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Abstract
When a graduate-level course in high-frequency circuit design was taught in previous semesters
at California State University (CSU), Chico, there were no laboratory sessions or projects that
allowed students the opportunity to design physical circuit prototypes or gain experience with
instruments and measurement techniques in the radio-frequency (RF) domain. All assignments
and projects were completed with hand calculations and software simulations which did not give
students the opportunity to relate theory to real-world behavior.
A new semester project for this course was designed to give students experience in designing,
constructing, and testing distributed-element filters for use in RF applications. While lumpedelement filters consisting of discrete inductors and/or capacitors offer performance sufficiently
close to ideal for non-RF applications such as audio equalizers, the same design procedures
applied to filters intended to operate in the gigahertz range tends to produce unrealistically small
inductor and/or capacitor values. In addition, the non-ideal frequency responses of these
components plus signal wavelengths being comparable to component dimensions will further
serve to increase the difficulty in meeting design parameters as operating frequencies are
increased.
Distributed-element filters solve many of these problems and consist solely of various
configurations of transmission lines, eliminating all lumped components. Students were given
filter design parameters including filter type, cutoff frequencies, and filter coefficients. These
values were then used to design a commensurate-line low-pass microstrip filter using Richard’s
Transformation and Kuroda’s Identities. After calculating the required filter configuration and
dimensions, students were then asked to verify their filter’s performance in terms of transmission
and reflection characteristics (S21, S11) by performing simulations using Sonnet Lite.
After verification, students were then asked to create printed circuit board (PCB) layouts for their
filters using Autodesk EAGLE. Physical filter prototypes were manufactured in-house using an
LPKF ProtoMat E34 PCB engraving machine. Students were then asked to solder SMA
connectors to their filters, measure the actual performance using a vector network analyzer
(VNA), and compare their results to theoretical expectations. A discussion of learning objectives,
grading criteria, a comparison of theoretical specifications vs. experimental results, an
assessment of student learning outcomes, and recommendations for future improvements to the
design project are included.
Background
The demographics of engineering student populations have changed and an increased number of
students are entering engineering programs with little to no prior hands-on experience. This
leaves them at a disadvantage both in terms of success in mastering the curriculum and level of

competitiveness for internships [1, 2]. As these students move through a typical engineering
curriculum, a focus on abstract theory and mathematical concepts over physical applications and
measurable observations will fail to give them the necessary hands-on experience, reducing the
chances that the information will be retained over the long term [3]. Students who have specific
learning styles that favor physical experimentation and real-world experience are also left at a
disadvantage in courses that lack these components [4].
The engineering course must then offer students the opportunity to correlate theory with both
computer simulations and the design, construction, and measurement of physical components.
Simulations are invaluable design tools, but their use must be balanced with the realization that
their results are only as good as the mathematical models of components that are being analyzed
[5]. Therefore, students must become proficient in the use of measurement equipment in the
laboratory and in their understanding of the underlying principles, limitations, and assumptions
relevant to a specific application [6].
A graduate-level course in high-frequency design techniques is a required course to graduate
with a Master of Science degree in Electrical and Computer Engineering at California State
University (CSU), Chico. Topics covered during previous semesters have included:
•
•
•
•
•

Frequency responses of non-ideal circuit components.
Transmission lines: terminations, reflection coefficients, standing wave ratios.
The use of Smith Charts to find input impedances, perform impedance matching.
Unique issues related to digital signaling such as dispersion, jitter, clock skew, etc.
RF hardware design theory including layout of printed circuit (PCB) boards.

In the past, students were asked to perform several projects that were limited to hand calculations
and SPICE simulations. None of the project assignments gave students any hands-on experience
in circuit design, creating physical prototypes, or conducting measurements with RF laboratory
equipment. To address this issue, a two-part filter design project was implemented that would
give students the opportunity to link computer simulations of a design with physical
measurement and verification using the appropriate laboratory equipment. Students would then
be able to compare theoretical and experimental results and consider factors that cause non-ideal
physical behavior.
In Part A of the filter design project, students were asked to design a 5th-order lumped-element
band-pass or band-stop filter starting with a normalized 5th-order low-pass filter prototype. The
primary objective in this part of the project was calculation of the values of lumped components
(inductors and capacitors) to be used in the filter. Each student was given a different design
objective in terms of filter type, bandwidth, and center frequency. The assigned center
frequencies ranged from 10 MHz to 100 MHz which precluded physical prototyping using
breadboards and through-hole components due to parasitics. Therefore, verification of filter
performance was limited to performing simulations using SPICE and assuming ideal behavior
for all circuit components. At higher frequencies, these assumptions become increasingly invalid
due to non-ideal component frequency responses and transmission line effects. This highlights

