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Abstract—1In this letter, a novel antenna structure based on a mi-
crostrip Yagi array antenna and a soft surface (SS) ring is pro-
posed, that enables a highly directional gain in addition to an im-
proved front-to-back (F/B) ratio of more than 20 dB. The SS ring
is shown to be capable of greatly improving the performance while
miniaturizing the design’s size by half. The implementation of the
SS ring to a microstrip Yagi array antenna is demonstrated to
verify its functionality in suppressing surface waves, showing that
an improvement of at least 3 dB in the F/B ratio can be obtained.
The design is investigated at the center frequency of 5.8 GHz; how-
ever, the structure can be easily scaled to other frequency ranges.
A design analysis is performed to give insight into the operational
mechanism of the SS ring and the critical dimensions that affect
the SS structure surrounding the antenna array. In addition, mea-
surements are presented to validate the results obtained via sim-
ulation. The principles established in this letter can be applied to
other planar antenna designs.

Index Terms—Front-to-back (F/B) ratio, microstrip Yagi array,
radiation-pattern improvement, soft surface.

1. INTRODUCTION

IRECTIONAL antenna arrays are becoming a neces-
D sary requirement for many wireless local area network
(WLAN) applications to suppress unwanted interference and to
optimize power efficiency and coverage range. Since Yagi-Uda
antennas operate as endfire arrays [1], they have been utilized in
numerous applications where directional radiation is necessary
for long-distance wireless and point-to-point communications.
However, Yagi arrays have certain disadvantages such as size.
These sometimes bulky structures can become unsuitable for
compact integration with microwave monolithic integrated cir-
cuits (MMICs) and RF circuitry due to their size [2], [3]. Var-
ious efforts attempting to combine the directional characteris-
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tics of the Yagi arrays with the advantages of microstrip an-
tennas, namely printed Yagi antennas, have been proposed over
the last 15 years [4]-[7]. Unfortunately, the tradeoff between
gain and F/B ratio remains an area of concern. Different tech-
niques have been proposed and utilized to improve the gain
and F/B ratio of the microstrip Yagi antennas, including the
use of periodic bandgap (PBG) structures [7] and conventional
soft-hard surface (SHS) structures [8] that may require compli-
cated and costly fabrication processes.

In this letter, we propose a new configuration that is based on
the antenna in [9] implemented with a soft surface (SS) ring, that
can improve the F/B ratio by at least 3 dB, while maintaining
high-gain, low-sidelobe level, and low-cross polarization as well
as sustaining high F/B ratio over a wider bandwidth. In contrast
to the conventional SHS which is difficult to manufacture and
requires a large area [10], the innovative SS structure consists
of quarter-wavelength metal strips that are short-circuited to the
ground plane. This concept of the modern SS allows for a robust
implementation and a simple fabrication process with standard
double-sided copper (Cu) clad boards.

II. IMPLEMENTATION OF THE SS STRUCTURE

The concept of SHS was first considered by Kildal in [11] but
modified in this letter to achieve optimal performance. Fig. 1
shows a schematic of the structure. The design consists of a
compact SS rectangular ring, S;, made of metal strips that are
shorted to the ground plane through metallized walls, S,,, which
are placed along the outer edge of the metal strips. In fabrica-
tion, the metal walls are realized by utilizing metal vias. All the
metal strips have the same optimized width, denoted () s, which
is Ay /4 where )\, is the guided wavelength (A, = \,/e% where
co 18 the effective dielectric constant with a value between 1
and e,., and )\, is the free space wavelength). The inner width of
the SS ring, W, is approximately one A,. The inner length of
the SS ring, L, is approximately 1.7),. The dimensions of the
antenna are denoted by the following variables: the length and
width of the driven element, “D”, are Lp and Wp, respectively;
the lengths and widths of director 1, “D1”, and director 2, “D2”,
are Lp1, Wp1, Lpo and Wpe, respectively; and the length
and width of the reflector, “R”, are Ly and W, respectively.
The physical dimensions are as follows (in mils): Lr = 223,
Wgr = 914, Lp = 629, Wp = 674, Lp; = Lp2 = 610,
Wp1 = Wpo = 448, Lg = 3484, Wg = 2242, Qs = 332,
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Fig. 1. Two-dimensional view of the SS microstrip Yagi array antenna.

pp = 377, pr = 297, gr = 558, gq = 784, and g4o = T58.
The resonant frequency is 5.8 GHz, and the lateral size of the
ground (and substrate) is 4135 x 2904 mils.

