Linkdping University Post Print

Circular Dipole Antenna for Mode 1 UWB
Radio With Integrated Balun Utilizing a
Flex-Rigid Structure

Magnus Karlsson and Shaofang Gong

N.B.: When citing this work, cite the original article.

Original Publication:

Magnus Karlsson and Shaofang Gong, Circular Dipole Antenna for Mode 1 UWB Radio
With Integrated Balun Utilizing a Flex-Rigid Structure, 2009, IEEE Transactions on
Antennas and Propagation, (57), 10, 2967-2971.
http://dx.doi.org/10.1109/TAP.2009.2028626

©2009 IEEE. Personal use of this material is permitted. However, permission to
reprint/republish this material for advertising or promotional purposes or for creating new
collective works for resale or redistribution to servers or lists, or to reuse any copyrighted
component of this work in other works must be obtained from the IEEE.

Postprint available at: Linkoping University Electronic Press
http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-51117



http://dx.doi.org/10.1109/TAP.2009.2028626
http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-51117

Circular Dipole Antenna for Mode 1 UWB
Radio with Integrated Balun Utilizing a
Flex-rigid Structure

Magnus Karlsson, and Shaofang Gong, Member, IEEE

Abstract—A fully integrated dipole antenna with balun for
ultra-wideband (UWB) radio utilizing a flexible and rigid printed
circuit board is presented in this paper. The concept in this paper
is to take advantage of the respective possibilities of the rigid and
the flexible part. The balun utilizes broadside-coupled
microstrips and is integrated in the rigid part of the printed
circuit board, whereas the radiator is placed in the flexible part.
The antenna with the balun covers the Mode 1 UWB frequency-
band 3.1-4.8 GHz (with margin) at VSWR<2. Furthermore, good
radiation characteristics and a linear phase response are
observed with measurements.

Index Terms—Balun, broadside-coupled, circular,
antenna, UWB, Ultra-wideband.

dipole

1. INTRODUCTION

Ever since the effort to achieve one sole UWB standard
halted in early 2006, two dominating UWB specifications
have remained as top competitors [1]-[8]. One is based on the
direct sequence spread spectrum technique [4], [7]-[8]. The
other is based on the multi-band orthogonal frequency
division multiplexing technique (Also known as “Wimedia
UWB?”, supported by Wimedia alliance) [5]-[6], [8]-[9]. The
multi-band specification divides the frequency spectrum into
500 MHz sub-bands (528 MHz including guard carriers and
480 MHz without guard carriers, i.e., 100 data carriers and 10
guard carriers). The three first sub-bands centered at 3.432,
3.960, and 4.488 GHz form the so-called Mode 1 band group
(3.1-4.8 GHz) [4]-[8].

All the research efforts that have been made during the era
of UWB antenna development have resulted in many ideas for
good wideband antennas [10]-[19]. However, the general
focus has so far been on the antenna element but not so much
on how the antenna can be used and integrated in a UWB
system. Utilizing a flexible substrate the antenna can be bent
and placed in many different ways without a major distortion
of the antenna performance [20]. Moreover, for a distortion
free UWB communication an omnidirectional pattern and
linear phase response are desired [21]-[22]. Small element
antennas to which circular dipoles belong exhibit those
properties [3], [10]. Using the flex-rigid concept the antenna is
made on the flexible part of the flex-rigid structure. In the
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rigid part other circuitries are designed and placed as with any
other type of regular multi-layer printed circuit boards. To
connect the dipole antenna to a 50-Q single-ended port a
balun is needed, and traditionally the balun is built with
lumped components [23], [24]. However, in this paper the
dipole antenna balun is realized with distributed components
and integrated in the rigid part. Interconnect between the
antenna and the balun is thus directly routed on the same
metal layer, assuring a good electrical interconnect.

II. OVERVIEW OF THE SYSTEM

As shown in Fig. 1 all prototypes were manufactured using
a flex-rigid printed circuit board (two metal-layers in the
flexible part and four in the rigid part). The rigid and the
flexible substrates are processed together in a printed circuit
board bonding process, i.e., the adhesive layers are used to
bond the polyimide layers.

Metal 1

b Metal 2: antenna - N
Rigid k
Flex —

Metal 3: ground

Metal 4 Rigid  Flexible
part part

Fig. 1. Flex-rigid printed circuit board structure.

