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Abstract — A parameter study is performed of a broadband
uniplanar quasi-Yagi antenna with regard to its design and
use in a spatial power combiner. A 3D full-wave electromag-
netic field analysis is applied to identify parameters, which
mostly affect the design frequency and operational bandwidth
of this antenna. Optimal design conditions are determined.
Using these design criteria a passive spatial power combiner
employing trays of back-to-back connected quasi-Yagi anten-
nas is developed. This combiner is investigated in terms of
insertion losses and field uniformity, which are key factors in
obtaining high power combining efficiency.
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1. Introduction

In recent years a lot of interest has been shown in spa-
tial power combining methods to overcome difficulties in
generating high power levels from solid-state devices at
millimeter-wave frequencies [1]. Although oscillators and
amplifiers can be spatially combined, most of the recent
research activities have been devoted to amplifiers due to
their more predictable performance and a larger operational
bandwidth. In order to obtain low manufacturing costs, tile
and brick configurations of planar antenna arrays have at-
tracted a lot of attention [2] as suitable power combining
structures. In these arrays antenna elements are connected
to the input and output ports of the individual amplifiers.
The input antenna element receives the signal and passes it
to the amplifier. The amplifier passes the amplified signal
to the output antenna where it is radiated. Power from the
array is intercepted in free space by a receiving/collecting
antenna such as a horn antenna. Due to the fact that the
tile configuration usually employs resonant type antenna
elements, such as microstrip patch antennas, this type of
power combiner is narrow-band in operation. The result-
ing operational bandwidth is usually smaller than that of
the individual amplifiers when they are assessed without
radiating elements [3, 4]. The motivation of the work pre-
sented in this paper is to explore new antenna elements
arranged in the brick configuration to fully utilize the sur-
plus bandwidth of transistor amplifiers.

One possible choice, which has already been explored
in [5], is a planar-type linear tapered slot antenna (LTSA).
This antenna element, when properly designed, features
large (multi-octave) operational bandwidth and because of
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an end-fire radiation characteristic it is suitable for inclu-
sion as an element of a brick or tray array. One flaw of
this solution is that the LTSA features a relatively large
size with length L being in the order of 2A; <L < 12A,
and the termination width of W > /\O/ 2 [6]. In [7] Qian
et al. proposed an uniplanar quasi-Yagi antenna whose size
is significantly smaller than that of the LTSA. A large op-
erational bandwidth in the order of 48% for VSWR < 2
was demonstrated in X-band [8]. Although this antenna
element is compact and provides a suitable bandwidth to
match individual transistor amplifiers its design strategy has
not been well documented.

This paper investigates the effects of five main design pa-
rameters of the uniplanar quasi-Yagi antenna on its oper-
ational frequency and impedance bandwidth. The study
identifies parameters most affecting the performance of this
antenna. The presented findings should be of interest to the
designers of the quasi-Yagi antenna for applications such as
a spatial power combining and other wireless communica-
tions applications.

2. Configuration

Figure 1 shows the configuration of the uniplanar quasi-
Yagi antenna, which consists of a director and a driver fed
by a broadband microstrip to coplanar strip transition [7].
A delay of half wavelength introduced in one of the two mi-
crostrip arms is required to obtain the odd mode coupling.
The truncated ground plane on the backside of the sub-
strate is used as a reflector. The operation of this antenna
has been described in [7, 8] and hence it is not repeated
here. Instead, the effects of different parameters of this
antenna on its performance are studied here.

3. Parameter study

Due to the complex structure of the quasi-Yagi antenna,
a 3D full-wave electromagnetic simulation package is nec-
essary to efficiently carry out the parameter study. A com-
mercially available 3D full-wave EM package, IE3D of Ze-
land Software, based on the method of moment (MoM) is
used here to analyze the antenna performance in terms of
its return loss.

Five design parameters considered in the present study
include: parameter / — length of the director, parame-
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ter 2 — distance between the director and the driver, pa-
rameter 3 — distance between the coupled microstrip lines,
parameter 4 — length of the driver, parameter 5 — distance
from the driver to the reflector. All these parameters are
respectively shown in Fig. 1.
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Fig. 1. Configuration of uniplanar quasi-Yagi antenna.