the need for some form of physical design and laboratory measurement exercise to ensure that
students do not place an unwarranted level of faith in the results of software simulations.
In Part B, students were asked to design a distributed-element commensurate-line low-pass filter
in microstrip starting with a normalized 3rd-order low-pass filter prototype. The assigned -3 dB
cutoff frequencies of these filters ranged from 1 GHz to 1.75 GHz. Students were also asked to
perform a PCB board layout that would be used to generate a physical prototype on which they
would then solder SMA connectors and use a VNA to verify its performance. This extension into
physical prototyping and measurement was intended to give students experience in using RF
laboratory equipment and enable them to correlate theoretical and experimental results.
Student Learning Objectives
•

•

•
•
•
•
•
•
•

Understand concepts of corner, cutoff, and center frequencies, stopbands and passbands,
bandwidth, and filter order and apply them to both lumped-element and distributedelement filter design.
Given bandwidth, center frequency, and source/load impedance specifications, determine
inductor and capacitor values needed to implement a 5th-order lumped-element band-pass
or band-stop filter.
Simulate the 5th-order lumped-element filter using SPICE and verify its performance.
Use Richard’s Transformation and Kuroda’s Identities to design a 3rd-order distributedelement commensurate-line low-pass filter.
Determine the required characteristic impedances and dimensions for each stub and unit
element given material parameters for microstrip and substrate.
Simulate the 3rd-order distributed-element filter using Sonnet Lite and verify its
performance.
Perform a PCB layout for the physical filter prototype including properly dimensioning
stubs, unit elements, and the required pads for SMA input and output connectors.
Calibrate a vector network analyzer and use it to measure the performance of the physical
prototype.
Interpret the experimental results and discuss any discrepancies between physical and
theoretical results and possible reasons for discrepancies.

These learning objectives address parts of ABET Criterion 3, most specifically Student
Outcomes #1 and #6. Outcome #1 addresses the ability of students to solve complex problems
using principles of engineering, science, and mathematics, while Outcome #6 is concerned with
the ability of students to conduct experiments, analyze results, and form conclusions [19].
Theory
Four types of filters can be designed starting with a normalized nth-order lumped-element lowpass prototype circuit. If design of a low-pass filter is to be performed, the primary tasks are denormalization of the filter network with respect to the source and load impedances and the -3 dB
cutoff frequency while leaving the circuit structure unchanged. A high-pass design requires
swapping the locations of inductors and capacitors. Transforming the low-pass prototype into a

band-pass design requires addition of a capacitor in series with each existing inductor and an
inductor in parallel with each existing capacitor. Similarly, transforming the prototype into a
band-stop filter requires addition of a capacitor in parallel with each existing inductor, and an
inductor in series with each existing capacitor [7]. Tables of coefficients for different filter types
such as Butterworth and Chebyshev are widely available and these coefficients provide a starting
point for calculating the required component values in the filter network.
The design process for creating a filter begins with determining the required filter coefficients
from tables according to the filter type and assigning them to a normalized lumped-element lowpass filter prototype as shown in Fig. 1. Higher-order filters are simple to create from this 3rdorder model since they only require the addition of series inductors and shunt capacitors to the
right side of the filter network in an alternating fashion.
Values of coefficients from tables (gn) are assigned to lumped elements in a left-right direction,
and represent inductor and capacitor values for a filter that will be connected between a source
and load with normalized characteristic impedances of 1 Ω and a normalized cutoff frequency of
ω = 1 rad/sec.

Fig. 1: Normalized third-order low-pass prototype filter with source and load.