III. PRINCIPLES OF OPERATION

The mechanism for the improvement in the radiation charac-
teristics of the antenna is achieved by two main factors. The first
is the surface wave suppression achieved by the high impedance
of the SS ring that blocks the power flow normal to its sur-
face. This is a well known factor that will not be discussed
in this letter. Readers are directed to [10] and [11] for a de-
tailed explanation of this effect. The roles of S1, S2, S3, and
S4 have equally significant contributions because together they
form an open-circuit boundary that gives the high impedance
effect. The second factor is attributed to array coupling between
the SS metal strips and the driven and director patches of the
antenna. In particular, the two SS metal strips in the x-direc-
tion together with the driven element and the director D1 and
D2 patches form a five-element array that further improves the
radiation in the quasi-endfire direction (quadrant I). Due to the
constructive interference of the R — D — D1+ — D21 and the
R — D — Dl1g — D2p single microstrip Yagi arrays [9], the
two directors, D17 and D1 patches are considered as a single
effective array element with its effective aperture in the coupled
five-element array, and the two directors, D27 and D2p patches
are considered as another single effective array element with its
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Fig. 2. Peak magnitude distribution of the SS microstrip Yagi array antenna
at 5.8 GHz of (a) the surface current; and (b) the electric field intensity in the
x-y plane at 1 mil above the metal patches’ surface (63 mils above the ground
plane).

effective aperture. The effective aperture of the two single ef-
fective array elements is demonstrated by the surface current
distribution shown in Fig. 2(a). The operation of the five-ele-
ment array is based on the coupling of the fringing field at the
inner edge of the metal strip S1 (Fig. 2(a)) with the nearest radi-
ating edge of the driven patch, and the coupling of the fringing
field at the inner edge of the metal strip S3 (Fig. 2(a)) with the
nearest radiating edge of the effective array element formed by
the D2 patches. Even though the magnitude of the fringing field
along the inner edges of the SS metal strips may be much lower
than that of the antenna patches, the size of the ring is much
larger than the patches so that the total fringing field along the
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Fig. 3. (a) The top down view of the double via rows with all dimensions in mils. The soft-surface microstrip Yagi array antenna prototype showing (b) the front

view and (c) the backside view.

metal strips (S1 and S3) exhibits constructive interference and
becomes comparable to that of the patches; thus its effective
contribution to the operation of the five-element array (in the
E plane) is significant. This coupling effect can be observed di-
rectly from Fig. 2(b) where the electric field distribution is cap-
tured at the distance of 1 mil above the metal patches’ surface
in the z direction, showing the radiation field is strongly present
at the inner edges of the metal strips S1 and S3. The inner width
of the ring, W, becomes the factor that determines the size of
the metal strips S1 and S3. Therefore, the spacing, gq42 is ap-
proximately 0.4),, and the spacing, g, is approximately 0.3,
(Fig. 1), while W is approximately one \,. As a result, the roles
of the metal strips S2 and S4 are not as critical in this array cou-
pling effect; however their length, Ls depends on the parameters
ga2 and g, which strongly affect the coupling. The soft surface
ring does not allow the surface waves to be totally suppressed in
all directions. This is because the soft surface ring is not a true
surface-suppressing structure. A true surface-suppressing con-
figuration has a periodic array of rings that blocks radiation as
discussed in [10] and [11], but this makes the total size of the
antenna very large. Hence, there is a tradeoff between size and
total surface wave suppression. Despite this, the single soft sur-
face ring does serve to improve the gain and F/B ratio.

It is important to note that the SS ring not only functions as a
high surface impedance structure that blocks the surface wave,
but also acts as a resonant structure that constructively supports
the radiation of the Yagi antenna. In contrast to a conventional
large-area artificial SS structure where the thickness of the slab
determines the central operating frequency, the shorting of the
metal strips in the modern SS structure provides the conditions
for the high surface impedance and the operating frequency is
determined by the strip width [12], not by the thickness of the
substrate. When applied to the microstrip Yagi antenna arrays,
the operating principles of the SS ring, as discussed earlier, ex-
plain how the radiation pattern can be improved for an arbitrary
thickness of the substrate as well as for a significantly reduced
ground size in comparison to the size required for the best ra-
diation performance in conventional patch antennas [13], [14].
In the new configuration, the ground size is reduced without
affecting the radiation performance of the SS microstrip Yagi
array, thus leading to the compact design shown in Fig. 1.

IV. SIMULATED AND MEASURED RESULTS

The SS-Yagi antenna was fabricated on a double-sided copper
(Cu) clad board of RT/duroid 5880 material (&, = 2.2,tané =

Fig. 4. Measured results of (a) copolarization and (b) cross-polarization in the
range of —180° < # < 180° for SS-Yagi sample. Simulated results of copo-
larization in the range —180° < 6 < 180° for the (c) SS-Yagi model and (d)
Non-SS-Yagi model.

