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1  |   INTRODUCTION

The importance of electrically small antennas has been em-
phasized by recent advancements in mobile device technol-
ogy. At smaller sizes, antennas suffer from inherent problems 
such as small bandwidth, high Q‐factor, and low efficiency 
[1‒3]. Therefore, small antennas are often employed to ex-
cite the large ground plane of a mobile device, which acts 
as a low Q structure, to enhance its radiation performance. 
The coupling between the antenna element and the ground 
plane is a measure of how effectively the antenna element ex-
cites the ground plane for radiation. Among the various types 
of small antennas available for mobile devices, a loop‐type 
ground radiation antenna (GradiAnt) is a good choice due to 
its compact geometry and good performance [1,4‒7], which 
is attributed to its strong coupling with the ground plane. The 
loop‐type feed of the antenna is a magnetic coupling structure 
that can be implemented in various ways [8]. The coupling 
between the magnetic loop and the ground current modes is 
maximized if the magnetic loop is located where the maxi-
mum current of the ground plane exists. Therefore, the op-
timum location of the antenna is at the middle of the longer 
edge of the rectangular ground plane [9‒11]. The effect of 

ground size was discussed in [12] with respect to dual‐band 
operation; however, the study was limited to a few ground 
configurations.

The effect of including a feeding capacitor and an induc-
tor for wide‐band operation was presented in [13]. The near 
field of the GradiAnt antenna is predominantly magnetic in 
nature because of its loop‐type antenna structure. A signifi-
cant impedance mismatch occurs as the source frequency de-
viates from the resonance frequency of the fields; therefore, 
it is preferable to achieve a wider bandwidth (low Q factor) 
in the antenna design [14]. The coupling between the antenna 
element and the ground plane determines the operating band-
width and efficiency of the GradiAnt antenna [4]; therefore, 
a comprehensive understanding of the coupling mechanism 
is imperative. However, the literature does not fully present 
an explicit investigation of the coupling of the loop‐type 
GradiAnt antenna. A comprehensive study of the coupling 
mechanism of the GradiAnt antenna must include an analysis 
of the equivalent circuit model of the antenna along with a 
full‐wave simulation; for instance, the analysis of coupling 
in the planar inverted F‐antenna (PIFA) proposed in [15,16].

Recently, an equivalent circuit model of the antenna was 
proposed in [17]; however, it merely explained the behavior 
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of the GradiAnt antenna, and the coupling mechanism of the 
antenna was not explained. In this study, we comprehensively 
examine various aspects of the coupling mechanism of the 
GradiAnt antenna. We analytically investigate the equivalent 
two‐port network of the antenna, and obtain the expressions for 
its Z‐parameters and input impedance. We analyze the effects 
of the lumped component values on the coupling factor, using 
a Smith chart. It is observed that the coupling between the an-
tenna element and the ground plane is not a function of a single 
parameter of the antenna geometry or a lumped component; 
rather, it is controlled by the combination of antenna geome-
try, lumped components, and ground plane size. For instance, 
the coupling can be enhanced by increasing the clearance area 
of the antenna while decreasing the resonance capacitor at a 
given resonance frequency. In addition, we analyze the effects 
of various dimensions of the ground size in a full‐wave simu-
lator, and thereby propose the conditions to achieve improved 
coupling. We fabricated a reference design of the loop‐type 
GradiAnt antenna, for which the measured and simulated re-
sults were found to be in good agreement. This investigation 
yields helpful information for the efficient design and under-
standing of the loop‐type GradiAnt antenna for mobile devices.

