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Abstract—A design procedure for microstrip antenna topologies
operating within the full UWB band is described. The presence of the
full ground plane successfully results in a unidirectional antenna, which
is important in applications related to Wireless Body Area Networks
(WBAN). The existing broadbanding concepts have been creatively
combined throughout the design to enable the UWB behavior, while
simultaneously keeping the full ground plane intact. The procedure is
validated with a concrete design of a microstrip type UWB antenna
operating from 3.6 GHz to 10.3 GHz.

1. INTRODUCTION

In the last few decades the microstrip antenna topology has
been extensively investigated due to its attractive features such
as low profile, low cost, and fabrication simplicity. Due to
these features, microstrip antennas are popularly used in many
wireless communication applications. However, one of the major
drawback of the microstrip topology is its narrow bandwidth. Upon
the introduction of Ultra Wideband (UWB) technology in 2002,
extensive research efforts were channeled towards realizing planar
antennas operating between 3.1 and 10.6 GHz [1]. High data rate
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transmission capabilities with low power spectral densities [1-3] are the
attractive features of UWB over conventional (narrow band) wireless
communication techniques [4].

More recently, the application of UWB has been extended into
the area of Wireless Body Area Networks (WBAN) thanks to its
potential in enabling worn communications [5]. In such setting, planar
textile-based antennas are extremely suitable to ensure flexibility,
conformality and ergonomocity [6-9]. Moreover, the properties of
the designed antenna and the avoidance of on-body detuning are
critical in further facilitating a reliable communication link. Recently,
proposed designs for wideband BAN are based on monopole and
Vivaldi topologies, fed either using a microstrip or a coplanar
waveguide (CPW) transmission line [10-16]. Their wide bandwidth
behavior is typically enabled by cutting slots in the ground plane,
or by implementing partial rear ground planes. Such topologies are
disadvantageous as they radiate at both the forward and backward
directions. Such property inherently introduces a strongly coupling to
the human body when worn.

In this work, a systematic procedure is described to design
antennas with a full rear ground plane, mitigating the body detuning.
Besides detailing the broadbanding principles involved, the design
procedure to combine all these concepts is presented in detail. It will
be shown that reaching UWB features using the inherently narrowband
microstrip topology is possible. The procedure can be used to produce
different antennas with different shapes suited for different situations.

2. TEXTILE AND MATERIALS

Although the main topic in this paper is the design procedure itself,
this procedure cannot be efficiently explained and illustrated without
having a concrete antenna in mind. A full-textile antenna is chosen as
target. It has to be emphasized however that the topology obtained
is by no means the only solution. Many more concrete topologies,
based on the same design principles can be conceived, depending on
the choices made by the designer. Two textiles are used: Shieldit
Super as the conductor (for radiators and ground plane) and felt as
the dielectric (for the substrate). ShieldIt Super from LessEMF Inc.
is a 0.17mm thick, flexible conductive textile. Its conductivity is
estimated using the procedure proposed in [17], resulting in a value
of 1.18 x 105S/m. Felt is a 3mm thick, thermally-isolating textile
with a relative permittivity &, of 1.45 and a loss tangent tan § of 0.044.
A 509 SMA connector model 546-3181 from RS Components is used
to feed the antenna from its reverse side. Simple manual cutting tools
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were used to fabricate the designed antenna as specified in [17].

3. DESIGN PROCEDURE

As in conventional antenna design procedures, the design process
is initiated with a theoretical calculation to estimate the antenna
dimensions. In our case, these initial dimensions are calculated
based on the well-known procedure explained in [18] to estimate
the size of two rectangular microstrip antennas, one at 5GHz and
another at 7GHz. Next, various broadbanding techniques are added
in a sequential manner, with the specific aim of maintaining the
full ground plane. The effect of each broadbanding technique is
studied by evaluating the antenna’s basic performance parameters,
i.e., the reflection coefficient (Si1), realized gain, radiation pattern
and radiation efficiency, using CST Microwave Studio [19]. The initial
CST simulations are performed using the transient solver with low-
mesh settings prior to detailed, high-mesh simulations. This low-mesh-
high-mesh strategy is computationally very efficient and proved to be
an essential part of the design procedure, as critical and non-critical
antenna parameters are easily distinguishable from the results. Each
implemented technique and its respective bandwidth improvement will
be systematically discussed. As more techniques are incorporated into
the structure to achieve the UWB behavior, the antenna experiences
a gradual increase in complexity.

