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Abstract

Flexible Hybrid Electronics for Wireless Communication
by
Carol Baumbauer
Master of Science in Electrical Engineering and Computer Science
University of California, Berkeley
Professor Ana C. Arias, Chair

Printed flexible electronics have many applications in sensor networks, including wearable
health monitoring. Wireless communication is an important aspect of nodes of a sensor
network. Passive RFID is one approach well suited for communication with flexible sensors.
A flexible passive RFID tag includes a printed antenna and an RF integrated circuit (RFIC).
This report describes both printed antennas and RFIC integration. First, antennas fabricated
with four different printing techniques—inkjet printing, spray coating, stencil printing, and
screen printing—are compared. It is found that inkjet printed antennas have high losses
because of their thinness while the other three techniques have similar performance. Next,
materials and techniques for mounting rigid components such as the RFIC are discussed.
Finally, complete functional tags operating in the UHF RFID band are demonstrated by
sending data from on-board temperature sensors. These tags have a read range of up to 40
cm.
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Chapter 1

Introduction

Flexible electronics enable large area, lightweight, thin functional devices. These flexible
electronic devices are useful in Internet of Things applications as they enable interfacing
electronics with complex physical objects. Flexible sensors are being developed in industries
including automotive, packaging, and structural health monitoring. Wearable medical tech-
nology has seen considerable advancement in recent years in consumer health monitoring
products like smart watches, and in research of clinical grade sensors. Sensors including
temperature, heart rate, blood oxygenation, and various metabolites present in sweat have
been demonstrated [1, 2, 3, 4, 5]. In all cases, to be truly “wearable” a device should be
comfortable: conformal, lightweight, thin, and cable-less. A functional wearable device must
include not only a sensor, but also a power source and communication ability [6, 7]. The
power and communication systems should meet the same comfort criteria as the sensors.

Printed electronic components have the advantages of being flexible, lightweight, thin,
and large area. Conventional rigid silicon electronics are capable of fast, efficient computa-
tion, data processing and storage in a small footprint at low power. Flexible hybrid electronic
systems take advantage of these complementary strengths by integrating conventional com-
ponents and printed components together [8].

Radio Frequency Identification (RFID) tags are an example of a commercially available
flexible hybrid electronic system. Passive RFID tags are powered by the RF energy of an
interrogator or reader antenna. The RFID tag is a simple device consisting of an antenna,
which is typically a few centimeters in order to operate in the RF band, and a single chip
with the tag’s ID number and sometimes information from sensors on the tag. Because of
their simplicity and the large size of the antenna, printing is particularly well suited as a
fabrication method for passive RFID tags [9].
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Printing Technology

2.1 Ink

There are many commercially available conductive inks that are specially formulated for each
printing technique. In this work, all conductive inks were silver based, although gold, carbon,
and polymer conductive inks are also available. Silver is commonly used in printed electronics
for its higher conductivity than carbon and lower cost than gold. Silver inks are composed of
silver nano particles or flakes and a polymer binder dissolved in a solvent. Sometimes small
amounts of additives are used to improve specific properties, such as adhesion to specific
substrates, or resistance to certain chemicals. Some important parameters of different types
of ink are summarized in Table 2.1. Inkjet ink is a thin liquid with viscosity around 10-15
cps and solid content 30-40%. Surface tension of ink is an important characteristic for inkjet
printing, and inks are developed to be compatible with specific printing processes. Spray
coating ink is also a thin liquid with viscosity 50-100 cps and silver content 35-40%. Additives
in spray coating ink can help with adhesion and mechanical flexibility. Screen printing ink
(which can also be used for stencil printing) is a paste-like ink with high viscosity on the
order of 30,000 cps and silver content > 80% after curing. Varieties of screen printing
ink are developed for adhesion to specific substrates, for very fine feature resolution, or for
particularly high conductivity.

Because the silver in the inks is discrete, solid small particles, after printing the ink must
be annealed. The heat dries the solvent and fuses the discrete silver particles together into
a single conductive trace [10]. Samples can be annealed on a hotplate or in a vacuum oven.
Annealing in a vacuum oven can help reduce oxidation of the metal. Optimal annealing
temperatures range from 100-150°C, depending on the ink. The annealing temperature
should not be above the glass transition temperature of the plastic substrate or the substrate
will be deformed.



CHAPTER 2. PRINTING TECHNOLOGY

Printing Examples Solid | Typical | Viscosity | Resitivity Sheet
Technique Content | Solvent Resistivity
% cps pQem | Q/0/mil
Inkjet ANP DGP-40LT-15C | 30-40 | TGME 8-17 6-12 0.2
Novacentrix JS-A102
Dupont 5069
Spray Novacentrix 35-50 Water 50-100 8-100 0.5-.45
PSPI-1000
Creative Materials
124-02
Stencil Dupont 5064H
or Novacentrix > 70% 10,000- 20-30 6-10
HPS-FG57B 35,000
Screen Creative Materials

126-33, 118-09

Table 2.1: Properties of silver inks for Inkjet, Spray, Stencil, and Screen printing

2.2 Printing Techniques

There are many types of solution processing fabrication techniques, each with their own
strengths and weaknesses. In this work, inkjet printing, spray coating, stencil printing, and
screen printing are used.

