Figure 3.10 insertion loss of the enhanced wireless feed geometry
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Chapter IV: Experimental Results of the Wireless Feed Prototypes

4.1 Manufacturing

The LPKF U4 Protolaser laser mill, Figure 4.1a, is used to manufacture the boards for the
prototype design. The mill operates by running a hash pattern over the material that it will cut out
using a picosecond laser with a wavelength of 355 nm. Then another tool path is used to heat the
strips of metal with the laser, melting the adhesive and delaminating the copper from the board.
This process is much faster and requires less power than ablating all the copper off the board with
the laser for the selected substrate and machine. The hash process steps require tuning of the
parameters using the maximum power of 4.8 W and 2 passes, to successfully remove the copper
layer. Furthermore, if the hash parameters are not properly set, it is also possible to over-etch the
substrate causing changes in the effective electric permittivity of the transmission line.
Additionally, if the heat toolpath is overdone the board itself can overheat, also changing its
electrical properties. It was noted in the first set of boards produced had a rough texture and the
performance of the feed structure was significantly degraded to the point of being nonfunctioning
due to the over-milling of the boards. It can be seen in Figure 4.1a that the board is slightly grey,
despite the material usually being bright white. This greying was still observed for the minimal
power setting for copper removal for the Rogers 4003C board. The laser machining parameter for
successful copper removal are kept constant over the entire experiment for consistency, and
minimal over-etching and over-heating of the material effects on permittivity were observed for
the manufactured samples.

End-launch coaxial to microstrip connectors are attached to the manufactured boards as

shown in Figure 4.1b, solder is applied to the connector pin to ensure proper connection to the
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microstrip line. The structure is assembled in its sandwich-like structure by using the precut holes

on the Rogers substrate, to screw it together with Teflon screws (Figure 4.1Db).

Figure 4.1a LPKF U4 Protolaser Figure 4.1b MSM Rogers 4003C Prototype

4.2 Wireless Feed Prototype S-Parameters Measurement

A Keysight E5071C ENA is used to measure the S-parameters of the MSM transition. The
calibration was preformed using the Keysight N4433A Ecal device, with the machine set to a
sweep from 6 to 10 GHz with 801 points. Due to the design of the feed having a ground plane on

each end it is reasonable to assume most of the fields will be contained in the structure and
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therefore the nearby objects should not have much impact, if any, on the measurement itself. Figure
4.2 shows a comparison between the simulated and measured S(2,1) responses.

Insertion Loss Prototype (Simulation V. Measured)

0.00
&1 Measured
-10.00 \/
& -20.00 A
w Name X Y Simulation
-30.00 m1 7.0000-1.0307
m5 7.0000-1.8456
6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00

Freq [GHz]

Figure 4.2 insertion loss of prototype simulation verses measured

4.3 Analysis of Results of the Manufactured MSM Structure

The simulated and manufactured designs closely align with one another, with a minimum
insertion loss of 1.03 dB and -1.84 dB, for the simulated and measured responses, respectively.
The measured 3-dB-bandwidth is slightly higher than the simulation by 25%, for a measured
fractional bandwidth of 27%. A frequency up-shift of 0.1 GHz on the lower cut-off frequency is
observed on the manufactured samples with respect to the simulations. Response frequency shifts
can be associated with variations on the material properties by the manufactured, as well as effects
of the laser machining and geometrical deviations. The increase of loss can be associated with
unaccounted additional conductor and radiation losses. The results in Figure 4.3 verify the
effectiveness of the MSM structure and serve as a base for the design and manufacturing of an AM

version of the structure.
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Chapter V: Additive Manufacturing of the Wireless Feed

5.1 Manufacturing Equipment and Process

For ease of manufacturing the substrate material that was used for the printing version of
the design was ABS. The design will have added loss because of the lossiness of abs due to a loss
tangent between 0.005 and 0.019 with most sources placing it near 0.007[19]-[22]. Acrylonitrile
butadiene styrene (ABS) is used due to its popular use in AM as well as its ease of manufacturing
[8]. CB028 is used as the conductive ink for printing the traces, which typically show an effective
electric RF conductivity of around 2 MS/m [12], is easily printable, and is a common ink chosen
for 3D printed RF circuits [8][10]-[16].