Figures 1(a)—(b) show the CST-optimized dimensions of two rect-
angular microstrip antennas resonating at 5 and 7 GHz, respectively,
with their simulated reflection coefficients (S11) shown in Fig. 1(c). As
expected for a microstrip structure, the obtained bandwidth is rela-
tively narrow, i.e., 462 MHz for the 5 GHz patch and 589 MHz for the
7 GHz patch.

Once the basic microstrip structures have been optimized,
various broadbanding techniques [20] are then applied for bandwidth
enhancement. The various techniques, which are sequentially
implemented, are listed as follows:

3.1 resonance overlapping,

3.2 slot,

3.3 parasitic patch,

3.4 Vivaldi blending,

3.5 stepped notch,

3.6 rectangular and T-shape slits.

Each technique’s contribution towards the resulting bandwidth and
its effect on the structure’s gain, radiation efficiency and radiation
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Figure 1. Optimized dimensions of the microstrip antennas designed
at (a) 5 GHz, (b) 7 GHz and (c) simulated Si;.

patterns are also presented consecutively, as the antenna evolves
towards achieving a UWB behavior.

3.1. Resonance Overlapping (RO)

An effective broadbanding method is to combine two closely-spaced
resonances.  This is implemented by connecting both radiating
structures via a single feed line as shown in Fig. 2(a) [21-23]. The
upper patch operates in the lower 5 GHz frequency band whereas the
smaller patch at the bottom in the higher 7 GHz frequency band.
This technique effectively enlarges the overall bandwidth to 3.89 GHz.
Next, impedance matching of the feed line is further improved by
introducing a single step transition, prior to further optimization.
This results in an additional bandwidth of 280 MHz (i.e., a total
bandwidth of 4.17 GHz). Resulting dimensions and Sj; are shown in
Figs. 2(b) and 2(c), respectively. The comparison of gains for this
feed line modification depicted in Fig. 2(c) also indicates no significant

degradation.
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Figure 2. Combined structure for resonance overlapping (RO) with
(a) conventional feed (same feed width), (b) modified feed (different
feed width) and (c) comparison of their Sj; and realized gain.

The major drawback of implementing solely this technique is an
increased overall antenna size. Typical microstrip antennas resonating
at 5GHz and 7 GHz feature overall areas of 1680 mm? (42 x 40 mm?)
and 1085 mm? (32 x 35mm?), respectively. Thus the antenna size is
enlarged to 7533 mm?, i.e., 93 x 81 mm?, corresponding to a 7 time
increment.

3.2. Slot

The slotting method implemented in this section is capable of reducing
the overall antenna size besides providing a dual resonant mode [24].
A circular slot is incorporated into the smaller (bottom) radiator
of the previous structure prior to re-optimization. As shown in
Fig. 3(a), the total area of the new antenna is now reduced to 6612 mm?
(87 x 76mm?), translating into a 1.14 reduction factor. The dual
resonance achieved by the circular slot is visible in Fig. 3(c), resulting in
a total bandwidth of 4.6 GHz from two separate bands: 1.2 GHz (from
4.3 to 5.5 GHz) and 3.4 GHz (from 6.7 to 10.1 GHz), with a band notch
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Figure 3. Two similarly-dimensioned antennas with (a) circular slot,
and (b) triangular slot. (c¢) S1; and realized gain for structure in (a).