@]

(a) Inkjet Printing

(b) Spray Coating

(c) Stencil Printing

(d) Screen Printing
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Figure 2.1: a) In inkjet printing, ink is deposited drop by drop from a cartridge. b) In

spray coating ink is applied as an aerosol, and pattern features are defined with a stencil.
¢) In stencil printing ink is applied with a blade in direct physical contact with the pattern-
defining stencil. d) In screen printing ink is forced through a patterned mesh screen with a

squeegee.
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Inkjet Printing

In inkjet printing, ink is held in a cartridge which has a nozzle or nozzles that dispense the ink
drop by drop onto the substrate as shown in Fig.2.1a. The nozzle uses a piezoelectric piece
to control drop jetting [11]. Like an office printer, the pattern printed by an inkjet printer
is digitally generated. This makes inkjet printing an attractive candidate for prototyping;
the printing pattern is a digital file which can easily be modified. A disadvantage of inkjet
printing is that, because patterns are produced drop by drop, it can be much slower than
other printing options, especially when using research scale-rather than industrial scale—
printers. Inkjet printing typically produces metal traces with thickness of a few hundred
nanometers at most. Minimum feature size depends on drop volume, ink viscosity and
chemistry, and substrate surface energy, but is generally in the range of 10 to 50 ym. Surface
chemistry can be modified with monolayer or plasma treatments to improve print quality
and resolution for a specific ink [8].

Spray Coating and Stencil Printing

Stencil printing and spray coating are two other prototyping techniques. In both cases, the
pattern is defined by a stencil. In this work, stencils are made of six-inch wide Kapton
(polyamide) tape. The tape is applied to the full substrate and the patterns are defined
by a laser engraver which cuts the kapton stencil layer but not the underlying substrate.
The areas of the pattern where ink will be are then removed with tweezers, which limits
minimum feature size to about 1 mm. Because they are made of adhesive tape, masks are
not reusable. However, designs can be easily changed from sample to sample by changing
the CAD file used by the laser engraver, so these methods are well suited to prototyping.

Once the substrate with its mask is prepared, ink is applied through either spray coating
or stencil printing. In spray coating, the ink is put in an air brush and comes out as an
aerosol as shown in Fig.2.1b. Final layer thickness is determined by the distance between
the brush and the substrate, the speed that the brush is moved across the substrate, the flow
rate of air and ink, and the number of the passes of the brush over a certain area. Spraying
can be controlled by an automatic sprayer, or done by hand.

In stencil printing, a viscous ink is used. It is spread across the top of the substrate and
dragged with a blade (usually a glass slide or a razor blade) over the pattern as shown in
Fig.2.1c. The thickness is set by the thickness of the stencil material since the blade is in
contact with the stencil the whole time. Automated set ups can control the blade speed,
or the blade can be moved by hand. Production by hand allows for fine tuning the angle
between the blade and the substrate and the pressure of the blade in order to get a clean
print, but can be less reproducible than automated printing.
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Screen Printing

The final printing technique used in this work is screen printing. Screen printing uses a mesh
screen to define the pattern. These screens are specially made with emulsion layers and mesh
size chosen based on the ink properties. A flood bar spreads the ink over the screen, then
a squeegee forces the ink through the holes in the mesh, transferring the pattern onto the
substrate as shown in Fig.2.1d [9]. This technique is very fast and scalable to roll to roll
(R2R) processing. Minimum feature size is about 50 pm. Thickness is determined by the
ink and process parameters, such as ink viscosity, squeegee pressure, and screen height. and
is generally on the order of 10’s of um. Screen printing is not suited to early prototype work
because changing the design requires purchasing a new custom screen.



Chapter 3

Printed Folded Dipole Antennas

3.1 Antenna Design

The antennas are folded dipole antennas designed to radiate at 915 MHz, which is the center
frequency of the UHF RFID band in the USA (902-928 MHz). Fig. 3.3 shows the pattern
dimensions. The antenna is designed for free space operation and dimensions were chosen
to be easily printed with any technique [12].

3.2 Materials and Methods

Several antennas with the same pattern were prepared using each of the techniques described
above. All samples were printed on Q65HA, a 125 pum thick polyethylene naphthalate (PEN)
plastic film from Teijin Dupont. The screen printed and stencil printed samples were printed
with 126-33 extremely conductive silver ink (Creative Materials, Ayer, MA, USA) and were
annealed on a hot plate for 10 minutes at 130 °C unless otherwise noted. Adhesive Kapton
stencils for spray and stencil coating were patterned using a 30 W Universal VL.S2.30 desktop
laser cutter (Universal Laser Systems Inc, Scottsdale, AZ, USA). The spray coated samples
used PSPI-1000 ink (NovaCentrix, Austin, TX, USA) annealed in the vacuum oven at 130
°C for 15 minutes. Both stencil printing and spray coating were done by hand. The inkjet
printed samples were printed with DGP 40LT-15C silver ink (Advanced Nano Products,
Sejong, Korea). The prints were done with a 10 pL cartridge, drop spacing of 25 pym, and
platen temperature of 52°C. Samples were annealed in the vacuum oven at 140°C for one
hour. Most inkjet samples were printed with a single layer; one was printed with two.