0.0009) with a substrate thickness of 62 mils. The metal walls
that short the metal strips of the SS ring to the ground are re-
placed by two rows of metal vias, with diameter and center-
center separation equal to 10 mils and 20 mils, respectively.
The double via rows are placed as indicated by the dash red
line in Fig. 1 along the SS ring edge. The via rows with dimen-
sions in mils are graphically shown in Fig. 3(a). Using vias in
the prototype causes the choke length, (s, to decrease slightly.
The distance from the ground edge to the edge of the inner via
row is approximately 30 mils. To account for this decrease, the
choke length, @), has been increased to 362 mils to account for
the presence of the vias. Therefore, an effective choke length
equal to A\, /4 is maintained. The prototype of the SS-Yagi an-
tenna is shown in Fig. 3(b) and (c). The simulated and measured
E-plane radiation patterns at 5.8 GHz are shown in Fig. 4. The
results of the non-SS model and SS model with the same con-
figuration are compared. Here, the critical parameters that are
considered are the sidelobe level (SLL) and the F/B ratio. The
SLL refers to the ratio of maximum radiation in the range of
270° < 0 < 360° (or 0° as shown in Fig. 4) to maximum radi-
ation (normalized to 0 dB) in the range of 0° < § < 90°. The
measured SLL of the SS-Yagi antenna sample is —20 dB, while
the measured F/B ratio is 22 dB. The measurements were per-
formed using an antenna measurement system where the first
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Fig. 5. Simulated Ey components of azimuth plane radiation (¢ = 90°) for
the (a) SS model at 5.6 GHz; (b) non-SS model at 5.6 GHz; (c¢) SS model at 5.8
GHz; (d) non-SS model at 5.8 GHz; (e) SS model at 6.0 GHz; and (f) non-SS
model at 6.0 GHz.

probe and the last probe leave a blind angle of about 60° corre-
sponding to the shaded region in Fig. 4 (150° < ¢ < 210°). In
measurement, the coaxial connector can act like a reflector that
interferes with radiation in the region close to the connector (see
Fig. 3(c)). This contributes to the difference between measured
and simulated data in the region of 135° < 6§ < 225° shown in
Fig. 4. Since the radiation immediate to the right of the coaxial
connector (Fig. 3(c)) is expected to have stronger radiation than
that to the left of the connector, the effect of the connector on the
radiation in the region of 130° < ¢ < 230° is more pronounced;
hence, the beam may be steered upward (in +z direction) which
results in a lower peak compared to simulated results.

The cross polarization from the SS-Yagi antenna sample re-
mains low. The increase in the cross-polarization is due to the
coaxial line that is positioned off the center (in the y-direction)
of the driven patch in order to achieve matching, thus intro-
ducing an asymmetry in the feed that generates higher order
modes which contribute to cross-polarized radiation.

The suppression effect of the SS ring is also further illustrated
in Fig. 5 where the Fy components of the azimuth plane radi-
ation pattern (6 = 90°) are shown at 5.6, 5.8, and 6.0 GHz.
The suppression of the grating lobes due to the SS ring are
shown through the decrease of the radiation levels at ¢ = 180°
as well as the lobes in the ranges of 90° < ¢ < 180° and
180° < ¢ < 270° with respect to the peak radiation at ¢ = 0°
for all three frequencies.

The return loss of the non-SS and SS models are shown in
Fig. 6. The impedance bandwidth is taken at —10 dB. It is ob-
served through simulation that the impedance bandwidth of the
SS models is similar to that of the non-SS model. In general,
the SS models can be subjected to a decrease in the impedance
bandwidth due to the fact that the SS ring is a highly frequency
dependent structure (the optimized metal strip width, Qs, is
Ag/4). At frequencies off resonance, the SS ring cannot trap
surface waves as effectively; thus, the quality (Q) factor due to
space wave losses is increased. So it is important to note that
the impedance bandwidth of the antenna is limited by the band-
width of the SS ring, but the degree of limitation is determined
by the performance specifications of the design and its applica-
tion. For instance, as the lateral area of the SS ring is decreased,
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Fig. 7. Measured gain of the SS-Yagi sample.

the radiation pattern characteristics will be affected significantly
because the SS ring will become closer to the near fields of the
antenna and therefore, standing waves could arise. In addition,
the impedance bandwidth could be adversely affected. In con-
trast, as the lateral area of the SS ring is increased, the effective
aperture area increases leading to improved gain at the cost of
potentially increasing the number of sidelobes in the pattern.
As it is further increased, no performance-enhancing effect will
take place at all.

The simulation results show an improvement of at least 3 dB
in the F/B ratio (19.1 dB) compared to that of the non-SS model
(16.1 dB), while alow SLL is maintained. The measured gain of
the SS-Yagi sample was plotted in Fig. 7. The gain bandwidth
is defined to be at the 10 dBi level which is around 10% for the
SS-Yagi antenna.

V. CONCLUSION

A new antenna structure based on surrounding a microstrip
Yagi array antenna with an SS ring is demonstrated to exhibit
highly directional radiation in which the F/B ratio are improved
to more than 20 dB; this is approximately more than 3 dB higher
than the conventional design without the ring. A high gain is
achieved, while the size of the structure is reduced by a factor
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of two. Although in a practical communications system where
this antenna is connected to another component, presumably
a filter, a F/B ratio of better than 20 dB may not be realized.
The improvement in the 10 dBi directional bandwidth enables
an almost constant directivity over a large bandwidth, thus al-
lowing applications, such as wireless multimedia/HDTV de-
vices to have more channels of signals without interference or
degradation in signal quality. Finally, it has to be stressed that
the SS technique proposed in this letter is a robust method that
can be implemented on generic planar structures to suppress un-
wanted radiation, improve the directivity and the F/B ratio, and
reduce the total size of the design.
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