9. 
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Figure 9 - Reflection coefficients of square patch FSS 
and dipole FSS for TEz oblique incidence (kx = 20 m-1, 
ky = 10 m-1) with d = 18 mm. 

Good agreement between the results obtained from the 
cascading technique and results obtained from the entire 
structure analysis for both co- and cross-polarization 
reflection coefficients can be noticed from Fig. 9. The 
computational time for the cascaded case for d = 18 mm 

is 10.4 minutes, while the simulation of the entire 
structure 135.2 minutes are required.  

4.  Conclusion 

In this paper, an efficient FDTD/GSM technique is 
described. The technique is based on the analysis of 
periodic structure using FDTD constant horizontal 
wavenumber approach to compute the scattering 
parameters of each layer. The validity of this algorithm is 
verified through several numerical examples including 
frequency selective surfaces (FSS) with different 
periodicities and under different incident angles. The 
numerical results show good agreement with the results 
obtained from the direct FDTD simulation of the entire 
structure, while the new procedure require less 
computational time and storage memory. 
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