In order to gain the confidence in the accuracy of the EM
software used in this study, a prototype quasi-Yagi antenna
was designed, developed and tested and the measured re-
sults were compared against the theoretical ones. The de-
sign frequency was selected as 12.5 GHz and the initial
antenna dimensions were chosen by referring to the design
of a normal Yagi-Uda antenna. A substrate with a relative
dielectric constant of 2.45 and thickness of 0.48 mm was
assumed. The design was performed using IE3D. A man-
ual iteration procedure was applied to achieve impedance
bandwidth comparable to that demonstrated in [8]. The fi-
nal antenna dimensions included: length of director (pa-
rameter /) = 4.8 mm, distance between the director and
the driver (parameter 2) = 4.0 mm, distance between the
coupled microstrip lines (parameter 3) = 0.5 mm, length
of the driver (parameter 4) = 15.5 mm, and distance from
the driver to the reflector (parameter 5) = 4.13 mm. Fig-
ure 2 shows both simulated and measured return loss of
the final design. It can be seen that the simulation result
closely follows the measured one. The frequency shift can
be due to an insufficiently fine grid of the structure used
in simulations. Nevertheless, a relatively good agreement
confirms the validity of the chosen software to be used in
the parameter study.

The results of simulations for the return loss with respect to
parameters / to 5 are presented in Fig. 3(a—e). Figure 3a
shows the results when parameter / is varied by 1 mm
from 3.8 mm to 5.8 mm. The results show that the re-
turn loss is not sensitive to the changes of parameter /.
Figure 3b shows the results when parameter 2 is varied
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Fig. 2. Measured return loss of the optimized Ku-band quasi-Yagi
antenna.

by 1 mm from 3 mm to 5 mm. The results show that pa-
rameter 2 only slightly affects the return loss. Figure 3c
shows the results for the return loss when the gap between
the coupled microstrip lines (parameter 3) is varied in steps
of 0.2 mm from 0.5 mm to 0.7 mm. The results reveal that
the return loss degrades when the gap between the two mi-
crostrip lines is reduced. Figure 3d shows the results when
the length of the driver (parameter 4) is varied by incre-
ments of 2 mm from 13.5 mm to 17.5 mm. As observed
in Fig. 3d the return loss is very sensitive to the changes of
this parameter. This parameter affects both the impedance
bandwidth and the center frequency. Finally Fig. 3e shows
the results when parameter 5, which is the distance from
the driver to the reflector, is varied by increments of 1 mm
from 3.13 mm to 5.13 mm. As seen in Fig. 3e the re-
turn loss is sensitive to this parameter. It affects the
impedance bandwidth as well as the design frequency.
The results presented in Fig. 3(a—e) reveal that the length
of the driver (parameter 4) is optimum when it is about
a guide wavelength and the distance between the driver
and the reflector (parameter 5) is about a quarter guide
wavelength.

4. Design of a power combiner

Having successfully designed a single quasi-Yagi antenna,
the next step is to show that this antenna can properly oper-
ate when used as an element of a spatial power combiner.
Here only a passive power combining structure is investi-
gated. The investigations are restricted to practical experi-
ments because the highly complicated 3D structure of the
combiner is difficult to study theoretically.

Figure 4a shows the construction of a power combiner that
includes two horn antennas for power launching and receiv-
ing purposes and several trays each consisting of two Yagi
antennas positioned back-to-back, as shown in Fig. 4b.
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Fig. 3. Simulations results for the return loss of an uniplanar quasi-Yagi antenna when: (a) parameter / — length of the director;

(b) parameter 2 — distance between the director and the driver; (c) parameter 3 — distance between the coupled microstrip lines;
(d) parameter 4 — length of the driver, and (e) parameter 5 — distance from the driver to the reflector are varied.

As seen in Fig. 4a the trays are positioned parallel to the
E-plane of the horns and hence they are stacked along the
H-plane. The space between the input ports of the anten-
nas in the tray in Fig. 4b is left to test the tray for isolation
between the two ports. High isolation is required when
an amplifier is included so that possible oscillations due to
the feedback between amplifier’s input and output ports are
not present. Blocks of 6.4 mm Rohacell foam featuring the
relative constant of 1.07 located on the sides of the trays
are used to support the trays. The replacement of these
foam spacers by spacers made in copper did not show any
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significant difference in all the measured results. The over-
all setup dimensions are as follows. The two horns feature
aperture dimensions of 34 mm X 48 mm respectively in
the direction of E- and H-field. The single tray features
physical dimensions of 60 mm x 60 mm with its aperture
width of about 16 mm that corresponds to the length of the
driven element of the Yagi antenna.