Table 1. Printed circuit board parameters

Parameter (Polyimide) Dimension

Dielectric constant 3.40+0.05

Dissipation factor 0.004

Parameter (Adhesive) Dimension

Dielectric constant 3.60+0.10

Dissipation factor 0.020

Parameter (Metal, common) Dimension

Metal thickness, layer 1, 4 0.038 mm

Metal thickness, layer 2, 3 0.018 mm

Metal conductivity 5.8x10” S/m (Copper)

Surface roughness 0.001 mm

Table 1 lists the printed circuit board parameters, with the
stack of the printed circuit board layers shown in Fig. 1. Metal
layers 1 and 4 are thicker than metal layers 2 and 3 because
the two surface layers are plated, when plating vias of the
board.



Table 2. Printed circuit board build-up

Rigid 1 Dimension (mm)
Metal 1 0.0380
Adhesive 0.0254
Polyimide 0.1270
Adhesive 0.0254
Adhesive (Bonds rigid-flex) 0.0254

Coating 1 Dimension (mm)
Polyimide 0.0254
Adhesive 0.0254

Flex Dimension (mm)
Metal 2 0.0180
Polyimide 0.0508
Adhesive 0.0508
Polyimide 0.0508

Metal 3 0.0180

Coating 2

Same as Coating 1

Rigid 2

Same as Rigid 1, and Metal 4 is identical to Metal 1

Table 2 shows the detailed specification of the flex-rigid
printed circuit board build-up. It is seen in Tables 1 and 2 that
the total substrate height between Metal 1 and 2 and between
Metal 3 and 4 is 0.2540 mm. It is also seen that the substrate
height between Metal 2 and 3 is 0.1524 mm.

A. Circular dipole antenna

Fig. 2 shows a circular dipole antenna realized using the
flex-rigid substrate. The antenna is positioned in the x-y plane,
and ¢=0 (Horizontal plane) is along the x-axis. The radiating
antenna element is placed entirely on the flexible part of the
substrate. Furthermore, the balun is integrated in the rigid part
of the substrate.
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Fig. 2. Photo of the circular dipole antenna, positioned in the x-y plane.

B. Balun used with the dipole antenna

Fig. 3 shows an illustration of the broadside-coupled balun.
The balun is used together with the dipole antennas and built
with the broadside-coupled microstrips [11]-[13]. By
implementing the balun in a multi-layer structure a more
compact design is achieved. The single-ended microstrip-line
is placed on Metal layer 1. The differential microstrip-line of
the balun is placed on Metal layer 2, directly beneath the
microstrip-line on Metal-layer 1. The two lines then exhibit a
strong broadside-coupling. Since the arm ends of the
differential lines are grounded at its ends there is a 180°
phase-shift between Port 2 and 3. Metal 2 is also the metal-

layer where the radiator is placed, i.e., the differential feed-
line is directly routed to the antenna.

Differential feed-line

Port 2, Metal 2 Port 3, Metal 2

/o
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Fig. 3. Layout and cross-section of the broadside-coupled balun.

III. RESULTS

Design and simulation were done with ADS2006A from
Agilent Technologies Inc. Electromagnetic simulations were
done with Momentum, a built-in 2.5D field solver of method
of moment.

A. Circular dipole antenna

Fig. 4 shows voltage standing wave ratio (VSWR)
simulation and measurement of a circular dipole antenna on
the flex-rigid substrate. The VSWR simulation results from
antennas with and without the balun and measurement results
from the antenna with the balun are shown. It is seen in Fig.
4a that the circular dipole antenna has a wide impedance
bandwidth (VSWR<2.0 with a margin in the entire Mode 1
frequency-band, both with and without balun) using the
suggested flex-rigid structure. Moreover, it is seen in Fig. 4b
that the VSWR is stable when the antenna is bent (also see
Fig. 1) from 0° to 45° and 90° in the entire frequency-band
(3.1-4.8 GHz). Furthermore, it is also seen that the balun is the
component limiting the bandwidth. A small shift in frequency
between simulation and measurement is observed which may
attribute to the fact that the simulated phase velocity is lower
than the actual one.
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Fig. 4. Circular dipole antenna. (a) VSWR simulation with and without balun
and measurement with balun, and (b) Measured VSWR when the antenna is
bend 0°, 45° and 90° (bending definition see Fig. 1), respectively.