2  |   COUPLING IN THE GRADIANT 
ANTENNA ELEMENT

The geometry of a typical loop‐type GradiAnt antenna (with-
out a ground plane) is shown in Figure 1A. The antenna ele-
ment consists of two rectangular loops, namely the outer loop 
and the inner loop. The outer loop is called the resonance 
loop and is formed by etching a rectangular clearance in the 
ground plane. The loop contains the resonance capacitor Cr. 
The resonance frequency of the antenna can be controlled by 
the area of the outer loop and Cr. The inner loop is called the 
feeding loop, and it contains the feeding capacitor Cf. The 
equivalent two‐port network of the antenna element is shown 
in Figure 1B, where each component corresponds to a physi-
cal parameter of the antenna element [15]. In the circuit, the 
components LF and CF represent the inductance of the feed-
ing loop and the feeding capacitor, respectively. The induct-
ance of the outer loop and the lumped capacitor are indicated 
by Lr and Cr, respectively. The values of Lf and Lr are pro-
portional to the areas of the feeding loop and resonating loop, 
respectively. The series resistance of the resonance loop is 
indicated by Rr, whereas the series resistance of the feeding 
loop has been neglected owing to the small size of the loop.

The feeding loop excites the currents in the resonance 
loop, which in turn excites the ground plane of the device. 
Therefore, the coupling between the feeding loop and the res-
onance loop is significant to the operation of the antenna. 
In order to analyze the coupling, we introduce Port 2 into 
the equivalent network of the antenna element. The coupling 

can be analyzed using the normalized input impedance of the 
two‐port network of the antenna, which is given as [18]:

The expression Zin is normalized with respect to Z11. The 
second term in (1) is the coefficient of coupling [19] between 
the feeding loop and the resonance loop. This factor is max-
imized if the resonance frequencies of the feeding and reso-
nance loops are equal to the design frequency of the antenna. 
This important aspect should be considered when determining 
the dimensions of the loops for efficient design of the antenna.

3  |   NETWORK ANALYSIS OF 
THE ANTENNA EMBEDDED IN THE 
GROUND PLANE

The geometry of the GradiAnt antenna embedded in the 
ground plane is shown in Figure 2A. The coupling between 
the antenna element and the ground plane is determined by 
the parameters of the antenna element and the geometry of 
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F I G U R E  1   Antenna element without a ground plane. (A) The 
GradiAnt antenna element. (B) Equivalent two‐port network of the 
antenna element
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the ground plane. The ground plane acts as a low Q resonator, 
which can be modeled as a series RLC circuit. Therefore, a 
series resonator that consists of RG, LG, and CG needs to be 
added to the circuit model of the antenna element. Figure 2B 
shows the equivalent circuit of the GradiAnt antenna with 
the ground plane. It is evident from the network that Lf and 
Cf constitute an L‐type matching network that controls the 
impedance matching at the design frequency. The circuit can 
be analyzed using a Z matrix, which can be written as:

where LT, CT, and RT represent the total series inductance, ca-
pacitance, and resistance, respectively. In (5), Z11 represents 
the impedance of the feed network, while Z12 represents the 
mutual impedance between the feed structure and the ground 
plane. The expressions of Z11 and Z12 are given by (2) and 
(3); however, in this case, Z22, which represents the imped-
ance of both the resonance loop and the ground plane of the 
antenna, is given by:

Using the expressions of Z11, Z12, and Z22, the input im-
pedance of the network can be written as:

In the expression for Zin, Port 2 has been short‐circuited. 
We use the term Zc to represent (Z12)

2/Z22. The resonance 
frequency of the ground plane cannot be tuned arbitrarily, 
as it depends on its size. Therefore, the method of coupling 
enhancement presented in Section 2 is not suitable for the 
circuit shown in Figure 2B. To analyze the coupling mech-
anism in this case, we first observe the behavior of Zin, 
Z11, and Zc, separately. This is accomplished by modeling 
the behavior of a GradiAnt antenna operating at 2.45 GHz 
using the circuit shown in Figure 2B. For this, a reference 
GradiAnt antenna was designed using the full‐wave simula-
tion software HFSS 15. The dimensions of the antenna are 
presented in Table 1. The values of Cr and Cf are 0.15 pF and 
0.55 pF, respectively.