Figure 5 shows the measured isolation for the tray config-
uration of Fig. 4. Note that in the experiment, the input
ports to the two antennas were separated by 8§ mm to en-
able their input ports to be connected to the vector network
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Fig. 6. Return loss (S;4) and insertion loss (S,;) as measured with
respect to the horn ports for the 5-tray combiner. Also shown is
isolation for this combiner when driven elements of Yagi antennas
are short-circuited.

Figure 6 shows the measured results for return loss and
insertion loss as observed from the coaxial ports of the
transmitting and receiving horns of the 5-tray combiner.

Fig. 4. (a) A perspective view of the power combiner consisting
of 7 passive trays with horn antennas as distributing/combining
devices, and (b) a layout of a passive tray containing two uniplanar
quasi-Yagi antennas connected back-to-back.
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Fig. 5. Measured isolation (Sj,) between input ports of the

passive tray formed by two back-to-back connected quasi-Yagi
antennas.

analyzer. High value of isolation, being greater than 25 dB
over the frequency band from 8.5 GHz to 16 GHz is ob-
served. This result indicates that the developed passive tray
is ready to accommodate a broadband amplifier designed
for the 50-ohm input/output operation whose gain does not
exceed 25 dB across the frequency band from about 9 GHz
to 15 GHz.
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Fig. 7. Measured power distribution across two principal planes
at the aperture of the X-band pyramidal horn, having dimensions
34 mm x 48 mm respectively in the E- and H-planes, at 10.5 GHz
and 12.5 GHz: (a) E-plane cut, (b) H-plane cut.
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Also shown in Fig. 6 is the isolation when the quasi-Yagi
antennas of the 5-tray combiner become short-circuited.
The lowest insertion loss of 1.8 dB occurs at 10.5 GHz
with 3 dB bandwidth covering from 10 to 12.2 GHz. It is
also observed that the insertion loss curve rolls off as fre-
quency increases toward 12.5 GHz. It was found that the
rise of insertion loss was mainly due to the near-field inter-
action between the tray and the horns. When the separa-
tion between the tray and the horns was slightly increased,
the roll-off at 12.5 GHz in the insertion loss plot disap-
peared. The isolation between the receiving and transmit-
ting horn ports when the Yagi antennas are short-circuited
in the 5-tray structure takes a minimum value of 16 dB. This
result shows that the back-to-back connected Yagi antennas
are indeed responsible for power transmission between the
two horns.

The next step to assess the performance of the combiner
is to measure field uniformity across the stack. Obtain-
ing a highly uniform field across the stack (which is in
the H-plane of the quasi-Yagi antenna) is important from
the point of view of achieving high power combining ef-
ficiency. If excitations of individual trays in the stack are
uniform (constant in magnitude and phase), each amplifier
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Fig. 8. Measured power distribution across two principal planes
at the output of the 5-tray structure at 10.5 GHz and 12.5 GHz:
(a) E-plane cut, (b) H-plane cut.
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contributes equally to the output power. Also when large
power levels are established all the amplifiers reach their
saturation simultaneously.

The measured amplitude of the field distribution across the
launching horn aperture at 10.5 GHz and 12.5 GHz us-
ing a near-field measurement facility is shown in Fig. 7.
An open-ended circular waveguide probe was used to scan
the near field. As observed in Fig. 7, the 5-tray com-
biner fits well the region of uniform amplitude distribu-
tion at the horn aperture at 10.5 GHz compared with that
at 12.5 GHz.

The measured amplitude of the field distribution across the
output aperture of the 5-tray structure when excited by the
horn at 10.5 GHz and 12.5 GHz is shown in Fig. 8.

As can be seen in Fig. 8, the outer trays are not excited as
strong as the central trays. The measured phase variation
across the stack (not shown here) was only within £15°.
The uniformity of the field amplitude can be improved by
using a hard horn as the launching/receiving horns [9].