Several key parameters were compared between the four techniques, including edge rough-
ness and minimum feature size, thickness and surface roughness, DC and AC resistive losses,
and antenna gain.
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3.3 Thickness and roughness

The printing technique influences edge roughness and surface texture as seen in Fig 3.1. The
inkjet sample in Fig 3.1a has a smooth surface which appears dark under the microscope.
There is a regular pattern to the edge roughness in the y-direction that is the result of ink
spreading at the end of each printed line. The spray coated and stencil printed samples in
Fig 3.1b and ¢ have rough edges from the laser cut and peeled stencils. The spray coated
sample’s texture is quite rough. The screen printed sample in Fig 3.1d has the smoothest
edges and most cleanly defined features.
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Figure 3.1: a) Inkjet printed traces have a very smooth surface. Bumps in the edges of
the lines come from spreading of individual drops of ink. b) Spray coated traces have rough
edges from the peeled stencil and rough surface from the deposition as aerosol. ¢) Stencil
printed traces have rough stencil edges and a smooth surface. d) Screen printed traces have
clean edges, well defined features, and a moderately smooth surface.

The surface roughness can also be seen in profiles of the printed traces for each technique.
The inkjet printed samples have a thin traces—on the order of a few hundred nanometers
in most places, as seen in 3.2a. The average thickness is 250 nm, with most measurements
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Figure 3.2: a) Inkjet printed traces are less than 1 pm thick. b) Spray coated samples
are about 5 pm thick and have significant surface roughness compared to total thickness.
c¢) Stencil printed samples are about 40 pm thick and have large peaks at the edge of the
traces. d) Screen printed samples are about 15 pm thick with considerable roughness.

falling between 150-350 nm. The profile shown in 3.2a has an average thickness of 304 nm
and standard deviation of 15.3 nm in the flat center portion. The edge peaks in the figure
seem to be bubbles or places where ink is not well attached to the substrate.

The spray coated samples have average thickness of about 4 +2um. The example shown
in 3.2b has an average thickness of 5.4 um and standard deviation of 2.4 ym. Many samples
have extremely large peaks on the edges, which is probably an artifact of the stencil edge.
Most samples, including the one in 3.2b, have edge peaks of around 15-30 pum, but a few
samples have peaks as high as 90 um tall.

The stencil printed samples have a thickness of about 40 um, with 80-100 pum peaks at
the edges of the lines. Usually, these peaks appeared on both sides where ink dried while
coating the stencil wall, as in the example shown in 3.2c. Some stencil print samples have a
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peak only on one side, probably at the end of the pass. The example shown in 3.2 has an
average thickness of 43 pym and standard deviation of 1.6 um in the flat center part. Stencil
printed samples have are the thickest with the lowest standard deviation relative to their
thickness.

The screen printed samples have the least sample to sample variation and do not have
edge peaks, as shown in Fig 3.2d. This sample has an average thickness of 13.8 ym and
standard deviation of 2.0 pm.

3.4 DC Conductivity

The conductivity of the antennas was found by measuring the DC resistance between the
two feeder points shown in Fig 3.3. In a good conductor, DC current flow is uniform across
the entire cross sectional area of the conductor, and the resistance of a section of conductor
is given by R = pﬁ where p is the bulk material resistivity in €2 —m, L the length, w the
width and ¢ the thickness. For thin conductors, the sheet resistance, Ry = £, in ohms per
square [Q2/0] is another common measure of conductivity that takes thickness into account.

4.8 cm

4.1 cm

—_— 1 mm

Feed Signal Feed Ground

Figure 3.3: Design and dimensions of folded dipole antenna pattern

To see how these parameters can be calculated from DC resistance measurements and
profile data, here is an example using a stencil printed sample. The DC resistance was
measured from the contact points on the antenna and found to be 5.7€2. The antenna trace
width is 1 mm and the total path length between the contact points is 320 mm. Therefore
the sheet resistance is 5.7+ 320 = 0.178Q2/0. The resistivity can be found by p = R4t where
R, is the sheet resistance and t the thickness, about 40pum for stencil printed devices. In this
case, the resistivity is 0.178 * 40um = 7.12 x 10~"Qm. Conductivity data for the different
printing techniques is given in Table 3.1.
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Printing Ink Thickness DC Sheet Resistivity | nominal ink
technique Resistance | Resistivity | measured resistivity
/0 | 0-m] | [2—m]
Inkjet ANP DGP- | 250 nm 160 0.5 1.25E-7 1.1-1.2E-7
40LT-15C
Spray Novacentrix 4 pm - - - 8.5E-7
PSPI-1000
Stencil print Creative 40 pum 5.7 Q 0.018 7.2E-7 2E-7
Materials
126-333
Screen print Creative 15 um 9.1 Q 0.029 5.7TE-T 2E-7
Materials
126-33

Table 3.1: DC resistance characteristics of inks and techniques

The annealing parameters have a significant influence on the final conductivity of any ink.
For screen printed samples, annealing at 100 °C for 10 minutes yields resistance that is twice
that of samples annealed for 10 minutes at 130 °C. Annealing at an even higher temperature
could improve the conductivity to the 2 x 10772 — m listed in product documentation.

From Table 3.1 it is clear that, although inkjet printing yields the highest conductivity,
the extremely thin trances mean that overall resistance is more than a order of magnitude
higher for inkjet printed samples than any of the other techniques.