The lumped-element filter schematic for an example implementation of a 3rd-order band-pass
filter with a center frequency of 3 GHz is shown in Fig. 2. The component values were based on
de-normalization of the source and load impedances to 50 Ω. Note the extremely low values of
inductors and capacitors: a physical implementation may be impossible if these component
values are not available from any vendor. However, the results of the LTSpice simulation shown
in Fig. 3 give a center frequency of 2.96 GHz, meaning that the design specification with regards
to the center frequency has theoretically been met. This highlights the potential disconnect
between simulations and the “nuts and bolts” of physical implementation mentioned previously
and students must be made aware of these issues. Students were asked to perform a similar
design/simulation exercise for Part A of the project, except that all filters in this part originated
with a 5th-order low-pass prototype.

Fig. 2: Example lumped-element band-pass filter design.

Fig. 3: LTSpice simulation results of filter in Fig. 2.

Multiple configurations of distributed-element filters exist in the literature. The commensurateline filters designed for Part B of the project gain their name from the fact that every shunt and
series element used to construct the filter has a length of λ/8, where λ is the signal wavelength in
meters at the desired cutoff frequency when the effect of PCB substrates on wave propagation
velocity is taken into account [8].
Several drawbacks exist with commensurate-line filters. First, the identical lengths of the filter
elements causes aliasing in the frequency response with additional passbands appearing at every
4th multiple of the cutoff frequency. Second, only low-pass and band-stop filters can be
produced. If high-pass or band-pass responses are desired, then other configurations such as
coupled-line or hairpin filters must be used. Finally, commensurate-line filters tend to take up a

large amount of space which makes them generally unsuitable for applications such as
smartphones where space is at a premium [9].
All students were tasked with producing a 3rd-order low-pass microstrip filter for Part B,
although each student was given a different set of specifications with regards to cutoff frequency
and filter coefficients and type. These coefficients were taken from tables provided in various
sources for -3 dB Chebyshev, Butterworth, and Bessel type filters [7, 8, 10].
Once the coefficients from tables have been assigned to the circuit shown in Fig. 1, the next step
is de-normalization of the low-pass prototype with respect to the characteristic impedance of the
source and load, in our case Z0 = 50 Ω. This involves multiplying series inductance values by Z0
and dividing shunt capacitance values by Z0.
Application of Richard’s Transformation is then used to convert the lumped-element prototype to
a distributed-element filter. This process was first published by Paul Richard in 1940 and enables
transformation of series inductors to series short-circuited stubs, and shunt capacitors to shunt
open-circuited stubs [11]. Richard’s Transformation takes advantage of the purely reactive input
impedances to transmission lines terminated in open or short circuits to approximate the behavior
of inductors and capacitors. For the filter network shown in Fig. 1, application of Richard’s
Transformation produces a filter network that appears as shown in Fig. 4.
The filter coefficients assigned to series inductors already represent their normalized lumped
impedances, but the filter coefficient assigned to the shunt capacitor represents its admittance.
Hence, the characteristic impedances in units of Ohms assigned to each stub are given as:

𝑍𝑍1 = 𝑔𝑔1 , 𝑍𝑍2 =

1

𝑔𝑔2

, 𝑍𝑍3 = 𝑔𝑔3 .

(1)

Fig. 4: Third-order low-pass prototype after application of Richard’s Transformation.

Since series short-circuited stubs are difficult to implement in microstrip, Kuroda’s Identities of
the First Kind [8, 9] are used to insert unit elements and convert all short-circuit series stubs to
open-circuit shunt stubs. A unit element is a λ/8 section of transmission line that has a
characteristic impedance equal to that of the matched source and load and has no impact on the
behavior of the circuit [8]. These identities are shown in Fig. 5, where the value of N is
calculated with the following equation:

𝑁𝑁 = 1 +

𝑍𝑍2
𝑍𝑍1

(2)

The first step in applying Kuroda’s Identities is the addition of unit elements at the input and
output ends of the filter. The adjacent stub, whether short-circuited series or open-circuited
shunt, is converted to the opposite form which then swaps locations with the unit element as
shown in Fig. 5. The impedances of the unit element and adjacent component are then
recalculated.
Repeated addition of unit elements at the filter input and output and recalculation of impedances
continues until all series stubs have been converted to shunt stubs separated by single unit
elements. The addition of unit elements also serves to define the spatial distance between stubs
which is undefined in a lumped-element circuit. These distances must be accounted for in an RF
circuit because of transmission line effects that occur since the component dimensions are
comparable to the signal wavelength.