at c.a. 6 GHz. In comparison to the previous structure, an additional
430 MHz bandwidth is achieved. Also, the realized gain has improved.
The radiation patterns of the previous and the current structure
in xz and yz plane at 5 GHz and 7 GHz are shown in Fig. 4. In general,
a symmetrical pattern is observed in the zz plane due to symmetry,
whereas in the yz plane, an omnidirectional pattern with sharp nulls is
seen. In the xz plane at 5 GHz, the circular slot eliminates the sharp
nulls at ¢ = 30° and —30°, providing a smooth, broad forward beam.
In the yz plane, the main lobe is shifted to precisely ¢ = 0° when
the slot is present. A 4dB increment in the main lobe magnitude is
observed compared to a 1dB improvement provided by the previous
structure, as seen in Table 1. No significant pattern changes are
observed in the yz plane at 7GHz. The xz plane angular width is
decreased by 53.5°. A detailed comparison is presented in Table 1.
Other slot shapes were also investigated, i.e., triangular and
rectangular, see Fig. 3(b). The total slot area was maintained at
131 mm? to provide a valid comparison, while keeping all other antenna
dimensions fixed. The Sy; are presented in Fig. 5. It is observed
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Figure 4. Simulated radiation pattern comparison for (a) xz plane at
5 GHz, (b) yz plane at 5 GHz, (c) 2z plane at 7 GHz, and (d) yz plane
at 7 GHz.

that the circular and rectangular slots behave similarly, whereas the
triangular slot reduces the bandwidth by 650 MHz.

3.3. Parasitic Patch

Since the lowest operating frequency of the resulting structure is ca.
4.3 GHz, the next objective is to increase the bandwidth in the lower
operating band. This can be achieved by introducing a parasitic
patch, which is expected to also facilitate lowering the overall resonance
band [25] through the capacitive coupling effect [20]. A parasitic patch
is added and optimized, as shown in Fig. 6. The large-size parasitic
patch more than doubles the lower frequency bandwidth (from 1.2 GHz
to 2.6 GHz), by lowering the lowest operating frequency from 4.3 GHz
to 3.5GHz. The optimized antenna operates from 3.5 to 6.1 GHz.
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Table 1. Comparison of radiation pattern properties.

RO with . . .
Freq. . Circular | Parasitic | Vivaldi | Stepped
GH Plane Details different
(GHz) slot patch effect notch
feed width
Realized Gain (dB) 0.3 5.0 4.8
2 Main lobe direction (°) 0.0 0.0 0.0
3 dB angular width (°) 32.9 454 38.4
Side lobe level (dB) -10.2 -10.5 -15.6 Please refer
5 NA
Realized Gain (dB) 1.0 5.0 4.8 to Table 2
Main lobe direction (°) -6.0 0.0 0.0
vz
3 dB angular width (°) 26.0 27.8 23.7
Side lobe level (dB) -1.0 =52 -6.5
Realized Gain (dB) 0.2 1.8 1.2 0.3 1.2
Main lobe direction (°) 0.0 0.0 0.0 0.0 0.0
Xz
3 dB angular width (°) 81.8 28.3 254 22.4 24.2
Side lobe level (dB) -9.0 -3.1 -8.0 —4.2 -6.7
7 Realized Gain (dB) 2.8 2.3 2.0 0.5 2.9
Main lobe direction (°) -30.0 5.0 -5.0 -34.0 -33.0
* 3 dB angular width () 21.7 23.4 18.4 19.7 21.0
Side lobe level (dB) 24 -1.7 -2.2 -2.0 -1.7

Legend: NA = not evaluated due to poor performance at this frequency (S;, > -10 dB).
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Figure 5. Comparison of S1; for Figure 6. Optimized structure

3 slot shapes. dimensions with the parasitic
patch.

Simultaneously, a gain improvement of ca. 3dB is achieved at 3.5 GHz,
see Fig. 7(a). A similar improvement can also be seen between 5.5 and
6 GHz. On the contrary, a 2dB average reduction in realized gain
is observed due to the impedance matching degradation between 7
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Figure 7. Comparison of (a) simulated Sj; and realized gain, and
(b) radiation efficiency.

and 9 GHz. Moreover, the additional parasitic patch also decreases
the radiation efficiency by 10.3% (average) above 6 GHz, as shown in
Fig. 7(b). The new structure’s radiation patterns are also analyzed
in comparison with the previous structure at 5 and 7 GHz and shown
in Fig. 8. With the addition of the parasitic patch a more directive
radiation pattern is visible at 5 GHz in xz plane, whereas a more omni-
directional radiation is observed at 7 GHz. In general, a small reduction
in angular width (around 5°) is noticed, making the zz patterns at both
frequencies more directional with simultaneous side lobe reductions, see
Table 1.