The manufacturing took place using nScrypt (Figure 5.1) to first print the ABS layer using
the FDM print head with a 100-micron nozzle. The nozzle temperature was set to 240 C and the
bed to 100 C. Once the ABS part was printed a layer of CB028 was printed on top and cured using

the heated bed. This was repeated for each section until the full design was complete.
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. R

Figure 5.1 NScrypt tabletop machine used to print the final design

5.2 Results
The Keysight VNA was set up and calibrated similar to section 4.2, with a sweep from 6 GHz to
12 GHz and 401 points. The printed sample (Figure 5.3b) was then measured with the results

shown in Figure 5.2. The center frequency was measured to be at 8.85 GHz with an insertion loss

of 5.1328 dB.
Insertion Loss Print (Simulation V. Measured)
0.00 T
n s
\/—\
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S e
& -20.00]
@ Name X Y

] m1 8.0000-3.7084
-30.00 m5 8.8500-5.1328
6.00 7.00 8.00 9.00 10.00 11.00 12.00

Freq [GHZz]

Figure 5.2 printed vs Simulated ABS design insertion loss
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5.3 Discussion of Results

From the simulation and the measurements of the printed design. It is evident that there is
a degradation in perforce as compared to the commercial laminate prototype. The 3-dB-bandwidth
of the simulation is 23.5% and the one for the AM sample is 13.6%. The drop in bandwidth for the
AM sample is due to the pronounced ripple in the pass band prematurely dropping the insertions
loss below -3 dB from the peak value. The frequency shift shown between the measured and
simulated data is most likely accounted for by a change in permittivity, as well as deviations in
Lm and Ls. The increased loss compared to the prototype designs comes from the lossiness of
ABS, especially compared to Rogers 4003C with a loss tangent anywhere from two times to six
time higher [19]-[23].

There is a frequency shift of 0.85 GHz on the center frequency on the response shown in
Figure 5.1 that can be associated to the difference of permittivity of ABS from the expected
nominal value and potentially material density lower than 100%. ABS can have a wide range of
permittivity from 2 to 3.5 [19]-[22] that may change based on manufacturer and printing settings.
Although the AM MSM transition shows deviations from the simulations, it verifies the structure
can be 3D printed, with room for design improvements to adjust for permittivity and geometrical

deviations in the simulations.



Figure 5.3 (a) milled prototype (b) printed design
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Chapter VI: Broadband Wireless Feed

The target application of wireless feeding antenna systems with the MSM structure can
benefit from wider bandwidths in the S-parameters response. There are two aspects to creating a
better matching network in terms of wideband performance: (a) the bandwidth of the slot structure,
and (b) the bandwidth of the microstrip feeding stub, as labeled in Figure 6.1. Both aspects could

be a limiting factor of the bandwidth of the feed.

stub

L slot

Figure 6.1 highlighting of the stub and slot sections of the MSM feed structure

6.1 Broadband Slotline

Kumar and Ray discuss the design of a wide band aperture coupled patch antenna, similar
to that discussed in section 2. They explore multiple different shapes of slot for their design but
conclude that a bowtie design as shown in Figure 6.2 is ideal [3]. They however do not offer any
design criteria for said bowtie design, seeming to calculate the shape empirically, simply
maintaining the minimum width as the original slot width and preserving the original slot length.

The maximum width is left to be explored.
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fe— 1.1 —

Figure 6.2 bowtie slot design [3]

6.2 Broadband Microstrip Stub

Radial stubs have been used for wide band impedance matching of microstrip line [24]. In an
attempt to make a wider range of matched impedance for the microstrip feed structure in Figure
6.3, the idea is to add a radial stub to each side of the feed stub of the microstrip section. This is
expected to provide the matching stub while providing an even feed structure on either side of the

slot.

Effective shape

Figure 6.3 radial stub used for matching in microstrip networks [24]

6.3 Design and Simulation Results for the Wideband MSM Transition
The goal is to create a wideband design by combining the wide band radial stub for

microstrip and the wide band bowtie for the slot line. A cloverleaf was added to each end of the
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microstrip stub to have a balanced feed structure and the slot was converted to the bowtie design
shown in Figure 6.4. Using the parameter sweep function in HFSS The values of the radial and
bowtie were adjusted, and the most favorable design was selected. The value for Ws2 4 mm and

an a value of 40 degrees.