Fig. 5: Kuroda’s Identities of the First Kind

The final completed filter schematic is shown in Fig. 6, where unit element impedances are
designated as ZUE1 and ZUE2. The open-circuit shunt stubs with impedances labeled Z1’ and Z3’
are equivalent to the short-circuit series stubs created when Richard’s Transformation was
applied.
It is much more difficult to apply this process to a lumped-element filter prototype that has an
odd number of inductors due to the difficulty in transforming the center inductor. Filter
prototypes with an even number of inductors have a shunt capacitor as the central component
which does not require any modification beyond application of Richard’s Transformation.

Fig. 6: Final circuit schematic for third-order distributed-element low-pass filter.

Designing the layout of the filter in microstrip involves calculating the stub and unit element
widths needed to implement the impedance values calculated with Kuroda’s Identities. These
widths depend heavily on the relative permittivity of the substrate. An equation in [12] gives the
characteristic impedance of a microstrip transmission line based on material parameters:

where

𝑍𝑍𝑂𝑂 (Ω) =

87

�𝜀𝜀𝑟𝑟 +1.41

𝑙𝑙𝑙𝑙 �

5.98𝐻𝐻

0.8𝑊𝑊+𝑇𝑇

�,

𝑍𝑍𝑂𝑂 = transmission line characteristic impedance in units of Ohms,

𝜀𝜀𝑟𝑟 = relative permittivity of substrate,
𝐻𝐻 = substrate height in mils,

𝑊𝑊 = microstrip trace width in mils,

𝑇𝑇 = microstrip trace thickness in mils.

(3)

Students were asked to solve equation 3 for 𝑊𝑊 based on the specified values for 𝑍𝑍𝑂𝑂 calculated
during the process of applying Kuroda’s identities. Values for 𝐻𝐻 and 𝑇𝑇 were provided according
to the PCB substrate material on hand. For the ½ oz. copper FR-4 substrate used by the LPKF
ProtoMat E34, 𝐻𝐻 = 59 mils and 𝑇𝑇 = 0.7 mils. A value of 4.2 was assumed for 𝜀𝜀𝑟𝑟 .

Students then calculated the required lengths in meters of each stub and unit element based on
the -3 dB cutoff frequency of the low-pass filter, using equation 4 from [8]. A propagation
velocity of 60% of the speed of light was assumed.

𝑙𝑙 =

where

0.6𝑐𝑐
8𝑓𝑓𝑐𝑐

,

(4)

c = speed of light = 3𝑥𝑥108 𝑚𝑚/𝑠𝑠,
𝑓𝑓𝑐𝑐 = -3 dB cutoff frequency.

Simulation Using Sonnet Lite

Sonnet Lite is a free electromagnetic simulation software package that was used to simulate the
performance of the filter designs [13]. The filters are evaluated in terms of scattering parameters
or S-parameters, with S21 giving the transmitted power wave and S11 giving the reflected power
wave both in terms of frequency.
Setting up the filter design in Sonnet Lite involves defining power and ground planes, materials,
transmission line geometries, and frequency sweep range. An example filter layout in Sonnet
Lite is shown in Fig. 7 and example plots of simulated results for S11 and S21 are shown in Fig. 8.

Fig. 7: Distributed-element filter layout in Sonnet Lite.

Fig. 8: Distributed-element filter simulation results in Sonnet Lite.

Autodesk EAGLE PCB Layout
Autodesk EAGLE is a free PCB design and layout package that is also capable of exporting
Gerber files used for PCB manufacture [14]. PCB layout for the distributed element filter design
is substantially simpler than a typical circuit layout containing various discrete components
including integrated circuits because component package types are not a consideration.
Students were given the datasheet for a Molex 0732511150 50 Ω SMA board edge connector
available from DigiKey [15] and were asked to design the required solder pads at the input and
output ends of the filter. Layout of the unit elements and stubs was straightforward at this point.
Students could either manually draw polygons and then fill them with copper pours using the
“Ratsnest” feature or use the command line option to manually type in specifications for pad
dimensions.
After completion of the PCB layouts, students were then asked to create Gerber files using the
computer-aided manufacturing (CAM) processor available in EAGLE and submit these files for
review. An example of a completed filter layout in EAGLE is shown in Fig. 9.