5. Conclusions

A parameter study has been performed of a broadband uni-
planar quasi-Yagi antenna with regard to its design and use
in a spatial power combiner. It has been found that the
design frequency and the operational bandwidth are insen-
sitive to the changes in the length of director (parameter /)
and the distance between the director and the driver (pa-
rameter 2). The length of gap between the coupled mi-
crostrip lines (parameter 3) affects the bandwidth moder-
ately. The most sensitive parameters of the quasi-Yagi an-
tenna have been found the length of the driver (parameter 4)
and the distance from the driver to the reflector (param-
eter 5). These two parameters affect both the antenna’s
design frequency and its operational bandwidth.
Following this theoretical study, a single tray consisting
of two back-to-back connected quasi-Yagi antennas and
a 5-tray combiner for operation in X/Ku-band have been
developed and tested. Two ordinary pyramidal horn an-
tennas have been used to distribute and receive microwave
power. Investigated parameters have included return loss,
insertion loss and field uniformity across the trays to
achieve optimal combining conditions. The overall results
for the single tray of two elements and the 5-tray configu-
ration have shown that the quasi-Yagi antenna is a suitable
element to develop a broadband spatial power combiner.

References

[1] J. A. Navarro and K. Chang, Eds., Integrated Active Antennas and
Spatial Power Combining. New York: Wiley, 1996.

[2] R. A. York and Z. B. Popovic, Eds., Active and Quasi-Optical Arrays
for Solid-State Power Combining. New York: Wiley, 1997, ch. 2.

[3] M. E. Biatkowski and H. J. Song, “Investigations into power com-
bining efficiency of microstrip patch transmit-arrays,” Microw. Opt.
Technol. Lett., vol. 22, no. 4, pp. 284-287, 1999.

45



Marek E. Biatkowski, Hyok J. Song, and Pawet Kabacik

[4] H. J. Song and M. E. Biatkowski, “A fully planar power combiner
using microstrip patch arrays”, in [EEE AP-S Int. Symp. Dig., Orlando,
Florida, USA, July 1999, vol. 4, pp. 2398-2401.

[5] R.N. Simons and R. Q. Lee, “Spatial frequency multiplier with active
linearly tapered slot antenna array”, in Dig. Int. IEEE MTT-S Symp.,
San Diego, CA, 1994, vol. 3, pp. 1557-1560.

[6] K. F. Lee and W. Chen, Eds., Advances in Microstrip and Printed
Antennas. New York: Wiley, 1997, ch. 9.

[7]1 Y. Qian, W. R. Deal, N. Kaneda, and T. Itoh, “Microstrip-fed quasi-
Yagi antenna with broadband characteristics”, Electron. Lett., vol. 34,
no. 23, pp. 2194-2196, 1998.

[8] Y. Qian, W. R. Deal, N. Kaneda, and T. Itoh, “A uniplanar quasi-Yagi

antenna with wide bandwidth and low mutual coupling characteris-

tics”, in 1999 IEEE AP-S Int. Symp., July 1999, vol. 2, pp. 924-927.

T. Ivanov and A. Mortazawi, “A two-stage spatial amplifier with hard

horn feeds”, IEEE Microw. Guid. Wave Lett., vol. 6, no. 2, pp. 88-90,

1996.

[9

—

Marek E. Biatkowski (SM
IEEE 1988) received the
M.Eng.Sc. degree (1974) in ap-
plied mathematics and the
Ph.D. degree (1979) in electri-
cal engineering both from the
Warsaw University of Tech-
nology and the D.Eng. degree

