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ABSTRACT A high front-to-back ratio (FBR) microstrip patch antenna with small ground plane size is
proposed and studied in this article. In order to suppress the serious back lobe brought by such a small
ground, a hybrid loading technique consisting of coupled branch (CB) and resistor-loaded ground slot
(RLGS) is introduced. Through the hybrid loading, extra magnetic currents on the ground are excited, by
which the backward radiation of the original patch could be cancelled. In addition, the joint regulation
mechanism of CB and RLGS is expressed as an equivalent circuit model, which provides more physical
insight. The realized FBR of the proposed antenna reaches over 38 dB, as a result, the specific absorption
rate (SAR) of the antenna under wearable conditions is suppressed, and the radiation efficiency is nearly
unaffected by the human body, which is highly demanded by wearable devices.

INDEX TERMS Front-to-back ratio, microstrip patch antenna, resistor-loading technique, specific

absorption rate.

. INTRODUCTION

N THE tide of intelligent terminal development, the minia-

turization of the antenna size is constantly emphasized.
However, the ground plane size has been largely excluded
from the discussion of miniaturizing microstrip antennas. As
a matter of fact, when it comes to the real applications in
portable/wearable devices, the size reduction of the ground
plane in an antenna becomes a vital issue.

Nevertheless, it is widely recognized that the overall size
of a ground plane has a tremendous impact on the far-zone
radiation performance of a microstrip antenna [1], [2], [3].
So far, many researches in theory and practice have been
conducted on the correlation between the finite ground size

and the front-to-back ratio (FBR) of patch antennas [4], [5].
Several studies have revealed the fact that with the shrink
of the ground screen, the back lobe level of a patch antenna
magnifies as a whole. In fact, remarkable backward radiation
is not a positive virtue for any directional antenna. It
produces harmful interferences to other circuits behind the
antenna. What is more, when used in wearable devices, long-
time exposure of human organism under backward radiation
from the antenna might cause prospective health risks. The
body absorption rate of the radiation is commonly evaluated
by the specific absorption rate (SAR) [6], [7], [8], and the
SAR problem has become a huge challenge for the antenna
design of wearable devices. Thus, it is necessary to suppress
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the backward radiation of an antenna while preserving a
comparatively finite ground plane size.

Yagi-Uda-like antenna is one of the most representative
directive antennas [9], [10], [11]. However, its end-fire
radiation is not capable for wearable devices. Cavities
and reflectors are also employed for FBR enhancement,
especially in base stations [12], [13], [14], [15]. But their
overall profiles are significantly larger than patch antennas,
in which there is a trade-off.

Serrated/Curved ground edge is a technique which reduces
ground edge current intensity and suppresses the nearby
diffracted waves [16], [17], [18]. However, the backward
radiation lessening effect decreases as the ground plane size
shrinks.

The magneto-electric (ME) dipole technique is also effec-
tive for enhanced FBR, in which complementary magnetic
source and electric source are constructed with specific
antenna structure [19], [20]. Despite this technic cannot be
directly applied to microstrip antenna, its mechanism is
inspiring.

Besides, slot loading is a distinctive method with sim-
ilar principle. The loaded slots introduce extra induced
magnetic currents in order to cancel the edge wave diffrac-
tion [21], [22], [23]. Another unique method is to introduce
a slotted parasitic conductor disc under electrically small
antenna to achieve high FBR [24]. This technique declines
the backward radiation effectively. In the meantime, its
theoretical analysis remains huge potential for improvement.
What is more, under the circumstances that the antenna
ground plane size is strictly limited, the difficulty of FBR
increasement will rise.

In this article, a novel FBR enhancing method, which
simultaneously adopts coupled branch (CB) and resistor-
loaded ground slot (RLGS) technique, is applied to a
patch antenna. Through creating extra controllable magnetic
currents on the ground, the FBR of the proposed patch is
greatly increased, and the ground size remains a very small
size. In particular, the SAR of the proposed antenna under
the wearable condition is dramatically eliminated due to the
FBR development.

Il. ANTENNA CONFIGURATION AND ANALYSIS
In this section, a novel microstrip antenna structure with
small ground size and near-zero backward radiation is
proposed and discussed, and its working principle and
equivalent circuit model are rigorously analyzed as follows.