Next, the effect of the capacitive coupling is studied. It is well-
known that the magnitude of the capacitive coupling directly depends
on the size of the gap between the main patch and the parasitic patch.
A higher capacitive coupling occurs for a smaller gap. This can be used
to further enlarge the bandwidth. As is clearly visible in Fig. 9, a gap
of 1mm results in the highest bandwidth. However, since fabrication
is done manually, a minimum gap of 2 mm is chosen in order to reduce
the relative fabrication error around the two rectangular patches. This
area is labeled in Fig. 6, representing the smallest distance between the
two patches and the parasitic patch. The parasitic patch’s dimension
was increased /decreased so that it may be edged closer to/further away
from the two rectangular patches to achieve the required gap size, as
the dimensions of the latter were kept constant.

3.4. Vivaldi Blending

The previous two methods have effectively lowered and enlarged the
lower operating band. However, the impedance matching at higher
frequencies becomes poorer, see Fig. 7(a). This is related to the well-
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Figure 8. Comparison of simulated radiation patterns for (a) zz plane
at 5 GHz, (b) yz plane at 5 GHz, (c¢) xz plane at 7GHz, and (d) yz

plane at 7 GHz.
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Figure 10. Blending the para-
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Figure 11. Comparison of (a) simulated Sj; and realized gain, and
(b) radiation efficiency.

known fact that in many cases there is a tradeoff between impedance
matching quality and bandwidth, especially for UWB antennas. The
Vivaldi concept can be used to overcome this, as it is able to
intrinsically provide a real broadband impedance matching [13, 14].
Moreover, it can be used in such a way that it only affects the
impedance tuning in the higher frequency band, maintaining the
existing lower frequency bandwidth. The Vivaldi concept is realized
by blending the parasitic edges with a radius of 27 mm, as shown in
Fig. 10, with all other dimensions kept constant (as the dimensions
shown in Fig. 6). After proper optimization, an improved impedance
matching in the higher frequency band with acceptable bandwidth
degradation at the lower frequencies is obtained, see Fig. 11(a), yielding
a 6.8 GHz bandwidth. Realized gain and radiation efficiency are also
compared with the ones of the previous structure in Fig. 11. An average
radiation efficiency improvement of 6% is observed above 7.5 GHz.
The radiation patterns at 7 GHz in both zz and yz plane are not
significantly changed, as shown in Fig. 12. An increase of the side
lobe magnitude by 4 dB is observed in the xz plane, whereas blending
improves slightly the omni-directional characteristic in the yz planes.
Further details are tabulated in Table 1.

3.5. Stepped Notch

The blending method successfully improves the antenna matching
above 7GHz. However, besides degradation below this frequency,
the operation at the UWB highest frequency of 10.6 GHz has also
not been achieved, see Fig. 11(a). Stepped notches can be used to
overcome this. It was reported in [26] that the use of a stepped notch
between the radiating patch and its feed line is capable of tuning
a structure’s capacitance, possibly improving impedance matching
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Figure 12. Comparison of simulated radiation patterns at 7 GHz.

Figure 13. Optimized structure dimensions with stepped notches.

towards a broader bandwidth. In this antenna, the stepped notches
are placed between the feed line and the lower radiator, which initially
operated at 5 GHz, see circled area in Fig. 13. Capacitance tuning is
also used to extend the upper limit of the existing bandwidth. The
optimized dimensions obtained in the previous section were used as
the initial dimensions for further optimization with notches. The
optimal dimensions of the first and second stepped notch located
nearest to the feed line are 2 x4 mm? and 14 x 3 mm?, respectively. The
89 x 81 mm? overall antenna size and the 2 mm capacitive gap between
the main and parasitic patch remain the same. The main patch’s
dimensions were re-optimized to accommodate the impedance changes
caused by the two stepped notches. This method successfully improves
impedance matching between 4.4 GHz and 6 GHz, besides broadening
the bandwidth by ca. 560 MHz compared to the previous topology.
This also extends the upper bandwidth limit to ca. 10.5 GHz without
compromising the existing matching and bandwidth above 7 GHz, as
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Figure 14. Comparison of (a) simulated S;; and realized gain, and
(b) radiation efficiency.