3.5 AC Performance

Unlike DC current, AC current flow is concentrated at the edges of the conductor and
exponentially decays further into the conductor. For a perfect conductor, all current flow is
on the surface of the conductor [13]. In a good conductor, the current density, J(z) is given
by (3.1)

Jo(2) = Joexp (—az) exp (—j5z2) (3.1)

Where Jj is the current density at the surface. The skin depth of a conductor is a way
of measuring how far into the surface of a conductor an EM wave effectively propagates. It
is defined as the depth where the electric field amplitude has dropped to 1/e of its value at
the surface. The skin depth of a good conductor is approximated by (3.2)

I
(7 f uo)

Ninety-nine percent of the current flow is contained within the first five skin depths; 95%
of the current flow is contained within the first three skin depths. Therefore, for a printed

S5, = [m)] (3.2)



CHAPTER 3. PRINTED FOLDED DIPOLE ANTENNAS 12

structure to effectively carry RF current, its thickness should be on the order of a few skin
depths.

The skin depth can be calculated from the resistivity information in table 3.1. For the
stencil printed sample in the example above, the skin depth is calculated using (3.2) with
o= /l), f=915MHz, and u = py = 47 x 1077[H/m]. This gives d, = 14 um. Since the
conductor thickness is 40 um, nearly three times the skin depth, we expect the thickness of
the printed trace to not significantly limit the antenna performance.

For inkjet printing, the story is somewhat different. A typical inkjet printed sample has
DC resistance of around 1602 and thickness of about 250 nm, so the sheet resistance is
0.5Q/square and resistivity is 1.2 x 1077 2 — m. This gives a skin depth of about 6 um for
a frequency of 915 MHz. However, inkjet printed traces are typically less than 1 um thick.
The thinness of inkjet printed traces is likely to degrade their performance as antennas at
these frequencies. Printing multiple layers makes thicker traces and reduces DC resistance.
This was seen in the double-layer sample, whose DC resistance is about half that of the other
inkjet printed samples. However, the resistivity and skin depth are material properties, and
are not changed by thickness. In order to make an inkjet printed trace at least 6 pum thick,
it would need about 25 layers of ink, which is impractical in prototyping ans small-batch
scenarios.

3.6 RF performance

The antennas’ RF performance is characterized by scattering parameters, or S-parameters,
which were measured with a Vector Network Analyzer (VNA) (Agilent N5242A, PNA-X,
Santa Clara, CA, USA). The VNA has two ports: it generates an RF signal with known
voltage amplitude and phase at one port, then measures the received complex signal at
both ports. The scattering parameters relate the applied signal to the returned signal. For

—~ —~

example S11 = % where VT is the complex voltage wave applied at port one and V; is the

complex voltage \livaveform received at port one. Naturally, the S-parameters are themselves
complex numbers. The percent of power reflected back to the first port is |[S11|?, and the
percent of power transmitted to the second port is |S12|?. The VNA was set to sweep
frequency from 0.5 to 2.5 GHz in steps of 1 MHz. A single antenna’s RF performance is
characterized by its S11 parameter. At frequencies where it is not radiating, S11 should be
close to unity (or zero dB) indicating that most of the power is reflected, as it would be in
an ideal short or open stub transmission line. At resonance, S11 should be very small (large
negative values in dB), because most of the power is being radiated, not reflected. Some key
performance metrics are the resonance frequency, which was designed to be 915 MHz, and
the minimum S11 value, which should be as low as possible, and certainly below -10 dB.
Both stencil and screen printed antennas performed well. All samples had resonance
between 910 MHz and 920 MHz, and peak S11 loss of -16.9 dB and -22.3 dB. Out of resonance,
S11 is between -3 dB and 0 dB. The samples which were annealed at 100 °C had higher
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Screen and Stencil Printed Folded Dipoles S11

Magnitude (dB)

-25 I I I 1
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

Frequency (GHz)

Figure 3.4: The S11 Parameters of Screen Printed (dotted red lines) and Stencil Printed
(solid blue lines) Antennas are nearly identical, and have strong resonance near 917 MHz.

resistance and lower resonance peaks, about -17 dB, while those annealed at 130 °C had
peaks of -20 to -22 dB. This was expected as the samples annealed at a higher temperature
have lower DC resistance.

The performance of the screen and stencil printed antennas seen in Fig 3.4 is nearly
identical. In these figures, all screen printed antennas are represented with dotted red lines,
and all stencil printed antennas with solid blue lines. No significant difference between the
printing techniques is visible.

By comparison, inkjet printed samples have much weaker and slightly shifted resonance
peaks as seen in Fig 3.5. Average resonance frequency is 906 MHz, and the average minimum
magnitude is -6.9 dB. The double layer sample had a peak of -9.8 dB at 910 MHz. None of
these samples meet the goal of less than -10 dB in the resonance band. This is likely due to
the extreme thinness of the inkjet printed traces.

The spray coated samples behave much like the screen and stencil printed antennas,
but the spray coated samples have more variable performance. This is probably because
the spray coated samples have more sample to sample variation in their thicknesses, and
therefore their resistive losses.

When the average results from the four techniques are plotted together in Fig 3.6, it is
clear that stencil, spray, and screen coating all agree well with simulation data, but inkjet
printing does not.