\AleaD

VWoZ

o
2x offset { — Ls

Figure 6.4 wideband adaptation of prototype
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Variable Value Description

Offset -6 mm Distance from the center of the slot to the center of the feed stub
Ls 12 mm Length of slot

Ws 0.9 mm Width of slot at center

Ws2 4 mm Width of slot at ends

Wm 1.8 mm Width of microstrip feed stub

Lm 8.9mm Length of the microstrip feed stub

a 40 degrees Angle of matching stub

d 0.75 mm Thickness of each dielectric layer

Table 6.1 values used for MSM wideband design

6.4 Simulated Response of the Wideband MSM Structure

The angle of the stub was determined to perform best at 40 degrees, with it having only a

minimal performance enhancement to the MSM network when compared to the one with straight

stubs shown in Figure 6.5. The biggest factor in the wideband performance of the MSM structure

is the addition of the bowtie shaped slot. Although the overall 3-dB-bandwidth of the enhanced

MSM structure (Figure 6.4) did not increase when compared with one from Figure 3.6, the flatness

of the intersection and return loss responses is greatly improved as seen in Figure 6.5. This design

would be interesting to explore further with a more systematic way of creating the structure.
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Figure 6.5 insertion loss of simulated wideband prototype vs simulated prototype
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Figure 6.6 return loss of simulated wideband prototype vs simulated prototype
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Chapter VII: Conclusion

7.1 Summary

A wireless feed structure to transition from a microstrip geometry (MSM transition) to
another microstrip is presented. The design requires four layers of dielectric and five layers of
conductor; essentially a slot line stacked between two microstrip lines with ninety-degree half
wavelength stubs placed over the slot, one quarter wavelength apart. For the basis of the design
equations for strip line are used for wavelength calculation. The width of the slot was tuned using
electromagnetic simulations. For the best performance it was found that the feed stubs should be
slightly under half a wavelength and the length of the slot should be slightly over half a wavelength.
A prototype using traditional manufacturing technique and commercial substrates, as well as
another prototype using AM, are fabricated, and tested, confirming the effectiveness of the MSM

structure.

7.2 Effectiveness of the MSM transition

Overall, the goal of creating a generalized coupling structure to feed through discrete layers
of a printed radio frequency circuit is achieved. It is shown that the MSM geometry design can be
created with separate layers and seamlessly integrated into a standard fifty-ohm characteristic
impedance system.

It is clear, the structure is sensitive to dielectric losses, which may suggest a better overall
performance can be achieved by using lower-loss FDM-compatible dielectrics. In future studies
the use of a material such as PEEK or Rogers’s radix would lead to an insertion loss closer to the

prototype, and therefore a printed structure with much less losses [25]. However, the printed
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structure does show the process for manufacturing the wireless feed is viable, with the correct
selection of materials.

This design is attempting to replace a more traditional VIA type design when such a design
is not practical. While there is the expectation that the structure will have more loss than a direct
connection, a simulation is performed to show the performance of a structure using a simple VIA
as seen in Figure 7.1. The results of the simulation of this feed are shown in Figure 7.2 for Rogers
4003c and in 7.3 for an ABS substrate. It is clear that there is less loss for an idealized direct feed
structure and that the coupled feed is a slight trade off in performance to get the benefits it provides.
It can also be seen that even for the VIA structure the ABS and CB028 ink are significantly more

lossy than the version using copper and 4003c.

Figure 7.1 feed structure with VIA

Insertion Loss R4003c¢ Via Structure
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Figure 7.2 insertion loss for microstrip feed structure with VVIA on Rogers 4003c
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Figure 7.3 insertion loss for microstrip feed structure with VIA on am ABS substrate.

7.3 Future study

One of the limits of the current manufacturing method is that the MSM transition was
printed as two separate microstrip lines and another separate slotline. Ideally, these could all be
printed as one continuous print without needing to assemble the structure after the fact. This would
allow for a seamless transition between the layers of a printed circuit without any need for post
processing. While streamlining production it would effectively be the exact same structure and
was not in the scope of this design as being able to disassemble the feed for inspection and
variations was more important. The manufacturing process could be optimized to make the process
much simpler as well as removing variations from the designed performance.

One alternative has been identified but was not able to be obtained in time to manufacture
with. Rogers Radix is a low loss UV resin that can be manufactured on a DLP or SLA UV printer
[25]. PEEK is another potential alternative thermoplastic as it is lower loss than ABS [22]. PEEK
is more durable as well making it a more likely choice in a high stress environment [2]. However,

it is a challenging material to print with and due to scope and time constraints it was not
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implemented in this design but would be an interesting future consideration to get better insertion
loss.

A more defined method for matching the feed can be studied. The thickness and the width
of the slot determine the impedance matching of the circuit and the correct solution was achieved
empirically. The impedance calculations for the slot showed to be different from the ones for a
traditional slot and from the Knor balun or the impedance of the slot line section is greatly changed

by the addition of the coupling structure.

The MSM structure can be further validated in a full network such as a printed conformal
antenna being fed completely wirelessly. Based on the measurements and simulation shown in this

thesis it possible to integrate the MSM well into a conformal antenna design.
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