The values of Cr and Cf of the fabricated antenna were 
0.21 pF and 0.25 pF, respectively. We used FR‐4 (εr = 4.4, 
tan(δ) = 0.02, h = 1 mm) as the substrate. Figure 3A shows 
the simulated current density of the antenna at the operat-
ing frequency. In this figure, it can be seen that the loop 
type currents were excited around the antenna, whereas the 
dipole type currents were excited on the major area of the 
ground plane. Figure 3B shows the measured radiation pat-
tern of the antenna. The pattern was measured using a 3‐
dimensional 6 × 3 × 3 mm3 CTIA OTA anechoic chamber. 
The pattern resembles that of a half wave dipole antenna, 
and the measured peak gain of the antenna was 3.2 dBi. The 
image of the fabricated antenna prototype is presented in 
Figure 3C.

In order to obtain the equivalent circuit parameters, 
the feeding and radiating loops were simulated separately. 
The parameters Lr, Rr, and Lf were calculated by observing 
the input impedance of the loops at the design frequency. 
The loss resistance of the feeding loop is neglected, as it 
is very small. The ground plane was modeled by a series 
resonator, and the values of Rg, Lg, and Cg were obtained 
by tuning the circuit parameters in the Agilent design sys-
tem (ADS) 2009 in such a way that the reflection coeffi-
cient of the circuit replicated that of full‐wave simulation 
[15]. The circuit parameters thus obtained are presented 
in Table 2.

These values were used to plot Z11, Zin, Zc, and the return 
loss of the network. Figure 4 shows the network parameters 
of a typical GradiAnt antenna. Figure 4A illustrates Z11, Zc, 
and Zin on the Smith chart for a frequency range of 1 GHz to 
4 GHz. In Figure 4A, the curve representing Z11 rotates in the 
clockwise direction along the circle of zero resistance on the 
Smith chart.
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F I G U R E  2   Loop‐type GradiAnt antenna and its equivalent circuit. 
(A) Geometry of a typical loop‐type GradiAnt antenna embedded in the 
ground plane. (B) Equivalent two‐port circuit model of the antenna
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The actual starting point of the curve is the open cir-
cuit point on the Smith chart, because the feeding ca-
pacitor Cf behaves as an open circuit at DC frequency. 
With increase in frequency, the reactance of Cf decreases 
while that of Lf increases, and they cancel each other out 
at resonance frequency. Therefore, the curve of Z11 meets 
the short circuit point on the Smith chart at resonance 
frequency. The reactance of Lf dominates at frequencies 
above the resonance frequency, and the curve moves onto 
the inductive region of the Smith chart. The curve of Zc 
starts from the open circuit point on the Smith chart and 
rotates in the clockwise direction. It passes near the center 
point of the Smith chart at resonance frequency. The reac-
tance of Zc at frequencies below the resonance frequency 
is inductive, whereas that above the resonance frequency 
is capacitive. This is opposite to the behavior of Z11. At 
the resonance frequency of Z11, the input impedance is 
mainly decided by Zc. A loop is introduced in the curve 
of Zin by Zc, which passes near the center of the Smith 
chart at resonance frequency for a well‐matched antenna. 
The more the points of Zin remain inside the SWR circle 
of 0.3 (–10 dB reference), the higher the coupling with 
the ground plane. Figure 4B shows the simulated and 
measured return losses for a frequency range of 2 GHz 
to 2.9 GHz. The return loss was measured using a vector 

network analyzer (Agilent 8753ES). The simulated and 
measured bandwidths of the antenna were 435 MHz and 
460 MHz, respectively. It can be observed that the simu-
lated return loss of the equivalent circuit model and the 
full‐wave simulation fairly overlap. This indicates that 
the proposed circuit adequately models the behavior of 
GradiAnt antenna. The measured return loss is also in 
good agreement with the simulated results.