(2000) in computer science
‘ and electrical engineering from

the University of Queensland.
In 1977 he joined the Institute of Radioelectronics, Warsaw
University of Technology, and in 1979 became an Assistant
Professor there. In 1981, he was awarded a Postdoctoral
Research Fellowship by the Irish Department of Education
and spent one year at the University College Dublin
carrying out research in the area of microwave circuits.
In 1982, he won a Postdoctoral Research Fellowship from
the University of Queensland, Brisbane, Australia, where
he worked on electromagnetic models for waveguide diode
mounts. In 1984, he joined the Department of Electrical
and Electronic Engineering, James Cook University,
Townsville, Austrialia, as a Lecturer and then Senior
Lecturer in the field of communications. In 1988, he
was a Visiting Lecturer in the Department of Electronics
and Computer Science, University of Southampton, U.K.
In 1989, he joined the Department of Computer Science
and Electrical Engineering at the University of Queens-
land, Brisbane, Austrialia where he is the Head of the
Communications Systems Division. In 1994, he held an
appointment as a Visiting Professor in the University of
Victoria, Canada. In 1998-99, he held an appointment as
a Visiting Professor at Nanyang Technological University,
Singapore. In 2001, he was a Visiting Professor at City
University of Hong Kong. Dr Biatkowski’s research
interests include phased array antennas for cellular and
satellite communications, technologies and signal process-
ing techniques for smart antennas, low profile antennas for
reception of satellite broadcast TV programs, near-field/far-

46

field antenna measurements, electromagnetic modelling of
waveguide feeds and transitions, conventional and spatial
power combining techniques, six-port vector network
analysers and industrial applications of microwaves. He
has published about 270 technical papers and one book.
Also he holds one patent. His name appears in a number
of international biographical references including Marquis
Who’s Who in the World (USA), International Biographical
Dictionary (UK) and Polonia 2000 (France).

e-mail: meb@csee.uq.edu.au  Bialkowski@ieee.org
Computer Science and Electrical Engineering Department
The University of Queensland

Brisbane, Qld 4072, Australia

Hyok J. Song was born in
South Korea, on July 15, 1970.
He received the B.E. (Honors)
and M.Eng.Sc. degrees both in
electrical engineering from the
University of Queensland, Aus-
tralia, in 1995 and 1998, re-
spectively. Between 1998 and
2000 he was a Ph.D. student
and a Research Assistant in the
School of Computer Science
and Electrical Engineering at
the same university. He was a recipient of the UQGSA
(University of Queensland Graduate School Award) schol-
arship. In February 2001, he joined HRL Laboratories LLC
in Malibu, California. His research interests include passive
and active microstrip patch array antennas and rf/microwave
circuits for wireless communications applications. His other
research interests include quasi-optical and spatial power
combining techniques.

e-mail: song@ieee.org

Computer Science and Electrical Engineering Department
The University of Queensland

Brisbane, Qld 4072, Australia

Pawel Kabacik was born in
Wroclaw, Poland, on Jan-
uary 1, 1963. He received the
M.Sc. (telecommunications)
and Ph.D. (electrical engineer-
ing) degrees, both from the
Wroclaw University of Technol-
ogy, Poland, in 1986 and 1996,
respectively. From 1986 to
1988, he studied computer sci-
ence at the Wroclaw University
of Technology. In January 1987, he joined the Institute of
Telecommunications and Acoustics, Wroclaw University of
Technology, and in 1996, he became an Assistant Profes-
sor. In 1994, he completed a one-year management course
that was organized by the Central Connecticut University,

4200

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY



A broadband uniplanar quasi-Yagi antenna — parameter study in application to a spatial power combiner

New Britain, and the Wroclaw University of Technology.
He was a Visiting Scholar at the Electromagnetics Insti-
tute, Technical University of Denmark, Lyngby, Denmark,
from 1991 to 1992 and at the University of Queensland,
Brisbane, Australia in 1997. He has published about
50 technical papers and participated in many scientific
events in Europe, the United States, and Far-East Asia. His
research interests include antenna arrays, phased arrays,
near-field antenna measurements, digital beam-forming
techniques, and smart antennas for mobile and wireless
communications systems. Dr. Kabacik was a member of the

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY

42001

EU COST 245 Project. Currently, he is a member of the
EU COST 260 Project and supervises a research team work-
ing on conformal arrays within this project. In 1993, he re-
ceived the Award for Young Scientists at the VIIth National
URSI Symposium, Poland. His name is listed in Marquis
Who’s Who in Science and Engineering and in Marquis
Who’s Who in the World.

e-mail: pawel @zr.ita.pwr.wroc.pl

Institute of Telecommunications and Acoustics

Wroclaw University of Technology

50-370 Wroclaw, Poland

47



