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Abstract
Attaching a wireless transmission system comprising a radio frequency (RF)-chip and a dipole
antenna to dielectric material of largely different permittivity leads to strong variation of the
antenna feed impedance. Due to the severe impedance mismatch between the RF-chip and the
antenna, the performance of the systemmay deteriorate drastically.The proposed antenna pro-
vides three feed points, which show respective feed-point match to 100 Ohm balanced feeds
for three different dielectric environments (free-space and half-spaces of permittivity 4 and
42, respectively).Thereby, the RF-chip incorporates three 100 Ohm balanced output ports that
are connected to the antenna from whom only one can be selected to provide the output sig-
nal. The respective other two output ports are shorted by an internal switching circuit that is
controlled by external DC voltages.Themeasurement of the reflection coefficient of the stand-
alone antenna and the chip agree well with the simulations, allowing to interconnect these two
components. Further, the radiation pattern of the whole system is measured for two different
scenarios showing good functionalities.

Introduction

This paper is a significantly extended version of [1] presented at the 16th European Conference
on Antennas and Propagation and was published in its Proceedings. In [1], the concept and
design of the antenna as well as stand-alone measurement results are presented. This paper,
however, presents a flexible and adaptive wireless transmitter system that includes radiation pat-
tern measurement for different electromagnetic (EM) environments. To the best of the authors’
knowledge, such a system has not been reported previously.

Adaptive communication systems are essential for many Internet of Things and Radio
Frequency Identification applications. The adaptivity relates to the EM environment in which
the system operates, such as free-space, being attached to a parcel or package, or on the human
body. Another aspect that contributes to adaptivity is mechanical flexibility, such as the ability
to bend.The antenna’s characteristics, including its feed impedance, can be significantly affected
by these factors, which can lead to a drastic deterioration of system performance.

The impact of bending on a wearable patch antenna is studied in [2], while [3] examines a
stretchable and flexible antenna able to be attached on human skin. Changes in antenna per-
formance caused by variations in the dielectric surrounding the antenna can be even more
significant than bending. These changes affect both the input impedance and the radiation
characteristics of the antenna. Variations in the radiation pattern, such as changes in gain, can
negatively impact the wireless link, while changes in input impedance can have a detrimental
impact on overall system performance. This problem is discussed in [4], where a microstrip
dipole is covered with dielectrics of different values of permittivity. Various approaches have
been proposed to address this problem, such as using a dielectric load as an insulator tomaintain
matching, as outlined in [5] and [6]. This technique increases the form factor (thickness) of the
antenna, whichmay be undesirable. Another approach is using a tuneablematching network, as
in [7], but this increases technological complexity (MEMS in [7]), cost, and mechanical thick-
ness. In [8], switching the feed position along the dipole radiator is used to provide impedance
matching. Some alternative scenarios may include a metal surface in close proximity of the
antenna. The antenna proposed in [9] uses two different resonant modes, one when operating
in free-space and one for a nearby metal surface, to achieve impedance matching in both cases.

The system presented in this paper operates at around 5.5GHz; it consists of a single chip,
which has been thinned down to about 40 μm, and an antenna, all embedded into a thin foil
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Figure 1. The layout of the complete dipole-based antenna structure [1].

(thickness 50 μm). It is worth to note that the thinned chips are
mechanically flexible and can be embedded into the foil using
advanced technology [10–12]. The integration of RF amplifier and
antenna within the foil has been demonstrated in [13]. The sys-
tem remains functional when the flexible foil is directly attached
to different dielectric bodies. To keep the chip complexity low, the
antenna is designed to have three feeds, one of which always pro-
vides a good match to a 100 Ohm balanced feed-port, regardless
of the dielectric environment. Since the antenna structure is phys-
ically much larger than the chip, the three antenna feed-ports shall
be co-located within a 1.4 mm distance, to be connected easily to
the chip (the chip contains the one-to-three switch). This require-
ment imposes consideration of the feedlines and their impact on
the antenna’s characteristics.
The second and third sections show the concept of the proposed
antenna and the RF-chip, respectively. The used flexible foil tech-
nology is given in the fourth section. Then, the stand-alone proto-
types of the antenna and the RF-chip with their measurements are
presented in the fifth and sixth section. In the seventh section, the
prototype and themeasurement of the whole system is introduced.
Finally, the last section concludes the whole work.