The coupling between the feeding loop and the ground 
plane is presented using the circuit model of the antenna. 
The impedance bandwidth is used as the criterion for 
determining the strength of the coupling. Figure 5 illus-
trates the effect of changes in the circuit parameters of 
Z11 on the coupling, for given values of LT, CT, and RT. 
The values of Cf and Lf were changed inversely, that is, 
with an increase in the value of Lf, the value of Cf was 
decreased. The simulations were conducted for the fol-
lowing three cases: (1) Lf = 4.9 nH, Cf = 1.15 pF, (2) Lf 
= 6.56 nH, Cf = 0.78 pF, and (3) Lf = 8.6 nH, Cf = 0.56 
pF. The simulated reflection coefficient is presented in 
Figure 5A, which shows that increasing Lf while decreas-
ing Cf increases the size of the loop in the curve of Zin 
and moves it toward the center of the Smith chart, which 
improves the coupling. The improved coupling results 
in a larger matching bandwidth. This observation was 
verified experimentally on the fabricated antenna. The 
lower value of Lf in Case 1 was implemented by using a 
smaller feeding loop along with appropriate Cf. Case 2 is 
that of the reference antenna. A lumped inductor of 6.2 
nH was fabricated on the feeding loop of the reference 
antenna for Case 3. Figure 4B shows the simulated and 
measured return losses of the equivalent circuit and fabri-
cated antenna, respectively. A good agreement can be ob-
served between the simulated and measured results. The 
measured bandwidths of Cases 1, 2, and 3 are 50 MHz, 
435 MHz, and 660 MHz, respectively. This data shows 
that the bandwidth of the antenna is the lowest for Case 
1 and the highest for Case 3. A further increase in Lf may 
deteriorate the coupling; therefore, in order to achieve 
maximum coupling, there is an optimum ratio between Lf 
and Cf that needs to be employed carefully. This observa-
tion can be interpreted as follows. Increasing the area of 
the feeding loop or using a series inductor in the feeding 
loop along with an appropriate value of Cf creates stron-
ger coupling with the ground plane. This finding reveals 
that the feeding loop can be used to improve the coupling 
and bandwidth of the antenna. This observation is in 
agreement with an earlier study [13].

F I G U R E  3   (A) Simulated current density and (B) measured 
radiation pattern of the GradiAnt antenna at 2.45 GHz. (C) Fabricated 
antenna prototype
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4  |   COUPLING BETWEEN THE 
ANTENNA AND THE GROUND 
PLANE

The size of the antenna is determined by the clearance area 
etched in the ground plane and is a critical parameter that 
affects the coupling of the antenna with the ground plane. 
The parameter Lr of the network shown in Figure 2B mod-
els the area of the antenna; however, changing the area of 
the antenna also affects the ground parameters Lg and Cg. 
Therefore, a two‐port network is not suitable for observ-
ing the effect of changes in the clearance area of the an-
tenna on the coupling. The following cases of clearance 
areas were considered: (a) 8 × 4 mm2, (b) 10 × 5 mm2, and 
(c) 12 × 6 mm2. The effect was observed using full‐wave 
simulations in which the area of the feeding loop was fixed 

at 7 × 2 mm2. The geometry of the reference design is 
shown in Figure 2A. It should be noted that in the simula-
tions, conduction and dielectric losses were not taken into 
account. The parameters Cr and Cf were tuned in order to 
maintain the resonance frequency and impedance match-
ing. The observations were verified through measurement 
as well. Figure 6 shows the simulated and measured return 
losses with the changes in the clearance area. The simu-
lated bandwidth of Cases (a), (b), and (c) were 270 MHz, 
435 MHz, and 650 MHz, respectively, whereas the meas-
ured bandwidths were 380 MHz, 460 MHz, and 755 MHz, 
respectively. Again, the measured results are in agreement 
with the simulated results. This data demonstrate that the 
bandwidth increases with increase in the clearance area of 
the antenna. Therefore, the coupling between the antenna 

F I G U R E  4   Network parameters of a GradiAnt. (A) Plot of Zin, 
Z11, and Zc on the smith chart. (B) Simulated and measured return
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and the ground plane can be enhanced by increasing the 
size of the antenna.