CHAPTER 3. PRINTED FOLDED DIPOLE ANTENNAS 14

o
B
[0}
o
3
=
c
&
=
———sample1
—— sample2
-8 sample3
D —— sample4
-9+ - ——— sample5 i
- I (A DoubleLayer
-10 | | | 1 |
0.5 0.6 0.7 0.8 0.9 1 11 1.2 13 14 15

Frequency (GHz)

Figure 3.5: S11 Parameters of inkjet printed antennas show only weak resonance near 905
MHz. Printing two layers of ink improves the resonance.
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Figure 3.6: S11 Parameters different techniques printed antennas. Screen, stencil, and
spray coated samples have similar performance and strong resonance. Inkjet printed samples
clearly have weak resonance by comparison.
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Antenna Gain Measurements

The VNA can also be used to measure transmission between two antennas and thus their
gain. To measure gain, the two antennas were mounted upright with their feed lines coming
in from the bottom and their printed faces towards each other, with a fixed distance of 61
cm between them. In these measurements, |S12[* and |S21|? represent the fraction of power
transmitted from one antenna to the other, and should be identical to each other. Losses
from impedance mismatch, radiation efficiency, and propagation losses are all part of this
power transfer term.
Power transmission in free space is governed by the Friis equation, 3.3.

P A2
L _aa
Py (4rd)?

(3.3)

Where 1’2—? = |512|? is the fraction of received power, G; and G+ are the gains of each antenna,
A is the wavelength, and d is distance between the antennas. In order to uniquely calculate
the gain of a single antenna, three antennas must be measured in all three possible pairings.
Each single instance of the Friis equation can be solved for the product G1G5. With three
instances using antennas 1, 2, and 3, the gains of the individual antennas can be found. Gain
measurements were made for three inkjet printed antennas, three screen printed antennas,
and three stencil printed antennas.

As expected from the S11 measurements, the inkjet antennas have much lower gain than
the stencil printed and screen printed cases. Figure 3.7 shows antenna gains as a function of
frequency for these three printing techniques. The screen printed case has slightly higher gain
than stencil printed, but the variation within one technique is comparable to the difference
between them, as shown in Table 3.2.

Resonance Frequency S11 Gain
Inkjet 906 + .8 MHz —6.94+ .1dB 215
Stencil 916 + 3.4 MHz —204+1.2dB | .745+ .02
Screen 916 + 2.4 MHz —20.5+2dB | .807 4+ .09

Table 3.2: Key parameters of RF performance of antennas made with different printing
techniques.
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Figure 3.7: Gain different techniques Printed Antennas. All antennas have a peak gain at

915 MHz, and screen and stencil printed samples have nearly three times higher gain than
inkjet printed samples
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Although inkjet printed antennas have been demonstrated in the literature [11, 14, 15],
the very thin nature of inkjet printed traces makes this a non-ideal fabrication technique
for antennas. For prototyping or small-batch production, stencil and spray coating are both
good choices. Stencil printing produces thicker and more repeatable results than spray
coating when both are done by hand. For large batch production screen printing is the best
option because of the ease of production and comparable performance to stencil printing.
Another advantage or screen printing is its finer feature resolution, which is important for
flexible hybrid electronic systems.
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Chapter 4

Flexible Hybrid Electronic Systems

Antennas are an important part of wireless communication systems, but they are only one
part. Addressing abilities and interconnects to sensors are also necessary capabilities of a
functional RFID tag. These services are most effectively provided by conventional rigid
components. In this work, a complete RFID tag consists of three or four parts: the printed
antenna, an impedance matching network of an inductor and a capacitor, an IC for RF
communication and temperature sensing, and (optionally) a printed sensor.

An IC is needed to manage communication protocols, A/D conversion, and data storage
if applicable. There are many commercially available RF and Bluetooth Systems on Chip
(SoCs) that could be used. This work uses an AMS SLI00A, which can be powered by a
battery or run in passive mode, gathering its power from the interrogating antenna. The
SLI900A has a built in temperature sensor, analog input ports, an ADC, a small amount of
memory, and the circuitry needed to communicate at 860-960 MHz.

4.1 Conductive Adhesive Materials

There are many materials that can be used for chip attachment, including solders, conductive
adhesives, and inks. Solders are metal alloys that come in wire or paste form. When
heated above a critical temperature, they melt (reflow) then cool to form a solid metal
contact. Traditional tin-lead solder and conventional lead-free solders like tin-silver-copper
are not compatible with flexible plastic substrates because the high reflow temperatures—
188°C to 220°C-are above the glass transition temperature of most polymer substrates.
Compositions of low temperature solder exist and can be used with most plastics. Typical
low temperature solders are combinations of tin, silver, and bismuth, which have reflow
temperatures between 100-150°C, such as M742 from Koki Solder Materials. Solder joints
are strong, offer good electrical contact, but are rigid and brittle [16]. Components can also be
attached with conductive adhesives, which, like conductive ink, are composed of conductive
filler (usually silver) small particles or flakes and a polymer binder [10]. Conductive adhesives
tend to have lower conductivity than printing inks because their binders, additives, and filler
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percentages are chosen to improve adhesion to various substrate materials and components.
Like conductive inks, conductive adhesives are usually cured with heat and pressure to fuse
the separate metal particles together into a conductive network.

There are two main classes of conductive adhesives: isotropic and anisotropic. Isotropic
conductive adhesives (ICAs) conduct electricity in all directions, so they must be applied
(usually in a paste form) precisely at the location of each contact. Stencils or screen printing
techniques can be used to apply the film. Anisotropic conductive adhesives and films have
lower filler content so they conduct only in the z-direction, not in the x-y plane, therefore a
single piece of film or layer of paste can be used for all the contacts of a chip without shorting
different contacts together [17, 18]. Connections can also be made using nonconductive
adhesives and/or non-adhesive conductors. If the conventionally packaged chip’s contact
pads are raised, they can pierce a thin layer of insulating adhesive to make electrical contact
with the conductive trace below [19]. Another alternative is to use standard conductive ink in
either inkjet or screen printable formulations [20]. Because conductive ink typically does not
have the mechanical strength of a conductive adhesive, reinforcement with a nonconductive
adhesive may also be necessary.