In order to facilitate the lightweight, cheap, and small-size
advantages of portable devices, FR-4 substrate with height
of 1.2 mm and relative permittivity of 4.4 is employed. The
distance DA and DB from the ground edge to the patch are
respectively 0.06 1o and 0.02 X¢, which implies that the
ground plane size of the proposed patch is comparatively
small. The detailed size data are listed in Table 1.

In Fig. 1(a) there are four rectangular coupled branches
extended from the radiating edges of the patch, whose
opposite ends are connected to the grounded via holes.
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FIGURE 1. (a) Top view (b) Bottom view of the proposed microstrip antenna.

TABLE 1. Parameters of the proposed antenna.

Parameter w L DA DB Weap D,
Value (mm) | 11.6 | 11.7 3.15 1.20 0.26 1.98
Parameter WCD Lcﬂ D slot I/Vslot D res Rlaad
Value (mm) | 1.13 | 2.14 | 13.08 0.89 4.12 82Q

Jsurf (A/m) |

I20

(b)

FIGURE 2. The surface current distribution on the back side of the ground
(a) without RLGS loading and (b) with RLGS loading.

The bottom layer structure is shown in Fig. 1(b), on which
there are two parallel slots constructed. Four lumped resistors
(Ripaq) symmetrically bridge over the ground slot structures,
which constitutes a circuit loop with the CB through the
vias.

The fundamental working principle is explained as fol-
lows. Firstly, as illustrated in Fig. 2, due to the absorbing
effect of the lumped resistors, the surface current on the
back of the ground slightly diminishes after RLGS is loaded,
which contributes to the suppression of backlobe.

However, it is unrealistic to eliminate the back surface
current by loading resistors merely, especially when the
ground size is sorely limited. Thus the CB structure is
introduced in order to counterbalance backward radiation.
The working mechanism of the CB structure is shown in
Fig. 3(a). Due to the coupling capacitance between the
patch and CB, extra current routes arise. As a result, an
artificial magnetic current " controlled by the CB currents
is established. As is demonstrated in Fig. 3(b), the tangential
electric fields at the radiating edge of the patch and those
at the ground slot can be equivalent as a pair of oppositely-
oriented magnetic currents.

The sketch of the far-field pattern superposition of the
magnetic currents is illustrated in Fig. 4. Due to the finite
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FIGURE 3. (a) The current route flowing through the CB and RLGS structure from
the side view. (b) A pair of oppositely-directed magnetic sources triggered by the
current loop. (The CB structure is hidden in order to make the figure clear.)
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FIGURE 4. The superposition of the E/H-plane far-field patterns (Rad; and Rad,) of
the oppositely-directed magnetic currents.
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FIGURE 5. The equivalent circuit model of the CB and RLGS structure.

ground effect, the radiation pattern of the original patch
(Radp) has a high backward lobe level, which is neutralized
by the far fields of the magnetic current (Rad;) in the
ground slots. The Rad; far-field is bidirectional and phase-
inverted, once the intensity of the ground slot source is
properly adjusted, the backward radiation can be theoretically
eliminated.

The equivalent circuit model is presented in Fig. 5. In
this model, the radiating edge of the patch is perceived as a
parallel circuit of radiation resistance (R,) and capacitance
(C}), and the ground slot is perceived as parallel Ry and Cj.
The RLGS resistors bridged over the ground slot are denoted
as Rjpqq. The tightly coupled CB structure is modeled as
a series of coupling capacitance (C;, C2) and the parasitic
inductance (L) of the CB conductor. The voltage V, across
the resistor R, is considered as constant. Thus the voltage
V, across the R; can be expressed as:

Vs [( Ly ! —I—'L)( : +1+‘C>+1]1
o=\t~ tJe o TJw
Vr ]wcl jC!)C2 Rioad R; '
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FIGURE 6. The simulated FBR curves of the proposed patch antenna at 5.8GHz as
the parameter (a) Rj,.q and (b) L., changes.