The size of the ground plane also affects the coupling be-
tween the antenna and the ground plane. Observations were 
made for ground heights of 25 mm, 20 mm, and 15 mm, 
with the dimensions of the antenna element and the width 
of the ground plane unchanged. The simulated and mea-
sured return losses of the antenna for these ground heights 
are presented in Figure 7. The simulated bandwidths of the 
antenna for ground heights of 25 mm, 20 mm, and 15 mm 
were 435 MHz, 680 MHz, and 740 MHz, respectively. 
This shows that the coupling increases with decrease in the 
height of the ground plane. These observations can be ex-
plained based on the interactions between the antenna ele-
ment and the dominant current mode of the ground plane. 
Figure 8 shows the excited dominant mode on the ground 
plane. With a decrease in the size of the antenna, the inter-
action between the antenna and the ground mode increases, 

resulting in higher coupling. Furthermore, a decrease in the 
height of the ground plane increases the current density 
around the antenna, producing the same effect.

The GradiAnt antenna is a magnetic coupler that shows 
the maximum coupling when it is located at the position 
of maximum current density on the ground plane. The lo-
cation of maximum current depends on the width of the 
ground plane. The current is always zero at the edges of 
the ground plane; therefore, the coupling of the GradiAnt 
antenna is at its minimum at that location. If the width is 
half of the wavelength, as in the case of the reference an-
tenna, the maximum current of the ground mode exists at 
the middle of the ground; therefore, the middle location is 

F I G U R E  6   Effects of change in clearance area of the antenna
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F I G U R E  8   Coupling of fundamental ground mode with 
GradiAnt antenna
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suitable for the GradiAnt antenna, as shown in Figure 3A. 
However, if the width of the ground plane is equal to one 
wavelength, the current density is at its minimum at the 
middle of the ground plane. Therefore, the middle location 
is not suitable for antenna placement; rather, it should be 
located between the mid and the edge of the ground plane. 
This observation was validated using a ground plane of size 
120 × 25 mm2. Figure 9 shows the simulated current densi-
ties of the antenna at the operating frequency for different 
locations on the ground plane. Figure 9A shows the simu-
lated current density when the antenna was located at the 
middle of the ground plane. In this case, the simulated and 
measured bandwidths were 80 MHz and 85 MHz, respec-
tively, which indicates weaker coupling. Figure 9B shows 
the current density when the antenna was located 25 mm 
away from the left edge of the ground plane. The simulated 
and measured bandwidths of the antenna at that location 
were 200 MHz and 223 MHz, respectively, indicating stron-
ger coupling. These observations confirm that the antenna 
must be located at the location of maximum current of the 
ground mode for stronger coupling.

5  |   CONCLUSION

We analyzed the coupling mechanism in a loop‐type ground 
radiation antenna using an equivalent two‐port circuit model 
and a full‐wave simulation. Three aspects of coupling were 
observed between the following: (i) feeding loop and res-
onating loop, (ii) feeding loop and ground plane, and (iii) 
antenna clearance and ground plane. We analyzed the con-
ditions for achieving optimum coupling between the feed-
ing loop and resonance loop as well as between the feeding 
loop and the ground plane by calculating the input imped-
ance of the equivalent two‐port network of the antenna. 
We observed that a higher coupling is achieved if the reso-
nance frequencies of the feeding and resonating loops are 
close to the operating frequency. A higher Lf and lower Cf 
also increased the coupling. The equivalent circuit model is 
more accurate at the design frequency and becomes less ac-
curate when the frequency deviates away from the design 
frequency; however, the proposed design considerations 
can be implemented in practical antenna design. In full‐
wave simulations, we observed that increasing the clearance 
area of the antenna enhances its coupling with the ground 
plane. Similarly, decreasing the height of the ground plane 
also increases the coupling for a given size of the antenna. 
This discussion is helpful for developing useful insights into 
the operation and efficient design of a loop‐type GradiAnt 
antenna.
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