In order to determine which conductive adhesive or ink would work best with screen
or stencil printed silver ink on PEN, several types of conductive adhesives, epoxies, and
inks were tested. To perform these tests, RF test traces were printed with a gap of a few
millimeters in one side. 0603 form factor [1.55 x .85 mm footprint] zero-ohm resistors were
attached using several different materials and the RF power loss was measured using the
VNA.

Figure 4.1: a) Zero-ohm resistor mounted with low temperature solder. b) Zero-ohm resistor
mounted with screen printable silver ink. ¢) Test traces connected to adapters for RF cables.

The resistive losses of zero-ohm resistors connected with the various adhesives was com-
pared to the losses of printed RF test traces with no gap to account for inherent trace and
SMA connection losses. For each test material, some samples were made with the gap com-



CHAPTER 4. FLEXIBLE HYBRID ELECTRONIC SYSTEMS 20

pletely filled with the material, shorting it without a component attached. The results are
shown in table 4.1.

Material Connection Type | RF Loss at 915 MHz [dB]|
none through -0.5
Open -42
Ted Pella Conductive Silver paint | Zero Ohm Resistor -32
(PELCO # 16062) Short -5.7
MG Chemicals Silver Conductive | Zero Ohm Resistor -1.2
Epoxy Adhesive Short -1.0
Creative Materials 125-13H Zero Ohm Resistor -0.7
Silver Screen Printable Ink Short -0.7
Creative Materials 120-07: Fine | Zero Ohm Resistor -1.2
Features Screen Printable Ink Short -0.7
Koki M742 Low Melting Point | Zero Ohm Resistor -0.9

Sn-Ag-Bi Solder Paste

Table 4.1: Resistive losses at RF frequencies for several conductive adhesive materials

From these results, Creative Materials 125-13H screen printable silver ink was chosen
for attaching components. Other advantages of 125-13H are its long drying time of over
30 minutes, which allows a time buffer during attachment, and ability to cleanly stencil
print small features. A disadvantage of screen printing ink for attachment is that when the
substrate is flexed, components can become disconnected unless an additional glue is used.
In this work, Loctite 4902 flexible super glue is added to improve mechanical stability.

4.2 Mounting Mechanisms

Commercially available packaged ICs like the SLI00OA can be mounted contacts-down or
contacts-up on a substrate. If the chip is mounted contacts-up, a conductor is printed over
the chip and the substrate. This can be challenging because the level of the chip is above
the substrate, and this step can cause disconnects. Sometimes components are embedded
in a ramp material to mitigate this issue as shown in Fig 4.2a [21]. When the contacts are
facing down, the solder or conductive adhesive goes between the chip and the pre-patterned
substrate, as shown in Fig 4.2b. Precise alignment of chip pads to printed traces is important;
a flip-chip pick-and-place tool is typically used to align chips with the conductive traces
printed on the substrate. Processing parameters and materials must be chosen such that the
conductive material does not spread and short the contact pads together.
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(a) Contacts-Up Attachment Options (b) Contacts-Down Attachment Process
Possible

Disconnect Printed Printed Gle
5 =, .
e T 7 | i ¥ i Y
PEN PEN PEN PEN
Stencil Print Contact Ink Place Chip with Pick and Apply Flexible Glue
Place Machine

Figure 4.2: a) Contacts-up chip placement may need a ramp to prevent disconnected traces.
b) Pick-and-place tools are used to align pads to traces for chips mounted contacts-down.

4.3 Impedance Matching

A critical step in integrating components that operate at high frequencies is impedance
matching. Every element in a circuit has some complex impedance which is a function of
frequency. At every place where impedance changes, a percentage of the propagating wave is
reflected. These reflections limit power transfer efficiency and signal strength. In this RFID
tag, the antenna and the IC need to be matched so that power received by the antenna can
be used by the IC and so the signal from the IC can be transmitted by the antenna. The
percent of the power that is reflected, P,efiectea 1S given by equation 4.1 [13]

Zr,— Zp .

Zr— 2o (4.1)
Z1 4+ Zy

PReflected = (
Where Z}, is the impedance of the load and Z; is the reference impedance or impedance of the
transmission line. A load perfectly matched to its line will have Z; = Z; and reflection=0.
In RF circuits, it is standard to use Zy = 50 + 05 2 as a reference impedance.

The antennas were designed to have an impedance of 50 + 05 €2 Their actual impedance
can be calculated using eq. 4.1 and the S11 parameters measured by the VNA in section
3.6. |S11]? is equal to Prefrectea and Zy is Zg = 50 + 05 €, the impedance of the cables. On
average, screen printed antennas have impedance of 53-6j ) at resonance (915 MHz).