The simulations of the antenna were performed using CST
Microwave Studio software.

Concept of the antenna

The antenna is designed to be thin and mechanically flexible, and
it is implemented in a foil. A single-layer metal dipole-like struc-
ture is chosen for a decent bandwidth. The antenna is intended
to provide 100 ohm balanced feeds to the chip. Largely different
environments (air, half-space of permittivity 4 and 42, respectively)
would lead to largely different dipole sizes when considering three
center-fed dipoles. To achieve a compact antenna design, a double-
fed dipole with an enclosed second dipole is chosen. Figure 1
depicts the layout of the antenna connected to the RF-chip.

Double-fed dipole

A double-fed dipole antenna (see multiple-fed dipoles in [8, 14]) is
considered (within the black dashed border in Fig. 1) for the two
scenarioswith the lowest permittivity, air andbutter.This combines
the two physically larger dipoles into a single structure, resulting in
a compact device. Switches (within the RF-chip) are located at the
respective ends of the feedlines 1 and 2, which optionally open-
circuit the amplifier output and short-circuit the line (see Fig. 2).

Figure 2. Simplified schematic view of the power amplifier.

Figure 3. Momentum view of transformers, inductors, and interconnections.

If one line (e.g., 2 with length L2) is short-circuited, (scenario 1)
the other one (line 1 with length L1) serves as the feedline. If this
feedline does not belong to the radiating structure, the resonant
frequency is determined by lengths LL, LM, LR, and L2. If the other
line (line 1) is short-circuited and line 2 serves as feedline, the res-
onant frequency is determined by LL, LM, LR, and L1. If L1 ≠ L2,
then different resonant lengths are possible. Or in this case, if the
wavelength changes (by changing thematerial in the environment)
from scenario 1 to 2, the resonant frequency remains the same
by choosing the appropriate lengths of L1 and L2. Unfortunately,
because of the asymmetry, the lengths of the two arms will differ,
causing the current distribution to be no longer symmetric with
respect to the feed point. This means that the even part of the cur-
rent distribution does not disappear at the feed point. As a result,
the currents flowing through each of the conductors of the feed-
line will be different in magnitude, and their phase difference will
not be 180 degrees. This leads to the electric and magnetic fields
of the two-conductor feedline having significant non-transversal
components. This in turn leads to the radiation of the feedline as
pointed out in [15], disabling the aforementioned considerations.
Thus, different resonant length can be obtained only if the even
mode is suppressed. In [16], it is shown how the even mode on the
feedline of an asymmetrical driven dipole can be suppressed using
a in-series load impedance, placed somewhere along the dipole. If
the double-fed dipole is viewed as an asymmetrically fed dipole, the
load line is a reactive load. As a consequence, for certain lengths of
L1 and L2, as well as a certain feed and load positions, an antenna
design can be found that allows the double-fed antenna to be reso-
nant for two different EM environments. To the best of the authors’
knowledge, this approach is first mentioned in [1]. More details
on the concept and how to find the respective lengths and feed
positions are available in [1].
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Figure 4. The process flow of the CFP technology [1]: (1) Surface preparation for
temporary bonding; (2) spin coating with polyimide (PI2611), followed by
production of cavities; (3) coating a thin BCB layer as glue and placing the chips
using a fine placer; (4) embedding the chip with PI; (5) BCB coating as an adhesive
layer for subsequent metal sputtering (6) opening the chip contact pads; (7) AlSiCu
sputtering and structuring; (8) embedding the metal layer with PI; (9) opening the
external contact pads or Antenna area if required by lithography and plasma
etching; and (10) releasing hybrid CFP from the silicon carrier.

Separated dipole

Since designing a triple-fed dipole antenna using the same
approach (as in the previous section) would be too involved, the
third scenario is handled by a separate dipole (within the orange
dashed border in Fig. 1). As this scenario belongs to the highest
permittivity environment, this dipole is small. To keep the overall
design compact, this dipole is placed very close to the double-fed
dipole and therefore strongly field coupled. Thus, field simulations
are used to optimize the shape of the separate dipole. Similar to
the double-fed dipole, this dipole also features an on-chip switch,
which short-circuits the feedline when not in use.