Fig. 9: Example distributed-element filter PCB board layout in Autodesk EAGLE.
Red areas = top layer, blue areas = bottom layer.

It was originally intended that each student would learn how to operate one of the PCB milling
machines owned by the department and create their own filter prototypes under appropriate
training and supervision. However, the Camp fire that nearly destroyed the adjacent town of
Paradise, CA on 11/8/2018 also forced an emergency campus closure that lasted for over two
weeks and no students and faculty were permitted access to campus. By the time campus
reopened, there was insufficient time remaining in the semester to perform this activity so the
course instructor performed all of the fabrication work and delivered the boards to students, who
were then responsible for soldering SMA connectors onto the boards. Fig. 10 shows an example
filter prototype with SMA connectors soldered onto both sides and Fig. 11 shows the LPKF
ProtoMat E34 PCB milling machine used to create all the prototypes.

Fig. 10: Distributed-element low-pass filter, top layer (a) and bottom layer (b).

Fig. 11: LPKF ProtoMat E34 with dust collection system.

Physical Measurement with Vector Network Analyzer
After a discussion in lecture about the operating principles and use of a Vector Network
Analyzer (VNA), a lab session was held to familiarize students with the VNA calibration process
and how to perform measurements. Evaluation of each filter’s performance in terms of Sparameters was carried out using an Agilent 8714ES Vector Network Analyzer.
This VNA measures and plots S11 and S12 in a frequency range from 300 MHz to 3 GHz. Each
student calibrated the VNA using the SOLT (short-open-load-through) method using an Agilent
85032B calibration kit, then measured the bandwidth and corner frequencies of two unknown
distributed-element filters and identified their types (one low-pass, one band-stop). An example
S21 measurement of the filter in Fig. 10 is shown in Fig. 12.
Project Limitations: Materials, Manufacturing, and Simulations
The department has two computer numerical control (CNC) PCB milling machines on hand. One
of the machines is available from Bantam Tools [16] and uses 4”x5” sheets of blank 1 oz. copper
FR-1 material, either single-sided or double-sided. The other machine which was used to
manufacture the filter prototypes is an LPKF Protomat E34 [17] which uses 9”x12” sheets of
blank ½ oz. copper double-sided FR-4 material. These PCB milling machines and substrates are
not marketed for use on PCB boards that will operate at high frequencies.

Fig. 12: Example of S21 measurement using the Agilent 8714ES VNA.

The ProtoMat E34 has a top spindle speed of 30,000 RPM and according to LPKF should not be
used to produce boards that will operate beyond 500 MHz. Also, neither of these PCB substrates
have any published data available with regards to loss tangents or relative permittivities. Since
they are not promoted for RF applications the surface roughness of the conductive material is
most likely poorly controlled. While FR-4 substrates are economical and easily sourced, the
value of 𝜀𝜀𝑟𝑟 may vary substantially from lot to lot even from the same manufacturer. The
anisotropic nature of FR-4 due to the weaving of the fiberglass mat also causes variations in 𝜀𝜀𝑟𝑟
depending on trace direction [18].

The unlicensed free download version of Sonnet Lite allows a simulation data file size of up to 1
MB. A free license can be requested that will permit this file size to be increased to 30 MB. We
found that the 1 MB file size was insufficient to allow the resolution required to accurately
simulate the performance of the distributed-element filters. The smallest cell size that could be
simulated given the required physical dimensions of the filters was 0.5 mm. This means that the
lengths and widths of all elements is forced to be a multiple of 0.5 mm. However, calculation of
the stub and unit element widths often produced values such as 0.7562 mm or 1.3514 mm.
The request process for the upgrade license for Sonnet Lite was found to be unreliable. Only one
out of ten students was able to obtain the license with all other requests going unacknowledged.
Hence, the excessive rounding of trace dimensions changed the characteristic impedance of each

element by a substantial amount. This rendered the Sonnet software simulation for verification of
distributed-element filter performance largely useless and simulation results from this software
were not compared with theoretical values.
Grading Rubric Items and Evaluation of Student Outcomes
The filter design project was graded out of 100 points and was worth 20% of the overall course
grade. Due to the various limitations listed above, in particular the number of unknown material
parameters of the PCB substrate, students were not graded on how closely their physical filters
came to meeting the specifications for the distributed-element filter. However, their calculations
and design process were scrutinized for errors and deductions were made for incorrect
procedures. The total points possible for the project were divided as follows:
•
•
•
•