0 0
0 0 7T 30 0 0 -~ 30
{ N - S o
| ( | \ 2=
-10 P I L. 10 vl \
60/, N _‘z‘\ iy \‘ 60 -60; ‘\ % 60
[ \ / N
20 I M " |1 20 s | \ 1
1] \ ! / ’
\
D30 | -90 i - !l' 90 @30 -90 " - {r 90
|
1 ] Y N A
20 \ Jt 20 \ ,
N T S = A (] b
-120 . #F 120 200~ /L INY 120
-10 25 -10 AN
7 GHz_xz plane 7 GHz_yz plane
0 -15 — - Vivaldi effect 0 0 .15, — — Vivaldi effect
Stepped notch 3 -~ Stepped notch

Figure 15. Comparison of simulated radiation patterns at 7 GHz.

shown in Fig. 14(a). However, this structure also comes with a cost
— the existence of a larger band notch from 3.8 to 4.4 GHz, and from
6 to 7GHz. This can be resolved using a combined stepped notch-
blending technique, which will be explained in the following sections.
A consistent realized gain, with less than 0.5dB variation is shown
between 8 and 10.4 GHz for this notch-integrated structure. However,
between 4.5 and 5 GHz, a larger 1dB variation is seen, with a peak
realized gain of 8.8dB at 4.7 GHz. Radiation efficiency also behaves
similarly for the two topologies as shown in Fig. 14(b). The effect of
the stepped notches on the radiation pattern at 7 GHz can be seen in
Fig. 15. A detailed comparison is presented in Table 1.

3.6. T-shaped Slits

The use of the two stepped notches in the previous section easily
improves impedance matching between 4.4 and 6 GHz with further
bandwidth increment below 7 GHz. However, as explained earlier, it
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worsens the characteristics around 4 GHz and between 6 and 7 GHz.
The next aim is to first eliminate the band notch between 6 and 7 GHz.
This is done by introducing a slit in the upper radiator [27]. Initially
a single rectangular slit was introduced. This was then improved to
a T-shaped slit, as shown in Fig. 16 and indicated by a dotted circle.
The optimized dimensions of this slit are 11 x 17 mm? and 7 x 17 mm?.
The resulting S1; for this structure is shown in Fig. 17. However,
further impedance matching degradation was observed between 3.6
and 4.9 GHz and between 6.7 and 7GHz. As in Section 3.4, this is
mitigated by tuning the capacitive coupling between top radiator and
the parasitic patch through the incorporation of edge blends in the
top radiator. An optimal blend radius of 13 mm was found. The Si;
response of this blended structure with the T-shaped slit is also shown
in Fig. 17, indicating the effective removal of the band notch from 6
to 7GHz. The S1; and realized gain of the resulting T-slit blended
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radiator is compared to the ones of the stepped notch structure in
Fig. 19, indicating a 5.6 GHz bandwidth from 4.9 to 10.5 GHz. An
additional 560 MHz of bandwidth is also achieved between 3 and 4 GHz,
separated from the higher operating band by a 1 GHz-wide band notch
located between 4 and 5 GHz. A realized gain variation between 4 dB
at 8.3GHz and 8.5dB at 5.3 GHz is observed above 5GHz. The
addition of the T-shaped slit has reduced the gain significantly between
4 and 5 GHz. Meanwhile, the radiation efficiency shown in Fig. 18 has
increased by more than 10% between 6 and 8 GHz compared to the
previous structure. The radiation patterns at 5.5 GHz and 8 GHz are
shown in Fig. 20. A decrease in the 3-dB angular width in the xz
plane at both frequencies and a reduction of the far side lobe level in
the yz plane are observed. The xz plane experiences an increase in
side lobe levels by several dB. However, in this plane the main lobe
is now directed towards 0° via the use of this technique. This is all
detailed in Table 2.
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Figure 20. Comparison of simulated radiation patterns for (a) zz
plane at 5.5 GHz, (b) yz plane at 5.5 GHz, (c) xz plane at 8 GHz, and
(d) yz plane at 8 GHz.
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Table 2. Comparison of radiation patterns of stepped notch topology
and T-shape slit blend topology.