Fig. 5 shows radiation simulation and measurement of the
circular dipole antenna. The radiation patterns are similar in
the three sub-bands of 3.432, 3.960, and 4.488 GHz, as seen
in Figs 5a-5c. The pattern becomes slightly more focused at
higher frequencies, which is expected since the physical size
is larger compared to the wavelength at the higher frequencies
[24]. Fig. 5d shows the radiation pattern at 3.960 GHz when
$=90° (Vertical plane). It is seen that the radiation is
symmetric as expected from an omnidirectional dipole
antenna. Furthermore, the radiation from the cross
polarization is higher in the measurement than in the
simulation, owing to the fact that any contribution from the
balun is not included in the simulated radiation pattern. Fig. Se
shows simulated and measured gain in dBi at the boresight
direction. A match between simulation and measurement is
seen within the Mode 1 UWB frequency-band (3.1-4.8 GHz),
and a gain around 2 dBi is observed. However, some
difference between simulation and measurement is seen,
especially outside the Mode 1 UWB frequency-band. This is
also due to the fact that the effect of the balun is not included
in the radiation simulation. The balun is, as shown in Fig. 4a,
the component that limits the bandwidth, i.e., giving the
bandpass filtering effect below 3.0 and above 5.5 GHz (see
section III-B for further information about the balun
performance). Fig. 5f shows the measured S,; phase response
from a transmission between two identical circular dipole
antennas, including the contribution from the transmitter
antenna to the receiver antenna. It is seen that the established
radio link has good phase linearity.
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Fig. 5. Simulated and measured results of the antenna: (a) radiation pattern at
3.432 GHz, ¢=0, (b) radiation pattern at 3.960 GHz, ¢=0, (c) radiation pattern
at 4.488 GHz, ¢=0, (d) radiation pattern at 3.960 GHz, ¢$=90, (e) gain in dBi at
the boresight, and (f) measured S,, phase response (transmission between two
circular dipole antennas).



B. Balun used with the dipole antenna

Fig. 6 shows simulations and measurements of the
broadside-coupled balun shown in Fig. 3. A balun-only
prototype (without antenna) was used, and two SMA-
connectors were mounted on the differential port to perform
single-ended measurements. It is seen in Fig. 6a that the balun
has a simulated differential insertion loss (IL) less than 0.8 dB
in the Mode 1 UWB frequency-band. Figs. 6a and 6b show a
rather symmetric performance of the two signal paths. S,; and
S;; are single-ended forward transmissions, from Port 1 to
Port 2 and 3, respectively. However, it is seen that above the
Mode 1 UWB frequency bandwidth (3.1-4.8 GHz) the IL
increases. Figs. 6¢ and 6d show simulated and measured phase
response (single-ended S,; and Sj;), respectively. It is seen
that the phase shift is linear, and the phase difference is close
to 90° between 2.0 to 7.1 GHz from simulation, and 2.0 to 7.5
GHz from measurement. It is noticed that a small notch is seen
at 3.05 GHz. This occurs when the total length from the
antenna feed-point (Ports 2 and 3 in Fig. 3) to the grounded
end of each path of the balun is equal to one quarter
wavelength. In this work, the length of the differential antenna
feed-line was optimized so that the small notch fell below the
Mode 1 UWB frequency-band.
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Fig. 6. Balun: (a) simulated forward transmission, single-single and single-
differential ports, (b) measured forward transmission, single-single port, (c)
simulated phase response, and (d) measured phase response.

IV. DiscussioN

Space and cost are two unavoidable factors in consumer
electronics. The benefit with flex-rigid is that the antenna is
integrated on a printed circuit board but it can still be bent to
better fit inside a handheld device for instance. Furthermore,
since the flex-rigid structure is bonded together to one board
good electrical interconnect is maintained between the antenna
and the rest of the circuitry. The simulations and
measurements of the circular dipole antenna indicate that the
antenna has a typical radiation pattern as expected from a
common dipole antenna. It is also observed (Fig. 4) that the
balun limits the bandwidth if the dipole antenna is used with a
single-ended port. However, this antenna with the balun (Fig.
2 and 4) has a good bandpass characteristic, covering the
frequency band 3.1-4.8 GHz required by the Mode 1 UWB
specification. A general agreement was seen between
measurement and simulation. However, some differences are
also noticed, mostly in the radiation results. This is due to the
fact that the effect of the balun is included only in the VSWR
simulations (Fig. 4), but not included in the radiation
simulations (Fig. 5). ADS Momentum cannot handle finite-
size substrate with different layer stacks. Therefore, the
flexible and the rigid parts were simulated as isolated
components, each with its respective printed circuit board
stack. Since the balun limits the bandwidth, the measured gain
(dBi) in Fig. Se has a sharper passband-like shape (see also
Fig. 6a and 6b) compared to the simulation from the antenna
without the balun. Moreover, the measured radiation from