According to the expression, the coupling capacitance
(C1, C2) and the RLGS resistance Rjyqq jointly control the
phase and magnitude of the voltage V; across resistor Rj.
Further, the radiated power of the ground slot can be adjusted
through altering the CB and RLGS structure. It is also worth
mentioning that for the purpose of phase control, capacitance
Cy and C; are both necessary. If the back lobe levels of
Rad; and Rad; cancel out with each other, the FBR will be
significantly developed. It can be deduced that the optimal
C1, C,, and Ry values correspond to a specific extremum
point in the FBR curve. Once those values deviate from
the extremum point, the FBR of the proposed antenna will
decline as a response.

lll. SIMULATION AND MEASUREMENT

A. ANALYSIS OF THE RLGS AND CB STRUCTURES

In order to validate the controllable mechanism of RLGS
and CB structure, the proposed model in Fig. 1 is simulated
and analyzed in the ANSYS HFSS simulator based on 3-D
Finite Element Method (FEM).

In order to discover the loading effect of the RLGS
structure, its Rj,qq parameter is swept while the CB is fixed
to a static state. From Fig. 6(a) it can be seen that the
simulated FBR reaches the peak value of 45 dB as R4
gradually approaches 82 €2. And the FBR sharply descends
as the Rj,qq deviates from this value.

Similarly, if the coupling capacitance C; and C; in CB
is swept while the Rj,,s in RLGS is fixed, an analogous
phenomenon will happen. The length L., of CB is altered so
as to adjust the coupling capacitance. The result in Fig. 6(b)
illustrates a tendency similar to the one in Fig. 6(a), which
shows good agreement with the circuit model analysis. This
phenomenon can be explained by equation (1), in which the
Rioaqd and C1/ C determine the radiated power of the ground
slot, and the backward radiation disappears as the power
reaches the cancellation point. What is more, the curve in
Fig. 6(b) slightly fluctuates, since the CB structure consists
of complicated parasitic parameters, which is not as ideal as
prescribed.

What is more important, as a result of back lobe reduction,
SAR of the proposed patch antenna can be dramatically
decreased. As is shown in Fig. 7, the antenna is placed
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FIGURE 7. The simulated average SAR (10 grams of tissue) distribution on human
hand when the antenna is placed 5 mm above the wrist. The input power is fixed to

23 dBm. (a) Simulation model. (b) SAR profile of the reference antenna. (c) SAR profile
of the proposed antenna. Their ground sizes are the same. (The er value of the model
material at 5.8 GHz is 27.5.)
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FIGURE 8. Fabricated prototypes. (a) Original patch antenna with finite ground.
(b) RLGS loaded patch. (c) RLGS+CB loaded patch. (d) Measured reflection
coefficients of the three antennas.

over a human wrist model in order to simulate the working
condition of wearable devices. The average SAR (10 grams
of tissue) distributions of the conventional patch antenna and
the proposed one are also put together for comparison under
the same ground size. It can be seen that the maximum
average SAR of the reference antenna has reached 4.46
W/kg. In the meantime, the maximum average SAR of
the proposed antenna sharply decreases to 0.22 W/kg. It
means that the human body absorption from the radiator is
negligible in this case, which makes the wearable device
safer and the antenna performance steadier.

B. SIMULATION AND MEASUREMENT RESULTS
To verify the effectiveness of RLGS and CB loading,
three prototypes of original patch, RLGS loaded patch, and
RLGS+-CB loaded patch are fabricated and measured. The
photos of the models are shown in Fig. 8. The S-parameters
and radiation performance of the fabricated prototypes are
measured with Rohde & Schwarz ZVA vector network
analyzer and SY-16M microwave chamber, respectively.

First of all, the measured results of the reflection coef-
ficient of the prototypes are illustrated in Fig. 8(d). It can
be learned that the loading of RLGS and CB has a mild
influence on the resonance of the patch antenna, due to the
extra current loop.

The simulated patterns of the prototypes are depicted in
Fig. 9, which are normalized for the purpose of comparison.
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FIGURE 9. The self-normalized patterns of original patch, RLGS loaded patch, and
RLGS+CB loaded patch in simulation (at resonance point).
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FIGURE 10. The self-normalized patterns of original patch, RLGS loaded patch, and
RLGS+CB loaded patch in measurement (at resonance point).