Hand calculations: 35 points
PCB layout: 35 points
Software simulations (Part A: SPICE, Part B: Sonnet Lite): 20 points
Written discussion/report of results: 10 points

In order to receive full credit for each category, students had to perform the following:
•

Hand calculations:
o Circuit diagrams complete with component values and units, source and load
included.
o Correctly calculated component values for 5th-order lumped-element filter by
scaling and transforming low-pass prototype according to characteristic
impedance, corner frequencies, and filter type.
o Correctly applied Richard’s Transformation and Kuroda’s Identities to convert
3rd-order lumped-element filter prototype into distributed-element filter: required
characteristic impedances, element lengths and widths correct.

•

PCB layout:
o Dimension layer representing outer boundary of filter appropriately sized.
o SMA connector ground pads on top layer connected by vias to ground plane on
bottom layer, signal and ground separated appropriately by name.
o Four via holes correctly sized to specification of 0.6 mm, vias properly named so
that isolation from ground planes is prevented.
o No gaps between adjacent polygons/shapes representing stubs and unit elements.

•

Software simulations:
o LTSpice schematic or netlist includes all components with correct lumpedelement circuit structure for filter type (band-pass or band-stop).
o Appropriate stimulus source and load included.
o Measurement of output voltage taken at the correct circuit node.
o LTSpice frequency sweep parameters appropriately selected to clearly display
frequency response based on center frequency and bandwidth.

o Plot of frequency response set up correctly with units of dB on vertical axis, logscale frequency in Hz on horizontal axis.
o Ground and signal planes correctly set in Sonnet Lite simulation with appropriate
materials (FR-4/air dielectrics, copper signal traces).
o Sonnet Lite simulation runs without errors and produces results for S11, S21.
•

Discussion of results
o Comparison of theoretical and experimental results for both lumped- and
distributed-element filters.
o List of possible factors contributing to deviations in theoretical and experimental
results.

In Fig. 12, the scores earned by each student for each of the four graded categories and their
overall score for the design project are shown. The mean score and standard deviation are also
given. Ten students were enrolled during the Fall 2018 semester; one student was an
undergraduate taking the course as a technical elective while the remaining students were all
Master’s degree candidates.
In the hand calculations category, students had the most trouble with correctly calculating the
resulting stub and unit element impedances after applying Richard’s Transformation and
Kuroda’s Identities. Common errors in this area included mixing up ZA and ZB and leaving the

Fig. 12: Total scores for both parts of filter design project.

value assigned to the center capacitor as an admittance instead of converting it to an impedance.
For the calculations related to the lumped-element filter to be simulated in LTSpice, the most
common error was neglecting to convert frequency in Hz to frequency in radians per second
which altered all of the component values by a substantial amount.
Most students got the majority of the credit in the PCB layout category. One submission was
incomplete because the student was unable to fill the polygons with the “Ratsnest” function due
to inconsistent naming of the polygons and did not persist in finding a solution. Several
submissions had issues with vias connecting the SMA connector ground pads on the top layer to
the ground plane on the bottom layer. Either the holes were the wrong size, or the vias were not
given the same name as the ground plane and isolation pads were cut around the vias as a result
when the ground planes were poured on the bottom layer.
There was a wide range of scores in the simulations category. All of the students who submitted
materials for this category turned in Sonnet Lite project files that ran without errors and
produced results for S11 and S12. However, there was a lot of inconsistency in the SPICE
simulations. Students were allowed to choose whether they used schematic entry or netlists and
approximately half chose to use netlists. Most of the netlist submissions had issues such as an
incomplete list of components, incorrect syntax in the “.AC” command used to run the
simulation, and/or inconsistent labeling of circuit nodes including failure to designate the
reference node. An overview of the basics of SPICE netlists was given during lecture, however it
appears that some students had not used netlists before and assumed that their circuit files were
correct as long as no error messages were generated during the simulation.
Several of the written reports were well done and included a full discussion of the results of both
Part A and Part B, along with limitations of simulations and reasons for deviations between
theoretical and experimental results. However, a limited effort was obvious in many of the
submissions and this is likely because a substantial research paper and presentation worth 30% of
the overall course grade was due at approximately the same time. One student did not submit the
report or the simulations and received zero points for these areas.
A comparison of theoretical vs. experimental distributed-element filter -3 dB frequencies shows
that the theoretical frequency was lower than the measured frequency in eight out of ten cases.
Since the -3 dB frequency was used to determine the lengths of stubs and unit elements, these
results may point toward an issue with the assumed propagation velocity used to calculate the
lengths. However, some of the eight students in this category also made errors in calculations
which affected their results.
Two students designed filters that fell far short of meeting the specifications because PCB design
errors were compounded by calculation errors. They were unable to rely on the results of the
Sonnet Lite simulations to verify their designs due to the simulation file size limit. Fig. 13 shows
a comparison between theoretical and experimental -3 dB frequencies, while Fig. 14 gives the
percentage error between theoretical and experimental values for each student. For both figures,
students are ranked in increasing order of assigned filter cutoff frequencies.