cross-polarization is higher than indicated by simulations, due
to effect from the balun in the rigid part that is not considered
in the simulations. Conclusively, all electrical parameters
(VSWR and phase linearity etc.) show good agreement
between simulation and measurement for all frequencies,
whereas radiation parameters except cross-polarization show
good agreement within the Mode 1 UWB frequency band
(3.1-4.8 GHz).

V. CONCLUSION

A circular dipole antenna implemented using the flex-rigid
substrate including the integrated balun can cover the Mode 1
UWB frequency bandwidth (3.1-4.8 GHz) at a measured
VSWR<2.0 (with margin). The radiation pattern is stable
within the entire Mode 1 UWB frequency band. Moreover,
good phase linearity is observed when the antenna is used in a
wireless transmission, i.e., the antenna is used for both
transmitting and receiving operations. With these excellent
properties the antenna can be either used as a free-stand
component or integrated in a UWB system.

ACKNOWLEDGEMENT

The authors would like to thank Saab Bofors Dynamics AB
for assisting with radiation measurements in their anechoic
chamber. Special thanks go to Mats Andersson, Tommy
Jagerborg, and Anders Sundberg for valuable helps.

REFERENCES

[11  “First report order, revision of part 15 of commission’s rules regarding
ultra-wideband transmission systems” FCC., Washington, 2002.

[2] G. R. Aiello and G. D. Rogerson, “Ultra Wideband Wireless Systems,”
IEEE Microwave Magazine, vol. 4, no. 2, pp. 36-47, Jun. 2003.

[3] D. Ghosh, A. De, M. C. Taylor, T. K. Sarkar, M. C. Wicks, E. L.
Mokole, "Transmission and Reception by Ultra-Wideband (UWB)
Antennas," IEEE Antennas and Propag. Mag., vol. 48, no. 5, pp. 67-99,
Oct. 2006.

[4] L. Yang and G. B. Giannakis, “Ultra-Wideband Communications, an
Idea Whose Time has Come,” [EEE Signal Processing Magazine, pp.
26-54, Nov. 2004.

[5] M. Karlsson, and S. Gong, "Monopole and Dipole Antennas for UWB
Radio Utilizing a Flex-rigid Structure," ISAST Transactions on
Electronics and Signal Processing, vol. 2, no. 1, pp. 59-63, 2008.

[6] J. Balakrishnan, A. Batra, and A. Dabak, “A multi-band OFDM system
for UWB communication,” Proc. Conf. Ultra-Wideband Systems and
Technologies, Reston, VA, 2003, pp.354-358.

[77 W. D. Jones, "Ultrawide gap on ultrawideband," IEEE Spectrum, vol.
41, no. 1, pp. 30, Jan. 2004.

[8] D. Geer, "UWB standardization effort ends in controversy," Computer,
vol. 39, no. 7, pp. 13-16, July 2006.

[9]1 S. Chakraborty, N. R. Belk, A. Batra, M. Goel, A. Dabak, "Towards

fully integrated wideband transceivers: fundamental challenges,

solutions and future," Proc. IEEE Radio-Frequency Integration

Technology: Integrated Circuits for Wideband Communication and

Wireless Sensor Networks 2005, pp. 26-29, 2 Dec. 2005.

H. Schantz, "The Art and Science of Ultrawideband Antennas," Artech

House Inc., ISBN: 1-58053-888-6, 2005.

[11] M. Karlsson, P. Hakansson, A. Huynh, and S. Gong, “Frequency-
multiplexed Inverted-F Antennas for Multi-band UWB,” IEEE Wireless
and Microwave Conf. 2006, pp. 2.1-2.3, 2006.

[12] M. Karlsson, and S. Gong, "A Frequency-Triplexed Inverted-F Antenna
System for Ultra-wide Multi-band Systems 3.1-4.8 GHz," ISAST
Transactions on Electronics and Signal Processing, vol. 1, no. 1, pp. 95-
100, 2007.