The impedance of the IC depends on the power it receives. Mounted chip impedance was
measured with the VNA by using SMA connectors to directly attach mounted chips to the
VNA. The mismatch efficiency, or percent of power transferred to the chip, is shown in Fig
4.3 as a function of input power for substrate materials. The AMS demo board is a rigid
printed circuit board (PCB) on FR4 which was provided by the chip manufacturer. Reference
impedance data was also provided in the documentation. The flex PCB was custom ordered
from a foundry which uses conventional fabrication techniques and transfers the patterns to
a flexible substrate, typically polyamide. Traces are copper plated. The printed substrates
were screen printed, and no impedance matching network was used.
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Mismatch Efficiency of SL900A’s on Three PCB Types
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Figure 4.3: At low power, the IC impedance is about 1.5-58j €2, causing inefficient power
transfer between a 50 {2 reference and the IC. Mismatch efficiency of an IC on printed traces

is similar to that of an IC on reference substrates. Insets: a) IC mounted on printed traces.
b) The AMS rigid reference board. ¢) The flex PCB reference board,

As shown in Fig 4.3, the impedance of the IC is similar on the printed, flex PCB, and
reference boards, indicating that the printed traces are not interfering with chip performance.
Clearly, the mismatch efficiency is very low for input power below 5 dBm (about 3 mW),
meaning that over 90% of the power is reflected. Using equation 4.1 the impedance of the
chip is about 1.5-58j 2. A matching network is needed to improve mismatch efficiency
and allow the IC to transfer power to and from the antenna. A matching network is a
combination of purely reactive elements chosen such that the equivalent impedance of the
network and load element (the IC) equals the impedance of the antenna. Matching networks
typically consist of an inductor and a capacitor. Matching networks can be made with stub
transmission lines, which can be printed, but the transmission lines would need to be several
cm long, and associated resistive losses might hamper performance. A matching network
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made of discrete components can be custom-chosen for different applications (for example,
for use on a human body or near a metal plane). Printed transmission lines do not offer this
adaptability.

4.4 Mounting Process

First, the silver ink is stencil-printed over the printed traces as shown in Fig 4.4a. The
stencil is a custom laser-cut non-adhesive polyamide (Kapton) stencil. Because this stencil
is non-adhesive, it is reusable and minimum feature size is limited only by the laser beam
width. Features as small as 200 um are possible. The stencil is larger than the substrate
and both stencil and substrate are held in place by a gel-pack backing. This method works
well for small features but does not work for larger features because the thin stencil is easily
bent or crumpled. The thinness of the stencil reduces the total volume of ink applied, which
is important to reduce spreading of fine features, as shown in Fig 4.4b.

Next, a pick-and-place die bonder is used to align the chip and impedance matching
network components to the contacts on the substrate, as shown in Fig 4.4c. During bonding,
the substrate is heated to 180 °C to cure the silver ink. Finally, the chip is coated with a
few drops of Loctite 4902 flexible super glue for mechanical stability when the tag is flexed.

Figure 4.4: a) A laser cut stencil is used to define areas where the components will be
attached to the traces. b) The wet ink after being stencil printed on the traces. ¢) The IC
and matching network components mounted to the substrate.
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Chapter 5

Complete RFID Tags

The functionality of the complete flexible hybrid tags was demonstrated by measuring signal
strength in over the air communications and by taking temperature measurements in a
controlled environment.

5.1 RSSI and read range

A complete passive RFID link consists of an interrogator antenna and a passive tag. The
interrogator sends out an RF signal which is received by the tag. The tag harvests energy
from the RF signal to power the chip, then responds by sending back data including the tag
ID number and sensor data, as requested by the interrogator. The return signal strength
indicator (RSSI) is a measure of the strength of the communication link. In the measurements
RSSI is measured in dBm and is the power of the singal recevied by the interrogator from
the tag.

There are many steps in this communication sequence, each with some associated loss.
In the forward directions, losses include the inefficiency of interrogator antenna, free space
transmission losses governed by the Friss equation (3.3), Polarization mismatch between the
interrogator and tag antennas, and impedance mismatch between the antenna and chip.
Each of these factors also cause loss in the return direction.

The reader antenna used in these measurements is an MT-262024/TRH/A /K from MTI
Wireless Edge. It has minimum gain of 7.5 dBic, which means in the direction of maxi-
mum transmission, this antenna transmits 7.5 dB (or about 5.6 times) as much power as an
isotropic source. The antenna was configured to transmit 30 dBm (1 W) of power. From
section 3.6 screen printed antennas have a gain of about 0.8. The printed antennas are
dipoles, which receive and transmit linearly polarized radiation, while the interrogator an-
tenna transmits and receives right hand circularly polarized radiation. From the polarization
mismatch between the interrogator and the tag, there will be a 50% loss of power in forward
transmission, and another 50% reduction in the return transmission.

The RSSI of three types of tags was measured at several interrogator-tag distances.
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Two rigid PCB reference boards, a commercial flex PCB tag, and five screen printed tags
were measured. Each tag was placed on a Styrofoam block to minimize the influence of
surrounding material, distance between interrogator and tag was incrementally increased
until the signal was lost. The measurement set up is shown in Fig 5.1.

Figure 5.1: Measurement set up for RSSI and read range. The interrogator antenna sends
the radio signal to the passive tag and receives the response. Successful connections were
established at distances up to 40 cm.

RSSI is ploted as a function of distance in Fig 5.2. Signal strength decreases with distance,
as expected from the Friis equation. Three of the printed tags, D, E, and H, behave similarly
to the rigid reference boards. These samples have RSSI of -22 to -24 dBm for distances
between 2 and 5 cm. At these distances, A\/d 1, and losses from free space transmission are
small. The difference between the transmitted power, 30 dBm, and RSSI, -25 dBm, is the
the baseline path loss of system loss, and is determined by the factors that do not depend
on distance.