Fig. 13: Theoretical vs. measured -3 dB cutoff frequencies, distributed-element filter.

Fig. 14: Breakdown of percentage error between theoretical and
measured -3 dB frequencies, distributed-element filter.

Discussion of Results and Future Direction
This project mainly followed a “cookbook” approach which worked well in terms of grading and
ensuring an evenly distributed workload among all students. However, since this is a graduatelevel course, a more open-ended approach to this project should be taken in the future.
One possible direction would be assigning independent research into how filters are used and
integrated with specific applications and then having students create specifications and design
their own components. In this case, no limitations with regards to the filter configuration or order
would be imposed. An additional benefit to this type of project would be a clearer picture of
which students really put the effort into creating a solid project versus those who just wanted to
do only what was necessary to pass the course. Requiring students to work in teams of at least
two would allow widening of the scope of the project and also give students more experience in
handling common interpersonal issues that often occur in workplace settings.
Several solutions can be proposed to address the equipment and software limitations
encountered. Issues related to the unknown material parameters of PCB substrates on hand can
be eliminated by ordering filter prototypes from outside vendors using substrates and
manufacturing methods intended for RF applications or shifting the PCB design into the lower
frequencies used in Part A and including the use of surface-mounted components. Teaching
students how to operate the PCB milling machines serves to increase the level of hands-on
experience in the course and should still be included. The licensing issues with Sonnet can be
addressed by purchasing a site license for installation on the lab computers or finding an
alternate software package that could be used to perform the same tasks.
There are several companies in the region that are focused on both hardware and software
implementation of high-speed video transmission platforms. In the future, the possibility of
including one or more of these companies in an advisory or sponsorship role will be explored.
Having a company provide a realistic product engineering scenario or problem that students
could work on would be a great asset in terms of preparing them for industry. However,
participating companies would not be asked to disclose any information that would be part of
their intellectual property.
Conclusion
A new semester project was designed for a graduate-level course covering high-frequency circuit
design techniques. The purpose of the project was to allow students to gain experience designing
and prototyping physical RF hardware components and conducting measurements using RF
laboratory equipment.
Students achieved a majority of the learning outcomes and seemed to display enthusiasm toward
completing the course with a physical prototype in hand that they could potentially use as a
discussion point during interviews with employers. However, there were some common

weaknesses identified during evaluation of students’ work such as the mathematics underpinning
the application of Kuroda’s Identities and issues with keeping track of units.
A major weakness in this project turned out to be the inability to use Sonnet Lite as a platform to
verify the performance of the filters before fabrication due to software licensing limitations. The
stated goal of correlating results of simulations and physical measurements was hampered in this
case and the two students whose experimental filter results failed to meet the design criteria by
an extreme margin would likely have been alerted to review their designs for errors before
creating PCB board layouts in EAGLE.
In the future, a more open-ended design approach will be taken instead of a “cookbook” method
where all students are following a rigid pre-determined path. A separate research presentation
and report was assigned that asked students to investigate various RF applications of interest
with a focus on hardware elements. The focus of the research portion could easily be combined
with the design project. Industry involvement would also be extremely beneficial in terms of
exposing students to real-world problems and the constraints under which they must be solved,
as would having students work in teams of at least two.
Overall, the goal of increasing the amount of hands-on experience in the course was achieved
and students met a majority of the learning outcomes.
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