[10

=

[13] M. Karlsson, P. Hakansson, S. Gong, "A Frequency Triplexer for Ultra-
Wideband Systems Utilizing Combined Broadside- and Edge-Coupled
Filters," IEEE Trans. on Advanced Packaging, vol.31, no.4, pp.794-801,
Nov. 2008.

[14] Z. N. Chen, M. J. Ammann, X. Qing; X. H. Wu, T. S. P. See, A. Cai,
"Planar antennas," Microwave Magazine, IEEE, vol. 7, no. 6, pp. 63-73,
Dec. 2006.

[15] W. S. Lee, D. Z. Kim, K. J. Kim; K. S. Son, W. G. Lim, J. W. Yu,
"Multiple frequency notched planar monopole antenna for multi-band
wireless systems," Proc. IEEE 35th European Microwave Conf., Paris,
France, Oct. 2005, pp. 535-537.

[16] X. H. Wu, Z. N. Chen, "Comparison of planar dipoles in UWB
applications," [EEE Trans. Antennas and Propag., vol. 53, no. 6, pp.
1973-1983, Jun. 2005.

[17] Tzyh-Ghuang Ma; Shyh-Kang Jeng, "A printed dipole antenna with
tapered slot feed for ultrawide-band applications," IEEE Trans.
Antennas and Propag., vol. 53, no. 11, pp. 3833-3836, Nov. 2005.

[18] J.-P. Zhang; Y.-S. Xu, W.-D. Wang, "Microstrip-Fed Semi-Elliptical
Dipole Antennas for Ultrawideband Communications," [EEE Trans.
Antennas and Propag., vol. 56, no. 1, pp. 241-244, Jan. 2008.

[19] C.-D. Zhao, "Analysis on the properties of a coupled planar dipole UWB
antenna," IEEE Antennas and Wireless Propag. Lett., vol.3, no., pp. 317-
320, 2004.

[20] B. Kim, S. Nikolaou, G. E. Ponchak, Y.-S. Kim, J. Papapolymerou, M.
M. Tentzeris, "A curvature CPW-fed ultra-wideband monopole antenna
on liquid crystal polymer substrate using flexible characteristic," /[EEE
Antennas and Propagation Society Int. Symp. 2006, pp. 1667-1670, 9-14
Jul. 2006.

[21] J. S. McLean, H. Foltz, R. Sutton, "Pattern descriptors for UWB
antennas," IEEE Trans. Antennas and Propag., vol. 53, no. 1, pp. 553-
559, Jan. 2005.

[22] J. McLean, H. Foltz, R. Sutton, "Conditions for Direction-Independent
Distortion in UWB Antennas," IEEE Trans. Antennas and Propag., vol.
54,no. 11, pp. 3178-3183, Nov. 2006.

[23] V. Gonzalez-Posadas, C. Martin-Pascual, J. L. Jimenez-Martin, D.
Segovia-Vargas, "Lumped-Element Balun for UHF UWB Printed
Balanced Antennas," IEEE Trans. Antennas and Propag., vol. 56, no. 7,
pp. 2102-2107, Jul. 2008.

[24] V.F. Fusco, Foundations of Antenna Theory and Techniques, Edinburgh
Gate, Harlow, Essex, England, Pearson Education Limited, pp. 45, 2005.

Magnus Karlsson was born in Vistervik, Sweden
in 1977. He received his M.Sc., Licentiate of
Engineering and Ph.D. degrees from Linkdping
University in Sweden, in 2002, 2005 and 2008,
respectively.

In 2003 he started in the Communication
Electronics research group at Linkdping University and is currently
working as a senior researcher. His main work involves wideband
antenna-techniques, wideband transceiver front-ends, and wireless
communications.

Shaofang Gong was born in Shanghai, China, in
1960. He received his B.Sc. degree from Fudan
University in Shanghai in 1982, and the Licentiate
of Engineering and Ph.D. degrees from Linkdping
University in Sweden, in 1988 and 1990,
respectively.

Between 1991 and 1999 he was a senior researcher at the
microelectronic institute — Acreo in Sweden. From 2000 to 2001 he
was the CTO at a spin-off company from the institute. Since 2002 he
has been full professor in communication electronics at Linkdping
University, Sweden. His main research interest has been
communication electronics including RF design, wireless
communications and high-speed data transmissions.



	Linköping University Post Print-TitlePage.pdf
	Mode1-UWB_Flex-rigid_antenna with integrated balun6B