Concept of the RF-chip

In this study, a high-speed and cost-driven 95GHz-fmax 250 nm
SiGe BiCMOS HBT (IHP process SGB25V) technology is used for
energy-efficient power amplifier (PA) operating at 5–6GHz. The
simplified schematic of the differential PA is illustrated in Fig. 2.
A single-path PA is implemented instead of a three-path struc-
ture for low-area occupation as the system’s topology is intended
to use only one output port feeding. In contrast, the remaining dif-
ferential output ports are shorted and isolated from the amplifier
using the fully integrated isolated n-typemetal-oxide semiconduc-
tor (NMOS) switches with the series/shunt configuration topology.
The operating point of the PA has already been calculated in the
previous study of three-path amplifier design [17]. Therefore, as
part of this study, an output matching network is optimized for a
single-path PA structure and evaluated, considering various sub-
strate thicknesses and backside materials. The output matching is
performed using an octagonal shape 2:2 transformer and shunt
capacitors at the primary side of the transformer, while shunt
inductors and series capacitors are used for the input matching. As
illustrated in Fig. 3, all passive components in one view, includ-
ing power lines, interconnects, inductors, and transformers, are
extracted using the EM simulator tool of Advanced Design System
(ADS) Momentum to improve the accuracy of the models. A per-
fect electric conductor and insulating material (FR4) are preferred

Table 1. Measured/extracted properties of the dielectric materials

Parameters Air Butter Minced meat

Dielectric constant 1 3.95 42

Loss tangent 0 0.05 0.37

Figure 5. Photos of the two measurement setups with block of butter (upper
photo) and block of minced meat (lower photo) attached to the antenna [1].

as extracted material for the backside cover of the model views
to investigate the impact of the image eddy current within the
conducting backside material in extreme cases.

Chip-film patch process

The newest developed antenna and its RF-chip were produced
using the chip-filmpatch (CFP) process, which is specifically devel-
oped by the Institut für Mikroelektronik Stuttgart (IMS-CHIPS)
and is particularly suitable for manufacturing Hybrid Systems in
Foil with a total thickness between 50 μm and 70 μm [18]. This
wafer-level processing realizes combining silicon chips with large
area electronics, such as organic thin-film transistors, sensors, and
antennas with CMOS-compatible equipment. With this CFP tech-
nology, the Benzo cyclobutene (BCB) and Polyimide (PI) is built
up like a sandwich layer by layer on the carrier substrate (silicon
wafer). BCB is built up due to its good adhesion to metal and sili-
con chips used here as a functional layer.The whole process flow is
shown in Fig. 4.

The process begins with the surface treatment of a 6-inch sili-
con wafer. Adhesion promoters and upon need alignment marks
are applied to the wafer in order to ensure the adhesion of the PI
and high accuracy of the litho-processes. After the first spin coating
of polymer layer, thin chips are placed in the previously produced
cavities using a fine placer. In order to achieve good homogeneity
of the polymer layer and good interconnection of the chips, cer-
tain requirements regarding cavity depth, process tolerance, and
a material filling in cavity trenches under the action of capillary
force should and can be approached. In this case, 12 μm cavity
depth and 40 μmdistance between the cavity side and the chip edge
were determined as the optimum [11]. The chips are then embed-
ded by PI and BCB coatings, followed by structuring using a laser
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Figure 6. The simulated and measured reflection coefficient over frequency [1]. (a)
All in air, (b) on a block of butter (𝜖r = 3.95), and (c) on a block of minced meat
(𝜖r = 42). For (b) and (c), the blue dotted curve indicates measurement in air, i.e.,
dielectric block removed.

direct writer (VPG400, Heidelberg Instruments) and plasma etch-
ing with CF4 and O2 (PlasmalabSystem100, Oxford Instruments).
Afterwards, AlSiCu is sputtered onto the BCB layer and then litho-
graphically structured in order to connect the chips to antenna and
creating outer pads on the foil for later contact.

Stand-alone prototype of the antenna

Before simulating and designing the antenna, the dielectric prop-
erties of the chosen materials, butter and minced meat, are

Figure 7. Die photo of the power amplifier.