Two printed samples—F and G-have significantly lower signal strength at all distances
than the others. As discussed in 4.3, the impedance of the IC depends on the power it
receives. Variations in surface mounted components, parasitic capacitance, and resistive
losses from the mounting process impact the matching network, and thus the power received
by the IC and the IC’s impedance. This is a complicated relationship.

The RSSI of the flex PCB is between -35 and -37 dBm for distances up to 35 cm. The
flex PCB sample is composed of a flex PCB antenna attached with rigid SMA connectors to
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RSSI Measurements of Printed Tags and Reference Tags
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Figure 5.2: RSSI vs distance for printed and reference boards

an IC mounted on flex PCB. It is possible that losses of the connectors, which are distance-
independent, dominate the free space path loss.

The SLI900As used on the printed samples and flex PCB sample can be read with an
RSSI as low as -40 dBm. The SLI00As on the rigid PCB are a slightly different variety
which can be read with RSSI as low as -60 dBm. For these comparisons, the read range is
defined as the distance at which the RSSI drops below -40 dBm. The read range is about
40 cm for the printed samples and about 60 cm for the rigid PCB reference.

5.2 Temperature Measurements

The tags’ ability to read and send sensor data was demonstrated with the SL90O0As’ built-in
temperature sensor. The interrogator antenna and two tags at a time were placed in an
environmental chamber whose temperature and relative humidity can be controlled. The
reader was configured to acquire temperature data and read at about 10 times per second.
The temperature sensors output a voltage which is converted to a temperature through a
simple linear equation given in the SLI00A data sheet.

The experimental set up inside the environmental chamber is shown in Fig. 5.3. The
tags are about 15 cm away from the interrogator and are approximately equally off-center
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from the interrogator. The tags are set on plastic boxes and protected from being blown
about inside the chamber by upright plastic boxes. The inside of the chamber is metal.

F

15t Tag — ¥

. , = Reference
\ " » Temperature
\ , ~ Probe

4‘\

Figure 5.3: Two printed tags can send temperature data over the air to the interrogator
antenna. All components of the wireless link are inside an environmental chamber.

The temperature in the chamber increased from 10°C to 30°C then decreased back to
10°C. This cycle was repeated at low (20-30 % RH), medium (45-55 % RH) and high (80-
90 % RH) relative humidity. The actual temperature and humidity inside the chamber
were monitored with a wired probe (RH520A from Extech Instruments). Fig 5.4a shows
the temperature reported wirelessly by reference tags and Fig 5.4b shows the temperature
reported wirelessly by printed tags.

The rigid reference board shows increases and decreases in temperature that align with
the actual temperature changes, but tag readings have a constant offset that depends on
humidity and/or running time. At low humidity, tag readers are about 8°C lower than the
actual temperature, at mid humidity they are about 1°C higher, and at high humidity the
tag readings are about 3°C higher than the actual temperature. At high humidity, the signal
contains more frequent erroneous readings, where the signal jumps about 20°C for about one
second, then returns to the correct value.

The Flex PCB signal extremely noisy and does not always follow actual temperature
trends. In the low humidity temperature sweep, the tag reading drops dramatically when the



CHAPTER 5. COMPLETE RFID TAGS 28

Over-the-Air Temperature Measurements SL900A
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Figure 5.4: a) The rigid reference board follows relative increases and decreases in tem-
perature well, but temperature readings are influenced by relative humidity. The signal is
noisier at high humidity. The Flex PCB signal is extremely noisy and contains errors of up
to 100°C. b) Both printed samples follow relative increases and decreases in temperature well
and are only minorly impacted by humidity changes. Note that the printed samples were
measured at two different times, which causes the small gap in the readings. Calibration
would improve the absolute accuracy of the readings.

actual temperature begins to decrease. In the middle humidity range, the tag’s temperature
reading decreases as the actual temperature increases. When there is high humidity, the tag
reading shows the correct temperature trends but they are offset by about 50°C. The high
degree of noise in the signal could be caused by losses in the connection between chip and
antenna. The erroneous readings are more likely due to problems with the chip, which could
have been caused by high heat during mounting at the foundry.

Compared to the rigid- and flex-PCB, the printed samples have more accurate and less
noisy temperature readings. Sample D has a is offset by about 5°C during warm periods
and about 2°C during cool periods. The difference between sample E and the commercial
reference is less than 3°C. Printed samples have less noise at higher humidity than lower
humidity.
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Conclusion

Printed, flexible RFID tags have been demonstrated in the 902-928 MHz range. These tags
use commercially available screen printing ink for both the antenna and the component
mounting. The fabrication techniques are simple so production is scalable.

Spray coating and stencil printing can be used to prototype and characterize new antenna
designs. For example, antennas operating in the 2.4 GHz range, monopole or patch antennas,
or antennas whose geometries are optimized for use on the human body. These prototyping
techniques allow many different designs for a new application to be easily compared. Once the
antennas have been individually characterized and the most promising geometry is selected,
large batch production can be done with screen printing, which also allows for the integration
of discrete components.

The mounting techniques for rigid components presented here can be used for a variety
of commercial or custom chips and surface mount components.

In the future, flexible printed sensors, particularly health monitoring sensors, could be
integrated with the printed antenna and mounted IC to create a fully functional wireless
sensor nodes.
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