Freq. . Stepped T-shape slit
Plane Detalils
(GHz) notch with blend
Re.ahzed 79 o7
Gain (dB)
Main 1
ain lobe 28.0 0.0
direction (°)
xz
3dB angular
100.0 26.3
width (°)
ide 1
Side lobe 55 54
level (dB)
5.5 -
Realized 01 1o
Gain (dB)
Main lobe —44.0 —40.0
- direction (°)
B 1
3dB angular 38.6 33.7
width (°)
Side lobe 54 119
level (dB)
Realized _99 _16
Gain (dB)
Main lobe
A 46.0 0.0
direction (°)
xz
3dB angular 443 991
width (°)
Side lobe
—-5.9 —2.5
level (dB)
8.0 :
Realized 94.9 34
Gain (dB)
Main lobe
54.0 —14.0
direction (°)
vz 3dB angular
> ang 35.5 17.7
width (°)
Side lobe 95 _102
level (dB)
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Figure 22. (a) Si; for previous (T-shape) and two new stepped notch
topologies, and (b) S11 of resulting structure using different simulation
settings.

3.7. Final Topology

In this section the remaining band notch between 4 and 5 GHz (see
Fig. 19) is removed with the step notch method and the blending
method, two techniques already used before. A single step notch is
introduced between the feed line and the top radiator. The optimized
dimensions of this step notch are 10 x 4mm?, as shown in Fig. 21(a),
marked by a red dotted circle and listed in Table 3. The resulting
Si1 is shown in Fig. 22(a). To achieve a better impedance matching,
blending is introduced in the second step notch of the circularly-slotted
lower radiator, as circled in Fig. 21(b). The optimal blending radius
is found to be 5mm. All other antenna dimensions are kept constant.
The resulting bandwidth spans 7.5 GHz, i.e., the full UWB band from
3.1 to 10.6 GHz, see Fig. 22(a).
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Table 3. Optimized dimensions of the final ATA-FGP.

Modification Dim. (mm) Remarks
T-shaped slit I 8X><1&73 On the top radiator
Two stepped (1)4 x5 Transition from feed line
notches (2) 13 x 10 to the bottom radiator
Circular slot radius 9 On the bottom radiator
Blending radius 16 On the top radiator

- -High settings
—Final_Topology

(b)

Figure 23. (a) Final topology of the ATA-FGP and (b) comparison
of the optimized S1; between the initial and different mesh settings.

Table 4. Summary of all used techniques, purposes and their resulting
effects in achieving UWB behavior.

Techniques used

Purpose

Bandwidth (BW)

Effect

Resonance To broaden bandwidth by combining Improved BW by Enlarged the ove'rall bandwidth to
overlapping two closely-spaced resonances. 2.84 GHz 3.89 GHz, but a'l s0 increased the overall
antenna size by a factor of 7.
Circular slot To reduce overall antenna size while Improved BW by Reduced the overall antenna size by a factor
maintaining the dual band behavior. 430 MHz. of 1.14.
To increase bandwidth in the lower Improved BW in the Logereitge Oge;ag;g fr;quer(ljcy rznge
- . .. om 4.3 to 3. z, but reduce;
Parasitic patch operating band therugh capacitive lower frequency band by impedance matching at the higher
coupling. 800 MHz.

frequencies.

Vivaldi blending

To provide better impedance tuning in
the higher frequency band by blending
the parasitic edges.

Improved BW by 3.5 GHz
above 6.5 GHz.

Improved impedance matching at the higher
frequencies with a slight impedance
matching degradation below 6.5 GHz.

Stepped Notch

To improve impedance matching at
lower frequencies through capacitive
tuning without degrading existing
bandwidth above 7 GHz.

Broadened BW by
560 MHz.

Improved impedance matching at lower
frequency but introduced sharp band
notches at 4 GHz and between 6 and

7 GHz.

T-shaped slits

To eliminate band notches by
introducing slits.

Improved BW to 5.6 GHz

and introduced additional

560 MHz of BW between
3 and 4 GHz

Effectively removed band notches with
better impedance matching above 5 GHz.
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In order to verify these results, a transient simulation was
performed with a high-mesh setting (with a minimum of 20 lines per
wavelength), resulting in approximately 550,000 mesh cells. The result
is presented in Fig. 22(b). It is observed that the high-mesh Si;
response shifts towards higher frequencies by almost 200 MHz, while
S11 degradations are evident at 4.2, 5.2 and 6.2 GHz. To improve
this, two additional topology modifications are implemented. Firstly
a tapering of the feed line to the upper radiator (marked as E), and
secondly, using different upper radiator widths (marked as W1 and
W2). The optimal values are found to be £ = 2mm, W1 = 13mm
and W2 = 16 mm. The final topology with all additional modifications,
referred to as ATA-FGP (all-textile antenna with full ground plane)
is shown in Fig. 23(a). It features a 6.8 GHz bandwidth from 3.4 to
10.2 GHz as shown in Fig. 23(b). In summary, Table 4 provides an
overview of all the techniques used and their contribution in achieving
the UWB band, while keeping the full ground plane intact.