Figure 8. Simulated and measured |S21| of the PA on rigid Si substrate.

Figure 9. Measured |S21| of the PA before and after thinning.

determined. The materials are placed in a section of rectangular
waveguide (WR159) and the reflection/transmission parameters
are measured. These measurements are then modeled using field
simulation software and by fitting the simulation results to the
measurements; the dielectric parameters of thematerials are deter-
mined in the frequency range between 5 and 6GHz.The extracted
material properties are listed in Table 1.Thesematerials are chosen
as examples because their properties (loss and dielectric constant)
cover a wide range of organic materials related to humans and
animals.

https://doi.org/10.1017/S1759078723000818 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078723000818


International Journal of Microwave and Wireless Technologies 1295

Figure 10. The block diagram of the test setup, which is needed for measurements
in the anechoic chamber. It comprises an RF unbalance-to-balance (UnBal)
transition, a DC-switch board to control the switches of the RF-chip, a DC-bias
board for the PA in the chip, and the RF-chip connected to the triple-fed antenna.

Figure 11. Photograph of the antenna connected to the RF-chip and embedded
into polymer foil. The whole system is mounted on a holder for radiation pattern
measurement. The inset picture shows the foil system attached to the minced
meat–filled material container.

The antenna concept serves as starting point for optimization
since the theoretical consideration does not take into account any
coupling effects. Also the bandwidth is increased by tapered arms
and the overall area (circumferential rectangle) is reduced to 28 ×
15mm2 by bent and intertwined features. Figure 1 shows the lay-
out of the proposed antenna. Well-defined balanced feedlines pass
from the dipole feed-ports to the chip. The feed-ports are on a
straight line, distanced by 0.7mm.

A prototype of the antenna is manufactured for stand-alone
(without RF-chip) measurement. Therefore, three different ver-
sions of the antenna board (for different environments: air, butter,
and minced meat) are produced. They are identical except for
the corresponding 100Ω differential feedline. The other feedlines
are short-circuited at the locations, where the switches would be
in the chip. The feedline of the antenna is extended to the edge
of the foil. There, a pressure based foil-to-printed circuit board
(PCB) transition connects the foil to a PCB. This PCB contains an
unbalanced-to-balanced (UnBal) transition for one-port measure-
ment. Figure 5 depicts two photographs of the one-port reflection
coefficient measurement when the antenna is attached to dielectric
blocks of butter and meat, respectively.

Figure 12. Photo of the system measurement setup and the coordinate system.

The measured reflection coefficient magnitudes are shown
in Fig. 6, along with the simulated results. The antenna is well-
matched in all three scenarios. The cases with attached dielectric
blocks, a separate measurement, shows that the feed match disap-
pears when this particular fed structure is exposed to free-space
(when the butter and meat are removed, these are the curves
labeled “butter–air” and “meat–air,” respectively).

Stand-alone prototype of the RF-chip

The die photo of the chip is shown in Fig. 7, and its dimension
is 1.6 × 2.34mm2. The circuit operates with a 1.5V voltage sup-
ply, and the power consumption is around 75 mW. Stand-alone PA
measurement is realized using GSGSGRFwafer probes. Moreover,
an external balun is used for the ports because of a single-ended
two-port VNA. Figure 8 shows that all three output ports of PA
individually provide approximately the same gain, and post-layout
simulation results are verified with the experimental results. The
measured minimum gain of the PA on the metal chuck is about
10 dB in the required frequency band before thinning. In addi-
tion, the simulated output power at the 1 dB compression point
is 11.6 dBm with a power-added efficiency (PAE) of 17.5% at
5.5GHz. The input power of the PA is set to −1.3 dBm after the
losses due to the external balun and wafer probe because of the
maximum VNA output power of 0 dBm. Hence, PA saturation
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Figure 13. Polar plots of the specific cut planes (see captions of the sub figures) of the measured (red line) and simulated (gray dashed line) radiation pattern. The light
gray areas in subfigures (a)–(d) indicate the angle range, where all the radiated power is dissipated in the absorbers of the rotating arm of the anechoic chamber.

is prevented. As illustrated in Fig. 9, the measured peak gain
frequency of the thinned PA on the conductor material (metal
Thermo-Chuck) shifts about 600MHz toward higher frequencies
compared to the thin silicon chip on dielectric material and the
thick silicon chip. The significant frequency difference is due to
the image mirror current within the conducting material [19].
Despite the thin substrate of the chip, no significant S-parameter

degradation was observed in the measurements realized on the
dielectric material (FR4).