The normalized reference is the maximum gain of each
radiation patterns. Due to the limited ground design, the
FBR of the original patch is as low as 7.65 dB. After merely
loading RLGS to the patch, the FBR tentatively increases to
20.80 dB. It is not until the proposed RLGS+CB structure is
loaded that the FBR is rapidly enhanced to 49.64 dB, which
means that the backward radiation of the patch antenna with
ultra-small ground has been removed.

The measured radiation patterns of the fabricated models
are illustrated in Fig. 10, and a progressive relationship
is also demonstrated. The measured FBR of the three
prototypes are respectively 11.73, 22.27, and 38.68 dB.
The effectiveness of RLGS and CB loading is identified
through simulation and measurement. There are also certain
differences between the simulated and measured results of
radiation patterns and FBR. The reason is that the feeding
cable of measurement equipment has a nonnegligible impact
on the measured results. But, on the whole, the measured
results are reasonable and satisfying.

Of course, the loaded resistance cuts down overall effi-
ciency, which is recognized as a disadvantage when the
antenna works in free space. However, when the antenna is
applied in wearable condition, things will be very different.
It is widely acknowledged that human body is highly lossy
material and has a serious negative impact on the efficiency
of wearable antennas. To demonstrate this effect, the antenna
efficiency with and without a hand model are simulated
and measured. As is shown in Fig. 11(b), the measured
efficiency of the original patch antenna worn on hand is
—4.25 dB at 5.8 GHz, which is 2.62 dB lower than the no-
hand efficiency. In contrast, the measured efficiency of the
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FIGURE 11. (a) Hand model used for measurement. The distance between the
ground and hand is 5 mm. (b) Measured Total efficiency of the original patch and the
proposed patch before and after being worn on a hand model. (c) Measured S11 of the
antennas before and after being worn on a hand model. (The hand model type is
SHO-GFPC-V1.)

sk == Contactless S11 4.80
~ Contact ST1
%_ 10 == = Contactless Eff. -2
e Contact Eff. ~ 2470
m E
3 15 142 2
= 2
1) 2 5
g-20 § Ea60
1-6 .2
gasp T £ X
-
€50 1s 450
~
35k
. L L -10 440
56 57 5.8 59 6.0 560 570 580 590  6.00
Frequency (GHz) Frequency [GHz]
(a) (b)

FIGURE 12. (a) The simulated performance of the proposed antenna before and
after being fully contacted with human skin. The contactless situation is 5 mm over
the hand model. (b) The conductivity of the hand model skin.

proposed patch worn on hand is —4.60 dB, which is only
0.18 dB lower than the no-hand efficiency. The efficiency
changes above also indicate that the radiation power, which
is supposed to be originally absorbed by human body, is
now absorbed by the resistors instead.

Furthermore, the measured S-parameters are also illus-
trated in Fig. 11(c). The reflection coefficient of the proposed
patch antenna remains steady after being worn on a hand
model, while severe displacement occurs in the resonant
frequency of the original patch. Clearly, the radiation
parameters of the reference antenna are heavily dependent
on the environment, which cannot ensure stable performance
of wearable devices under different conditions. In contrast,
performance of our proposed antenna is nearly unaffected by
the human body and the SAR is extremely low. Even though
the resistors absorb some power, the antenna efficiency under
wearing condition is as good as the conventional patch
antenna.

The performance of the proposed antenna when it is in
contact with conductive surface such as human skin is also
discussed. From Fig. 12. it can be seen that when compared
with the reference contactless patch (Smm over the hand
model), the efficiency of the contacted patch slightly drops.
This phenomenon indicates that being contacted with skin
only has little impact on antenna performance.
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IV. CONCLUSION

In this article, a high-FBR patch antenna with a very small
ground plane is proposed, and the equivalent circuit model
of the introduced structure is established and analyzed.
The back lobe suppression mechanism is perceived as a
kind of far-field pattern superposition, in which the loaded
ground slot is regarded as magnetic current. Through altering
the RLGS and CB structure, the backward radiation from
the ground slot and the original patch can be mutually
cancelled out, so a high FBR can be achieved. The SAR
of the proposed patch antenna can be enormously reduced
as a consequence. The simulated and measured results
demonstrate that the antenna can maintain particularly stable
performance, and its S-parameters and total efficiency are
nearly unaffected by the human body.
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