4. EXPERIMENTAL VERIFICATION

Final dimensions and fabricated prototype of the ATA-FGP are shown
in Fig. 24 and Table 5. In the final topology, four top radiators
can be seen. The probe feeds a small microstrip line which in turn
feeds the three primary radiators A, B, and C. The ATA-FGP is then

GAP

97 d
Parasitic
Radiator

L=
X

Figure 24. ATA-FGP (dimensions in mm) and its fabricated
prototype.
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evaluated for its S11, radiation pattern (RP) and realized gain (G) in
free space (FS). Simulation indicated antenna operation from 3.4 to
10.2 GHz, whereas measurements confirmed its functionality between
3.6 and 10.3 GHz with a bandwidth (BW) of 6.7 GHz. There is thus
a slight shift by ca. 200 MHz to higher frequencies and a ca. 100 MHz
BW reduction. Both S7; evaluations are shown in Fig. 25. Radiation
patterns are evaluated in the x-z and y-z planes, as noted in Fig. 24,
at three frequencies, i.e., 4 GHz, 7GHz and 10 GHz. The simulated
and measured RP shown in Fig. 26 show a good agreement. At
4 GHz it is observed that the ATA-FGP exhibits a reasonably directive
radiation pattern towards boresight in the x-z plane. Meanwhile, an
omni-directional behavior is generated in the y-z plane, which is an
extremely suitable antenna characteristic for WBAN applications [3].
Similar patterns are seen in both planes at 7 and 10 GHz, with more
obvious ripples at the higher 10 GHz frequency. To highlight the effect
of the full ground plane, a comparison of simulated and measured front
to back ratio (FBR) and realized gain at 4, 7, and 10 GHz is given in
Table 6. The agreement between simulations and measurements is
satisfactory.

In order to show the positive effect of the unidirectionality of this
microstrip topology measurements on body (OB) were also performed.
A simplified two-third muscle equivalent homogenous body model [3],
sized at 131 x 121 x 44mm?3 was used. Its relative permittivity is

Table 5. ATA-FGP parameters.

Parameter | Dim. (mm) Remarks
G 9 Minimum gap between main
ap radiator and parasitic radiator
_ Length of horizontal feed
E (2e) e=1 line between W1 and W2
b (blend) 14 Blending radius of patches B and C

$11indB

----- MEAS FS
~=-MEAS_OB_CHEST,
~ « MEAS_OB_BACK

-30

-40

Figure 25. Simulated and measured S1; result in FS and OB.
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Figure 26. Simulated and measured radiation patterns in FS and OB
for (a) x-z plane at 4 GHz, (b) y-z plane at 4 GHz, (¢) x-z plane at
7GHz, (d) y-z plane at 7 GHz, (e) z-z plane at 10 GHz, and y-z plane
at 10 GHz.
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Table 6. Front-to-back ratio (FBR) and realized gain (G) comparison.

Front-to-back Realized gain
Freq. (GHz) | Plane | ratio (FBR) (dB) (G) (dB)
Sim. Meas. Sim. Meas.
z-z | 25.0 12.2
4 y-z | 25.0 14.0 0.13 8.07
-z 18.0 20.0
7 Y-z 18.0 18.0 531 4.72
-z 9.0 9.5
10 = 100 10,0 6.98 5.67

Table 7. Comparison with other UWB antennas from literature.