Previous studies also evaluated the RF performance of the PA
chip embedded in the polyimide foil [13]. The recent implemen-
tation of thinned Si PA on a 1 μm-thick AlSiCu heat spreader in
foil substrate shows that the patterned heat spreader instead of
the solid one can be used to prevent the image mirror currents
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induced in the heat spreader due to the magnetic field of the
passives [19].

Prototype of the system

Aprototype of the 3-port antenna connected to anRF-chip embed-
ded in polymer foil, as described in the section “Chip-film patch
process,” is manufactured. Since the respective output port (that is
active) and the input port of the antenna are designed to have 100Ω
differential impedance, power matching between the antenna and
the RF-chip is obtained.

A DC-bias and DC-switch PCB is developed to conveniently
bias and control the switches of the RF-chip in the foil. To con-
nect the DC PCBwith the foil, flat flexible cables (FFC) with clamp
connectors are used.The RF input line on the foil of the chip is sep-
arated and connected to a RF-PCB, which includes a foil-to-PCB
transition and a UnBal. This is the same as described in the sub-
section “Stand-alone prototype of the antenna.” A block diagram
of the test setup is depicted in Fig. 10. All of these components are
then mounted to a holder for radiation pattern measurement. To
test the antenna on different materials, a material container out
of EM transparent foam (ROHACELL) is used. A photograph is
depicted in Fig. 11. The inset picture shows the setup when the
material container is filled with minced meat and the antenna is
attached to it.

The whole system is placed in an anechoic chamber to mea-
sure the radiation pattern for the cases of butter and minced meat.
The three-dimensional radiation pattern ismeasured in the far field
using a spherical scanner, and the directivity is determined by ref-
erencing eachmeasured point to the total radiated power (obtained
by integrating the entire pattern) divided by the spherical surface
area (4𝜋). On the DC-switch board, manual switches are imple-
mented for the adjustment of the right output port of the RF-chip,
which is the input port of the antenna. The DC voltage sources
are placed beneath absorbers on the rotating stand of the anechoic
chamber so that they can rotate during the measurement. In the
photograph of Fig. 12, the foil system attached to the two different
materials and the coordinate system to which all the measure-
ment results refer are shown. It should be noted that this radiation
patternmeasurement serves as a verification of the system commu-
nication functionality only. Since the main focus in this antenna
design is to reduce the reflection coefficient at different ports for
either scenario, it is not of interest how the radiation occurs. Beside
this, the DC lines and cables as well as the DC PCB will alter the
pattern. In Fig. 13, some cut planes of the measured (red curve)
and simulated (dashed gray curve) radiation pattern are shown.
Note, the simulation results shown here are without any surround-
ing lines or cables or PCB.The light gray areas in subfigures (a)–(d)
indicate the angle range, where all the radiated power is dissipated
in the absorbers of the rotating arm of the antenna positioning
system. Obviously, the measurement results show a similar course
when compared with simulations, but ripples are clearly visible
in the measurements. This stems from the conductive interfer-
ence elements (e.g. DC lines and cables) in the vicinity of the
antenna.

Conclusion

A design approach for a triple-fed antenna connected to an RF-
chip was presented. Furthermore, a prototype was made, which in
turn shows that the approach leads to the desired goal, which is
adaptivity to different scenarios. The antenna shows well-matched

feed impedance for three different environmental scenarios, that
is, when placed in free-space, when attached to a block of permit-
tivity of about 4, and when attached to a block of permittivity of
about 42. In all three scenarios, the measured feed match is bet-
ter than −20 dB at 5.5GHz. It was also shown that the antenna is
functional with a specially made RF-chip incorporated in a thin
polymer foil. Thereby, the RF-chip provides the switching capa-
bility. Thus, this lays the foundation for a highly flexible wireless
transmission system.

The proposed concept can be adapted to other sets of EM envi-
ronments. However, more than three scenarios, meaning more
than three feeds, seems too involved, and its feasibility is question-
able with the given approach.
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