Ref . BW Ground Effects of the presence of
Antenna structure Material Feed type
No. (GHz) plane (GP) human body
This | Microstrip antenna with Shieldlt . In proximity of human
6.7 Co-axial Full GP i
work co-axial feed Super, Felt body, total BW is preserved
Circular UWB
X Jeans Microstrip X
[15] wearable antenna with 9 . Partial GP
K copper tape line
slits
Circular UWB X .
. Jeans Microstrip
[15] wearable antenna with 11.5 . Partial GP
. copper tape line
slits and center hole
CPW Fed UWB disc Acrylic
[16] o ~6.5 CPW R
monopole fabric, Nora
. Significant drop in S, (u
[16) Microstrip Fed UWB Acrylic 75 Microstrip g 9 4B) bet P N 21; P
~ 7.5 to etween 3 an
annular slot antenna fabric, Nora line Slotted GP v .
8 GHz compared with FS
Metallic disc, . X
UWSB button antenna- . Microstrip Partial -
2] PTFE, denim 7.6 .
planar monopole . line square GP
material
. . S1 totally different in FS
Circular slot CPW Shieldlt i
[29] 7.2 CPW _ and OB, BW differs by ca.
antenna Super, Felt
460 MHz
) Sy totally different in FS
Rectangular slot CPW Shieldlt i
[29] 5.8 CPW - and OB, BW differs by ca.
antenna Super, Felt
120 MHz

50.8 and its conductivity is 3S/m. OB simulations were performed
with the proposed ATA-FGP centered above this tissue model with an
air gap of 10mm. This air gap emulates a realistic approximation
of the actual placement of the ATA-FGP on a human body with
clothing [6,17]. Experimental OB evaluations were performed with the
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ATA-FGP placed on two locations: on the chest and back of a male
human volunteer. This volunteer (height 1.58 m and weight 55 kg) wore
everyday clothing with ca. 5 mm in thickness to emulate real situations.
The on body S7; are shown also in Fig. 25. Despite the degradation
of S11 by several decibels when evaluated OB, the available BW is
preserved. This highlights the robustness of the designed ATA-FGP
on body, mainly achieved due to the presence of a full ground plane.

In general, radiation patterns in FS and OB are similar. An
obvious reduction in back radiation is observed OB. It is thus seen
that with the presence of the full ground plane, the radiation pattern
is also preserved when placed OB. Note that due to the presence of the
human body, ripples are seen in both the zz and yz plane when ¢ is
beyond +60°. Among others, this is due to the ATA-FGP’s position,
which is no longer in the transmitter’s line-of-sight (LOS), such that
most of the received power is gathered either through reflection or
diffraction. This causes the ripples in the measured OB radiation
patterns [13]. Moreover, the human body itself acts as a reflector
at higher frequencies distorting the radiation pattern [3]. This effect is
observed especially at 10 GHz with more visible ripples. A shadowing
effect by the human body is also observed with sharp nulls at 7 GHz
(zz plane, ¢ = 60°) and 10 GHz (yz plane, ¢ = 30°) [28].

Table 7 presents a comparison of the proposed microstrip
antenna against previous UWB antennas. Note that most of them
target body-worn applications. This is the reason why they are
fabricated from flexible conductors or textile materials. These UWB
antennas achieve ultra wide band behavior by either using CPW-fed
topologies [16,29] or microstrip-fed topologies with slotted or partial
ground planes [2, 15, 16]. The presented coaxially-fed UWB microstrip
antenna topology (ATA-FGP) is the only one successfully producing
the desired UWB behaviour while keeping the full ground plane intact.
In column 7 of this table, the effect of the presence of the body on the
antenna is summarized in the cases where this information could be
extracted from the papers. It is clearly seen that for the other antennas,
the presence of the body has a drastic effect.

5. CONCLUSION

A design roadmap that creatively combines a range of broadbanding
techniques with the specific goal to produce a very wide bandwidth
(up to UWB) using microstrip technology has been presented. In
many novel applications, especially for WBAN, the presence of
the full microstrip ground plane offers huge advantages, such as
unidirectionality and immunity to body detuning. The description
started from a very simple basic structure that has been gradually
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improved and has become more and more complex with each
broadbanding step.  The effect of each step has been clearly
demonstrated by consistently comparing the antenna “before and
after”, both concerning matching and radiation characteristics. The
resulting demonstrator antenna successfully reaches UWB behavior,
both in simulations and measurements. However, this demonstrator
is not the only specific topology possible. The same design roadmap
can easily lead to other topologies, depending on the choices made at
decision points in the design procedure.
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